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Foreword

Material sciences have always been a leading driver in construction
innovation. This is still true today with new technologies producing new
materials and advancing the performance and applications of old ones. Many
issues have to be addressed and resolved before such materials are
confidently accepted in practice. Issues such as durability and long-term
performance, design methods to allow their integration in construction, and
new or modified standards to facilitate acceptance in the marketplace are
often mentioned. This book on analytical techniques in concrete science and
technology is a valuable addition to the literature addressing these subjects.

Over the past three decades, material scientists at IRC have contrib-
uted extensively to the advances on construction research through the
development of experimental techniques. Their work is based on innovations
in many areas including differential thermal methods, x-ray diffractometry,
electron microscopy, petrography and design of special miniature techniques
for determining mechanical behavior of cement systems. It is, therefore,
natural to see that seven of the book’s chapters are written by IRC scientists.
To add to this strength, the other thirteen chapters are written by world-class
experts in their respective fields.

The book is the first of its kind addressing technologies associated with
the use of both organic and inorganic products and composite materials. The
principles of the techniques are explained and applications clearly described.
In addition, a wide selection of references are provided to give the reader
ready access to more detailed information should it be required.



The techniques described in the book are useful for analysis and
prediction of many material-related issues such as: (i) resolving durability
issues related to the mechanisms of reaction, (ii) determining parameters
that influence reaction kinetics of processes that affect material properties
and service life of building elements, (iii) developing and characterizing new
materials for durable structures, (iv) establishing reasons for structural
failures and conducting related forensic investigations, (v) providing a basis
for the development of relevant standards and methods for advancing
aspects of objective based codes, and (vi) validating numerical methods for
predicting long-term performance of construction materials.

The result is a handbook that presents up-to-date information in the
form that makes it valuable to read and come back to frequently. It should
become a valuable reference source for students and practitioners as well
as professionals engaged in standards writing.

Sherif Barakat
Director General
Institute for Research in Construction
National Research Council Canada
Ottawa, Canada

Foreword
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Preface

Concrete is a composite material formed by mixing and curing
ingredients such as cement, fine and coarse aggregates, and water. Most
concretes, however, contain additional ingredients such as chemical admix-
tures including air-entraining admixtures, fly ash, fibers, slag, and other
products.

The physical, chemical and durability characteristics of concrete
depend on many factors such as the type and amount of the components,
temperature, pore and pore size distribution, surface area, interfacial
features, exposure conditions, etc. Consequently, a good understanding of
various processes occurring in cementitious systems necessitates the
application of diverse techniques.

Several physical, chemical, and mechanical techniques are applied in
concrete research and practice. They provide important information, includ-
ing characterization of raw materials and cured concrete, quality control,
quantitative estimation of products, prediction of performance, development
of accelerated test methods, study of interrelationships amongst physical,
chemical, mechanical, and durability characteristics, development of new
materials, etc. In most instances, no single technique provides all the needed
information and hence application of several techniques becomes neces-
sary. Information on the application of various techniques in concrete is
dispersed in literature, and few books are available that serve as a source or
reference. Hence a handbook incorporating the latest knowledge on the
application of various investigative techniques in concrete science and
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technology has been prepared. Standard test methods are not covered in this
book as they are well described in publications of national and international
standards organizations.

The book is divided into twenty chapters. Each chapter describes the
technique and its application and limitations for the study of concrete,. Each
chapter also contains a list of important references that  should serve as a
useful guide for further information.

The first chapter on concrete science describes the essential concepts
so that information presented in subsequent chapters can be easily followed.
The chapter deals with the formation of cement, its hydration behavior,
physicochemical processes related to the cement paste, and several impor-
tant properties of concrete and durability aspects.

Chapter 2 deals with the description of a number of specialized
techniques used in conjunction with petrography for the evaluation and
analysis of aggregates of concrete.

Chemical analysis methods have been applied extensively to analyze
the components of concrete, chemical and mineral admixtures, raw mate-
rials for making cement and also to estimate cement contents. Modern
analytical tools enable much faster analysis than the wet chemical methods.
In Chapter 3, chemical analysis techniques reviewed include atomic absorp-
tion, x-ray emission and plasma spectroscopy. The chapter also contains
information on chemical (wet) methods of analysis.

Thermal analysis techniques based on the determination of physical,
chemical, and mechanical changes in a material as a function of temperature,
have been routinely used in concrete science and technology. Identification,
estimation of compounds, kinetics of reactions , mechanisms of the action of
admixtures, synthesis of compounds, quality control and causes leading to
the deterioration of cementitious materials are investigated by these tech-
niques. Various types of thermal techniques and their applications and
limitations are included in Chapter 4.

Although comparatively recent, IR spectroscopy is gaining importance,
especially with the development of user-friendly equipment as described in
the fifth chapter. This technique has been applied for identification of new
products and characterization of raw materials, hydrated materials, and
deteriorated products., Discussion on Raman spectroscopy, a complemen-
tary technique to IR, also forms a part of this chapter.

Nuclear Magnetic Resonance spectroscopy (NMR) is a effective tool
to probe atomic scale structure and dynamic behavior of cementing
materials. The application of NMR for determining the pore structure and
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transport properties of cement and concrete via relaxation and imaging
methods and its application to anhydrous cement and hydrated cement
phases form some of the contents of Chapter 6.

Scanning Electron Microscopy and its adjunct, microanalytical unit,
known as Energy Dispersive X-ray Analyzer, have been accepted as
important investigative techniques in concrete technology. Chapter 7 com-
prises discussion on the microstructure of hydrated cement paste, C-S-H
phase, calcium hydroxide, aluminate hydrate phases, paste-aggregate inter-
face, admixtures, slags, and fly ashes. Also included are studies on the
correlation of microstructure with durability.

The eighth chapter on the application of x-ray diffraction focuses on
some of the fundamental aspects of the technique, the hardware and
software developments, and its applications to cement and concrete.

An understanding of the rheology of fresh cement paste and  concrete
is essential for following the behavior of concrete in the fresh state.
Additions and admixtures in concrete alter its rheological behavior. Chapter
9 deals with rheological techniques and their application to fresh cement
paste and concrete.

Dimensional changes occur in cement paste and concrete due to
physical, chemical, and electrochemical processes. A discussion of energet-
ics of surface adsorption and volume changes forms the scope of Chapter
10. Relevance of length changes to concrete deterioration is also highlighted
in this chapter.

The use of miniature specimens in cement science investigations has
proven to be very valuable because it assures a greater homogeneity of the
sample and increased sensitivity to the dimensional changes resulting from
physical and chemical processes. Chapter 11 provides results on compacted
powder used as a model system and includes discussion on creep and
shrinkage, volume stability, workability, and surface chemical changes.

Corrosion  of reinforced concrete is a major destructive process. Many
electrochemical techniques have been developed to study corrosion. Chap-
ter 12 presents a comprehensive treatment of the principles of corrosion,
factors responsible for corrosion, and corrosion assessment techniques
relevant to concrete.

Surface area has an important influence on the rate of reaction of
cement to water and other chemicals. Many physical and mechanical
characteristics of cement and concrete are modified by changes in the
surface area. In Chapter 13, the techniques that are used for measuring
surface area are given with respect to their application to systems such as
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raw materials for cement, hydrated cement, concrete mix, and also to
durability studies.

The pore structure of hydrated cement systems influences significantly
the physicomechanical and chemical behavior of concrete. Several experi-
mental techniques have been employed to evaluate the microstructure of the
cement paste. Chapter 14 presents a description of six techniques that have
been developed for the determination of pore structure. The relationship
between pore structure and strength/permeability is also included.

The application of silica polymerization analysis for an understanding
of the hydration process and structure of calcium silicate hydrates is detailed
in Chapter 15. Three major techniques used for polymerization studies are
described.

In concrete, the physical structure and the state of water in the matrix
influences the permeation process. In Chapter 16, test methods that are
employed to measure various transport characteristics of concrete are
evaluated. The applicability and limitations of these techniques is also
reviewed.

Inspection and testing of placed concrete may be carried out by
nondestructive testing methods. Sonic and pulse velocity techniques are
commonly used. Nondestructive methods are also applied to estimate
strength, surface hardness, pullout strength, etc. Details of various nonde-
structive techniques and their applications are included in Chapter 17.

There is evidence of a significant impact of computer and information
technologies on concrete science and technology. General development of
these technologies in recent years is reviewed in Chapter 18. The treatment
includes computer models, databases, artificial knowledge-based and com-
puter-integrated systems.

In Chapter 19, entitled “Image Analysis,” steps needed to identify
reactions of interest and extract quantitative information from digital images
are reviewed. In image analysis, multiple images are acquired and analyzed.
The principle steps required for image analysis of cementitious materials are
described in this chapter.

Some of the more commonly used techniques in concrete studies are
presented in Chapters 2 to 19. There has been continued interest in
developing new techniques for the investigation of cement and concrete.
Chapter 20 comprises the description and application of fourteen of these
specialized techniques. They include such techniques as Auger Electron
Microscopy, Chromatography, Mass Spectrometry, X-Ray Absorption Fine
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Structure Analysis, Synchrotron Orbital Radiation Analysis, Mössbauer
Spectrometry, Radio Tracer Technique, and Photoacoustic Spectroscopy.

Although every attempt has been made to cover the important
investigative techniques used in concrete technology, it is quite possible that
some information has been excluded or is missing. In addition, some
duplication of information occurs in some chapters. This was intentional
because some specific chapters may only be of interest to specialized
groups, and they provide enough self-contained information so that gleaning
through other chapters will not be needed.

This comprehensive handbook should serve as a reference material to
concrete technologists, materials scientists, analytical chemists, engineers,
architects, researchers, manufacturers of cement and concrete, standards
writing bodies, and users of concrete.

Ottawa, Canada V. S. Ramachandran
May 12, 2000 James J. Beaudoin
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Concrete Science

Vangi S. Ramachandran

1.0 INTRODUCTION

Concrete, made from cement, aggregates, chemical admixtures,
mineral admixtures, and water, comprises in quantity the largest of all
man-made materials. The active constituent of concrete is cement paste
and the performance of concrete is largely determined by the cement
paste.  Admixtures in concrete confer some beneficial effects such as
acceleration, retardation, air entrainment, water reduction, plasticity, etc.,
and they are related to the cement-admixture interaction. Mineral admix-
tures such as blast furnace slag, fly ash, silica fume, and others, also
improve the quality of concrete.

The performance of concrete depends on the quality of the ingredi-
ents, their proportions, placement, and exposure conditions. For example,
the quality of the raw materials used for the manufacture of clinker, the
calcining conditions, the fineness and particle size of the cement, the
relative proportions of the phases, and the amount of the mixing water,
influence the physicochemical behavior of the hardened cement paste. In
the fabrication of concrete, amount and the type of cement, fine and coarse
aggregate, water, temperature of mixing, admixture, and the environment
to which it is exposed will determine its physical, chemical, and durability
behavior. Various analytical techniques are applied to study the effect of
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these parameters and for quality control purposes. The development of
standards and specifications are, in many instances, directly the result of
the work involving the use of analytical techniques. Discussion of the methods
employed in standard specifications is beyond the scope of this chapter.

In this chapter, basic aspects of the physical, chemical, durability,
and mechanical characteristics of cement paste and concrete are presented
because of their relevance to the application of various analytical tech-
niques discussed in other chapters.

2.0 FORMATION OF PORTLAND CEMENT

According to ASTM C-150, portland cement is a hydraulic cement
produced by pulverizing clinker consisting essentially of hydraulic cal-
cium silicates, usually containing one or more types of calcium sulfate, as
an interground addition.

The raw materials for the manufacture of portland cement contain,
in suitable proportions, silica, aluminum oxide, calcium oxide, and ferric
oxide. The source of lime is provided by calcareous ingredients such as
limestone or chalk and the source of silica and aluminum oxide are shales,
clays or slates. The iron bearing materials are iron and pyrites. Ferric
oxide not only serves as a flux, but also forms compounds with lime and
alumina. The raw materials also contain small amounts of other com-
pounds such as magnesia, alkalis, phosphates, fluorine compounds, zinc
oxide, and sulfides. The cement clinker is produced by feeding the crushed,
ground, and screened raw mix into a rotary kiln and heating to a tempera-
ture of about 1300–1450°C. Approximately 1100–1400 kcal/g of energy
is consumed in the formation of clinker. The sequence of reactions is as
follows: At a temperature of about 100°C (drying zone) free water is
expelled. In the preheating zone (750°C) firmly bound water from the clay
is lost. In the calcining zone (750–1000°C) calcium carbonate is dissoci-
ated. In the burning zone (1000–1450°C) partial fusion of the mix occurs,
with the formation of C3S, C2S and clinker. In the cooling zone (1450–
1300°C) crystallization of melt occurs with the formation of calcium
aluminate and calcium aluminoferrite. After firing the raw materials for
the required period, the resultant clinker is cooled and ground with about
4–5% gypsum to a specified degree of fineness. Grinding aids, generally
polar compounds, are added to facilitate grinding.
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2.1 Composition of Portland Cement

The major phases of portland cement are tricalcium silicate
(3CaO•SiO2), dicalcium silicate (2CaO•SiO2), tricalcium aluminate
(3CaO•Al2O3), and a ferrite phase of average composition
4CaO•Al2O3•Fe2O3. In a commercial clinker they do not exist in a pure
form. The 3CaO•SiO2 phase is a solid solution containing Mg and Al and
is called alite. In the clinker, it consists of monoclinic or trigonal forms
whereas synthesized 3CaO•SiO2 is triclinic. The 2CaO•SiO2 phase occurs
in the β form, termed belite, and contains, in addition to Al and Mg, some
K2O.  Four forms, α, α´, β and γ, of C2S are known although in clinker
only the β form with a monoclinic unit cell exists. The ferrite phase,
designated C4AF, is a solid solution of variable composition from C2F to
C6A2F. Potential components of this compound are C2F, C6AF2, C4AF,
and C6A2F. In some clinkers small amounts of calcium aluminate of
formula NC8A3 may also form.

ASTM C-150 describes five major types of portland cement. They
are: Normal Type I—when special properties specified for any other type
are not required; Type II—moderate sulfate resistant or moderate heat of
hydration; Type III—high early strength; Type IV—low heat; and Type
V—sulfate resisting. The general composition, fineness, and compressive
strength characteristics of these cements are shown in Table 1.[1]

Portland cement may be blended with other ingredients to form
blended hydraulic cements. ASTM C-595 covers five kinds of blended
hydraulic cements. The portland blast furnace slag cement consists of an
intimately ground mixture of portland cement clinker and granulated blast
furnace slag or an intimate and uniform blend of portland cement and fine
granulated blast furnace slag in which the slag constituent is within
specified limits. The portland-pozzolan cement consists of an intimate and
uniform blend of portland cement or portland blast furnace slag cement
and fine pozzolan. The slag cement consists mostly of granulated blast
furnace slag and  hydrated lime. The others are pozzolan-modified port-
land cement (pozzolan < 15%) and slag-modified portland cement (slag <
25%).
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3.0 INDIVIDUAL CEMENT COMPOUNDS

3.1 Tricalcium Silicate

Hydration. A knowledge of the hydration behavior of individual
cement compounds and their mixtures forms a basis for interpreting the
complex reactions that occur when portland cement is hydrated under
various conditions.

Tricalcium silicate and dicalcium silicate together make up 75–80%
of portland cement (Table 1). In the presence of a limited amount of water,
the reaction of C3S with water is represented as follows:

        3CaO•SiO2 + xH2O → yCaO•SiO2•(x+y-3)H2O + (3-y)Ca(OH)2

or typically

2[3CaO•SiO2] + 7H2O → 3CaO•2SiO2•4H2O + 3Ca(OH)2

The above chemical equation is somewhat approximate because it is
not easy to estimate the composition of C-S-H (the C/S and S/H ratio) and
there are also problems associated with the determination of Ca(OH)2. In
a fully hydrated cement or C3S paste, about 60–70% of the solid comprises
C-S-H. The C-S-H phase is poorly crystallized containing particles of

Table 1. Compound Composition, Fineness and Compressive Strength
Characteristics of Some Commercial U.S. Cements

ASTM ASTM  Composition Fineness Compressive Strength
Type Designation cm2/g % of Type I Cement*

C3S C2S C3A C4AF 1 day 2 days 28 days

 I General purpose 50 24 11 8 1800 100 100 100

II Moderate sulfate 42 33 5 13 1800 75 85 90
 resistant-moderate
 heat of hydration

III High early strength 60 13 9 8 2600 190 120 110

IV Low heat 26 50 5 12 1900 55 55 75

V Sulfate resisting 40 40 4 9 1900 65 75 85

*All cements attain almost the same strength at 90 days.
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colloidal size and gives only two very weak, diffuse peaks in XRD. The
degree of hydration of C3S can be measured by determining C3S or
Ca(OH)2 by XRD, the non-evaporable water by ignition, or Ca(OH)2 by
thermal or chemical methods.  Each of these methods has limitations. The
Ca(OH)2 estimated by XRD differs from that determined by chemical
analysis. For example, Pressler, et al.,[2] found a value of 22% Ca(OH)2 by
XRD for portland cement pastes. The chemical extraction method gave
values 3–4%  higher and this difference was attributed to the presence of
amorphous Ca(OH)2. Lehmann, et al.,[3] on the other hand, reported that
the extraction method yielded 30–90% Ca(OH)2 higher than that by XRD.
Thermogravimetric analysis gave identical values to those obtained by x-
ray. Recently the technique of differential thermal analysis was applied by
Ramachandran[4] and Midgley[5] for estimating Ca(OH)2 in hydrating
C3S.

The direct methods of determining C/S ratios are based on electron
optical methods such as electron microprobe or other attachments, or by
electron spectroscopy (ESCA). Although several values are reported, the
usual value for C/S ratio after a few hours of hydration of C3S is about 1.4–
1.6.[6] The C/S ratio of the C-S-H phase may be  influenced by admixtures.

There are problems associated with the determination of H2O chemi-
cally associated with C-S-H. It is difficult to differentiate this water from
that present in pores. The stoichiometry of C-S-H is determined by
assuming that little or no absorbed water remains in the sample at the d-
dry condition (the vapor pressure of water at the sublimation temperature
of solid CO2, i.e., -78°C). In a recent investigation it has been shown that
higher hydrates may exist at humidities above the d-dry state.[7] It has been
proposed that drying to 11% RH is a good base for studying the stoichiom-
etry of calcium silicate hydrate. At this condition, the estimate of adsorbed
water can be made with some confidence. This does not mean that higher
hydrates do not exist above 11% RH. Feldman and Ramachandran[8]

estimated that the bottled hydrated C-S-H equilibrated to 11% RH (ap-
proached from 100% RH) had a composition 3.28 CaO:2SiO2:3.92 H2O.

Hydration Mechanism. The mechanism of hydration of individual
cement components and that of cement itself has been a subject of much
discussion and disagreement. In the earliest theory, Le Chatelier explained
the cementing action by dissolution of anhydrous compounds followed by
the precipitation of interlocking crystalline hydrated compounds. Michae-
lis considered that cohesion resulted from the formation and subsequent
desiccation of the gel.[9] In recent years, the topochemical or solid state
mechanism has been proposed.
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In spite of a large amount of work, even the mechanism of hydration
of C3S, the major phase of cement, is not clear. Any mechanism proposed
to explain the hydrating behavior of C3S should take into account the
following steps through which the hydration proceeds. Five steps can be
discerned from the isothermal conduction calorimetric studies (Fig. 1). In
the first stage, as soon as C3S comes into contact with water there is a rapid
evolution of heat and this ceases within 15–20 mins. This stage is called
the preinduction period. In the second stage, the reaction rate is very slow.
It is known as the dormant or induction period and may extend for a few
hours. At this stage, the cement remains plastic and is workable. In the
third stage, the reaction occurs actively and accelerates with time, reach-
ing a maximum rate at the end of this accelerating period. Initial set
occurs at about the time when the rate of reaction becomes vigorous. The
final set occurs before the end of the third stage. In the fourth stage, there
is slow deceleration. An understanding of the first two stages of the
reaction has a very important bearing on the subsequent hydration behav-
ior of the sample. The admixtures can influence these steps. The retarders,
such as sucrose, phosphonic acids, calcium gluconate, and sodium
heptonate, extend the induction period and also decrease the amplitude of
the acceleration peak.

Figure 1.  Rate of heat development during the hydration of tricalcium silicate and
portland cement.[69]  (Reproduced with permission, Noyes Publications from Concrete
Admixtures Handbook, 2nd. Ed., 1995.)
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The processes that occur during the five stages are as follows. In the
first stage, as soon as C3S comes into contact with water it releases
calcium and hydroxyl ions into the solution. In the second stage, the
dissolution continues and pH reaches a high value of 12.5. Not much silica
dissolution occurs at this stage. After a certain critical value of calcium
and hydroxide ions is reached, there is a rapid crystallization of CH and
C-S-H followed by a rapid reaction. In the fourth stage, there is a continu-
ous formation of hydration products. At the final stage, there is only a slow
formation of products and at this stage the reaction is diffusion controlled.

It is generally thought that initially a reaction product forms on the
C3S surface that slows down the reaction. The renewed reaction is caused
by the disruption of the surface layer. According to Stein and Stevels,[10]

the first hydrate has a high C/S ratio of about 3 and it transforms into a
lower C/S ratio of about 0.8–1.5 through loss of calcium ions into solution.
The second product has the property of allowing ionic species to pass
through it thus enabling a rapid reaction. The conversion of the first to the
second hydrate is thought to be a nucleation and growth process. Although
this theory is consistent with many observations, there are others which do
not conform to this theory. They are: the C/S ratio of the product is lower
than what has been reported, the protective layer may not be continuous,
the product is a delicate film that easily peels away from the surface, and
the early dissolution may or may not be congruent.

The end of the induction period has been explained by the delayed
nucleation of CH. It is generally observed that the rapid growth of
crystalline CH and the fall of calcium ions in solution occur at the end of
the induction period. This suggests that the precipitation of CH is related
to the start of the acceleratory stage. If precipitation of CH triggers the
reaction, then additional Ca ions should accelerate the reaction unless it is
poisoned. Addition of saturated lime is known to retard the reaction. Also,
it does not explain the accelerated formation of C-S-H. Tadros, et al.,[11]

found the zeta potential of the hydrating C3S to be positive, indicating the
possibility of the chemisorption of Ca ions on the surface resulting in a
layer that could serve as a barrier between C3S and water. During the
precipitation of Ca(OH)2 it is thought that Ca2+ from the solution is
removed (which will in turn trigger the removal of Ca2+ from the barrier)
and the reaction is accelerated.
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There are other mechanisms, based on the delayed nucleation of
C-S-H, to explain the end of this induction period. One of them suggests
that the stabilization action of the C3S surface by a thin layer of water is
removed when a high Ca2+ concentration in the solution causes the
precipitation of C-S-H nuclei. According to Maycock, et al.,[12] the solid
state diffusion within the C3S grain controls the length of the induction
period. The defects enhance diffusion and thereby promote the C-S-H
nucleation. According to Fierens and Verhaegen,[13] the chemisorption of
H2O and dissolution of some C3S occur in the induction period. The end of
the induction period, according to them, corresponds to the growth of a
critical size of C-S-H nuclei.

There are other theories which have been proposed to fit most of the
observations. Although they appear to be separate theories, they have
many common features. They have been discussed by Pratt and Jennings.[14]

A detailed discussion of the mechanisms of hydration of cement and C3S
has been presented by Gartner and Gaidis.[15]

The hydration of C2S proceeds in a similar way to that of C3S, but is
much slower. As the amount of heat liberated by C2S is very low com-
pared to that of C3S, the conduction calorimetric curve will not show the
well defined peaks as in Fig. 1. Accelerators will enhance the reaction rate
of C2S.  The reaction of C2S and water has been studied much less than that
involving C3S.

3.2 Dicalcium Silicate

Just as in the hydration process of C3S, there are uncertainties
involved in determining the stoichiometry of the C-S-H phase found in the
hydration of C2S. The hydration of dicalcium silicate phase can be repre-
sented by the equation.

2 [2CaO•SiO2] + 5H2O → 3CaO•2SiO2•4H2O + Ca(OH)2

The amount of Ca(OH)2 formed in this reaction is less than that
produced in the hydration of C3S. The dicalcium silicate phase hydrates
much more slowly than the tricalcium silicate phase.

Figure 2 compares the rates of hydration of C3S and C2S. The
absolute rates differ from one sample to the other; for example, C3S is
much more reactive than C2S. Several explanations have been offered to
interpret the increased reactivity of C3S. Proposed explanations include:
the coordination number of Ca is higher than 6, coordination of Ca is
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irregular, holes exist in the crystal lattice, and differences occur in the
position of the Fermi level. Some preliminary work has been done to test
the relative reactivities of Ca2+ in CaO, Ca(OH)2, C3S, and C2S by mixing
each of them with known amounts of AgNO3.[16] By heating them, it was
found that the reaction of AgNO3 with CaO, Ca(OH)2, and hydrated C3S,
was stoichiometric with respect to Ca. Only 27% Ca present in C3S and
6% Ca from C2S reacted with AgNO3. Possibly C3S and C2S structures are
such that some Ca2+ ions are relatively more reactive owing to structural
imperfections. There is evidence that if one mol of labeled Ca is reacted
with C2S to form C3S, the hydration of C3S would show that the initial
reaction product contains mainly the labeled Ca ions. Further work would
be necessary before definite conclusions can be drawn.

The rate of strength development of individual cement compounds
was determined by Bogue and Lerch in 1934.[17] The comparison of
reactivities and strength development of these compounds was not based
on adequate control of certain parameters, such as particle size distribu-
tion, water:solid ratio, specimen geometry, method of estimation of the
degree of hydration, etc. Beaudoin and Ramachandran[18] have reassessed
the strength development in cement mineral pastes, both in terms of time
and degree of hydration. Figure 3 compares the results of Bogue and Lerch

Figure 2.  The relative rates of hydration of 3 CaO•SiO2, and 2 CaO•SiO2.[69]  (With
permission, Noyes Publications, Concrete Admixtures Handbook, 2nd Ed., 1995.)
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with those of Beaudoin and Ramachandran.[18] Significant differences in
the relative values of strengths developed by various phases were found.
At ten days of hydration the strength values were ranked as follows by
Beaudoin and Ramachandran:  C4AF > C3S > C2S > C3A. At fourteen days
the relative values were in the order C3S > C4AF > C2S > C3A. The Bogue-
Lerch strength values both at ten and fourteen days were: C3S > C2S > C3A
> C4AF. At one year, the corresponding values were C3S > C2S > C4AF >
C3A (Beaudoin-Ramachandran) and C3S = C2S > C3A > C4AF (Bogue-
Lerch). Beaudoin and Ramachandran found that compressive strength vs.
porosity curves on a semilog plot showed a linear relationship for all
pastes (Fig. 4). The lines seem to merge to the same value of a strength of
500 MPa at zero porosity. This would indicate that all the pastes have the
same inherent strength. Comparison of strengths as a function of the
degree of hydration revealed that at a hydration degree of 70–100%, the
strength was in the decreasing order C3S > C4AF > C3A.

3.3 Tricalcium Aluminate

 Although the average C3A content in portland cement is about 4–11%,
it significantly influences the early reactions. The phenomenon of flash
set, the formation of various calcium aluminate hydrates and calcium
carbo- and sulfo-aluminates, involves the reactions of C3A. Higher amounts
of C3A in portland cement may pose durability problems. For example, a
cement which is exposed to sulfate solutions should not contain more than
5% C3A.

Tricalcium aluminate reacts with water to form C2AH8 and C4AH13
(hexagonal phases). These products are thermodynamically unstable so
that without stabilizers or admixtures they convert to the C3AH6 phase
(cubic phase). The relevant equations for these reactions are:

2C3A + 21H → C4AH13 + C2AH8

C4AH13 + C2AH8 → 2C3AH6 + 9H

In saturated Ca(OH)2 solutions, C2AH8 reacts with Ca(OH)2 to form
C4AH13 or C3AH6, depending on the condition of formation. The cubic
form (C3AH6) can also form directly by hydrating C3A at temperatures of
80°C or above.[19][20]

C3A + 6H → C3AH6
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Figure 3.  Compressive strength of hydrated cement compounds.  (With permission,
Noyes Publications, Concrete Admixtures Handbook, 2nd Ed., 1995.)
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The C3A pastes exhibit lower strengths than do the silicate phases
under normal conditions of hydration. This is attributed to the formation
of the cubic phase. Under certain conditions of hydration of C3A, i.e., at
lower water/solid ratios and high temperatures, the direct formation of
C3AH6 (resulting in the direct bond formation between the particles) can
improve the strength of the body substantially.

In portland cement, the hydration of the C3A phase is controlled by
the addition of gypsum. The flash set is thus avoided. The C3A phase
reacts with gypsum in a few minutes to form ettringite as follows:

C3A + 3CSH2 + 26H  → C3A•3CSH32

After all gypsum is converted to ettringite, the excess C3A will react
with ettringite to form the low sulfo-aluminate hydrate.

C3A•3CSH32 + 2C3A + 4H  →  3[C3A•CSH12]

Gypsum is a more effective retarder than lime for C3A hydration and
together they are even more effective than either of them. The common
view for the explanation of the retardation of C3A hydration by gypsum is
that a fine grained ettringite forming on C3A retards the hydration. This
layer thickens, bursts, and reforms during the induction period. When all
sulfate is consumed, the ettringite reacts with C3A with the formation of
monosulfo-aluminate hydrate. This conversion will occur in cements within

Figure 4. Porosity vs. strength relationships for cement compounds.[18]



Concrete Science 13

12–36 hrs with an exothermic peak. Addition of some admixtures may
accelerate or delay this conversion. It has also been suggested that ettringite
may not, per se, influence the induction period[21][22] and that adsorption
of sulfate ions on the positively charged C3A retards the hydration. It has
also been suggested that osmotic pressure may be involved in the rupture
of ettringite needles. This theory is based on the observation of hollow
needles in the C3A-gypsum-H2O system. Rupture of ettringite allows
transfer of Al ions into the aqueous phase with the quick formation of
hollow needles through which more Al3+ can travel.[14]

3.4 The Ferrite Phase

The ferrite phase constitutes about 8–13% of an average portland
cement. In portland cement the ferrite phase may have a variable compo-
sition that can be expressed as C2 (AnF1-n) where O < n < 0.7.

Of the cement minerals, the ferrite phase has received much less
attention than others with regard to its hydration and physico-mechanical
characteristics. This may partly be ascribed to the assumption that the
ferrite phase and the C3A phase behave in a similar manner. There is
evidence, however, that significant differences exist.

The C4AF phase is known to yield the same sequence of products as
C3A, however, the reactions are slower.  In the presence of water, C4AF
reacts as follows:

C4AF + 16H → 2C2(A,F)H8

C4AF + 16H → C4(A,F)H13 + (A,F)H3

Amorphous hydroxides of Fe and Al form in the reaction of C4AF.
The thermodynamically stable product is C3(A,F)H6 and this is the con-
version product of the hexagonal hydrates. Seldom does the formation of
these hydrates cause flash set in cements.

Hydration of C4AF at low water:solid ratios and high temperatures
may enhance the direct formation of the cubic phase.[23] Microhardness
measurement results show that at a w/s = 0.13, the samples hydrated at 23
and 80°C exhibit microhardness values of 87.4 and 177 kg/mm2 respec-
tively. The higher strengths at higher temperatures may be attributed to
the direct formation of the cubic phase on the original sites of C4AF. This
results in a closely welded, continuous network with enhanced me-
chanical strength.
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In cements, C4AF reacts much slower than C3A in the presence of
gypsum. In other words, gypsum retards the hydration of C4AF more
efficiently than it does C3A. The rate of hydration depends on the compo-
sition of the ferrite phase; that containing higher amounts of Fe exhibits
lower rates of hydration. The reaction of C4AF with gypsum proceeds as
follows:[24]

3C4AF + 12CSH2 + 110H → 4[C6(A,F)SH32]+ 2(A,F)H3

The low sulfo-aluminate phase can form by the reaction of excess
C4AF with the high sulfo-aluminate phase.

3C4AF + 2[C6(A,F)SH32] → 6[C4A,F)SH12] + 2(A,F)H3

At low water/solid ratios and high temperatures the low sulfo-
aluminate may form directly.[25]

The above equations involve formation of hydroxides of Al and Fe
because of insufficient lime in C4AF. In these products, F can substitute
for A. The ratio of A to F need not be the same as in the starting material.
Although cements high in C3A are prone to sulfate attack, those with high
C4AF are not. In high C4AF cements, ettringite may not form from the low
sulfo-aluminate, possibly because of the substitution of iron in the
monosulfate. It is also possible that amorphous (A, F)3 prevents such a
reaction. Another possibility is that the sulfo-aluminate phase that forms is
produced in such a way that it does not create crystalline growth pressures.

4.0 PORTLAND CEMENT

Although hydration studies of the pure cement compounds are very
useful in following the hydration processes of portland cement itself, they
cannot be directly applied to cements, because of complex interactions. In
portland cement, the compounds do not exist in a pure form, but are solid
solutions containing Al, Mg, Na, etc. The rate of hydration of alites
containing different amounts of Al, Mg, or Fe, has shown that, at the same
degree of hydration, Fe-alite shows the greatest strength. There is
evidence the C-S-H formed in different alites is not the same.[26] The
hydration of C3A, C4AF, and C2S in cement are affected because of
changes in the amounts of Ca2+ and OH- in the hydrating solution. The
reactivity of C4AF can be influenced by the amount of SO4

2- ions con-
sumed by C3A. Some SO4

2- ions may be depleted by being absorbed by the
C-S-H phase. Gypsum is also known to affect the rate of hydration of
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calcium silicates. Significant amounts of Al and Fe are incorporated into
the C-S-H structure. The presence of alkalis in portland cement also has an
influence on the hydration of the individual phases.

As a general rule, the rate of hydration in the first few days of
cement compounds in cements proceeds in the order C3A > C3S > C4AF >
C2S. The rate of hydration of the compounds depends on the crystal size,
imperfections, particle size, particle size distribution, the rate of cooling,
surface area, the presence of admixtures, the temperature, etc.

In a mature hydrated portland cement, the products formed are C-S-H
gel, Ca(OH)2, ettringite (AFt phases), monosulfate (AFm phases), hydro-
garnet phases, and possibly amorphous phases high in Al3+ and SO4 ions.[6]

The C-S-H phase in cement paste is amorphous or semicrystalline
calcium silicate hydrate and the hyphens denote that the gel does not
necessarily consist of 1:1 molar CaO:SiO2. The C-S-H of cement pastes
gives powder patterns very similar to that of C3S pastes. The composition
of C-S-H (in terms of C/S ratio) is variable depending on the time of
hydration.  At one day, the C/S ratio is about 2.0 and becomes 1.4–1.6 after
several years. The C-S-H can take up substantial amounts of Al3+, Fe3+,
and SO4

2- ions.
Recent investigations have shown that in both C3S and portland

cement pastes, the monomer present in the C3S and C2S compounds
(SiO4

4- tetrahedra) polymerizes to form dimers and larger silicate ions as
hydration progresses. The gas liquid chromatographic analysis of the
trimethyl silylation derivatives has shown that anions with three or four Si
atoms are absent. The polymer content with five or more Si atoms
increases as the hydration proceeds and the amount of dimer decreases. In
C3S pastes, the disappearance of monomer results in the formation of
polymers. In cement pastes, even after the disappearance of all C3S and
C2S, some monomer is detected possibly because of the modification of
the anion structure of C-S-H through replacement of some Si atoms by Al,
Fe, or S.[6] Admixtures can influence the rate at which the polymerization
proceeds in portland cement and C3S pastes.

The minimum water:cement ratio for attaining complete hydration
of cement has been variously given from 0.35 to 0.40, although complete
hydration has been reported to have been achieved at a water:cement ratio
of 0.22.[27]

In a fully hydrated portland cement, Ca(OH)2 constitutes about 20–
25% of the solid content. The crystals are platy or prismatic and cleave
readily. They may be intimately intergrown with C-S-H. The density of
Ca(OH)2 is 2.24 g/cm3. The crystalline Ca(OH)2 gives sharp XRD
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patterns, shows endothermal peaks in DTA, and weight losses in TGA.
The morphology of Ca(OH)2 may vary and form as equidimensional
crystals, large flat platy crystals, large thin elongated crystals, or a com-
bination of them. Some admixtures, and temperature of hydration can modify
the morphology of Ca(OH)2. According to some investigators both crys-
talline and amorphous Ca(OH)2 are formed in portland cement pastes.

The ettringite group, also called AFt phase in cement paste, stands
for Al-Fe-tri (tri = three moles of CS) of the formula C3A•3CS•H32 in
which Al can be replaced by Fe to some extent. The AFt phase forms in the
first few hours (from C3A and C4AF) and plays a role in setting. After a
few days of hydration only a little amount of it may remain in cement
pastes. It appears as stumpy rods in SEM and the length does not normally
exceed a few micrometers. The principle substitutions that exist in AFt
phase are Fe3+ and Si4+ for Al3+ and various anions such as OH-, CO3

2-,
and silicates for SO4

2-.
The monosulfate group, also known as the AFm phase, is repre-

sented by the formula C4ASH12 or C3A•CS•H12. AFm stands for Al-Fe-
mono, in which one mole of C is present. In portland cement, this phase
forms after the AFt phase disappears. This phase may constitute about
10% of the solid phase in a mature cement paste. In SEM, this phase has a
hexagonal morphology resembling that of Ca(OH)2 and the crystals are of
submicrometer thickness. The principle ionic substitutions in the AFm
phase are Fe3+ for Al3+ and OH-, CO3

2-, Cl-, etc., for SO4
2-.  The density of

this phase is 2.02 g/ml. The amount of crystalline hydrogarnet present in
cement paste is less than 3%.[28] It is of type Ca3Al2(OH)12 in which part of
Al3+ is replaced by Fe3+ and 4OH- by SiO4

4- [e.g., C3(A0.5F0.5)SH4]. It may
be present in small amounts in mature cement pastes and is also formed at
higher temperatures. The crystal structure of this phase is related to C3AS3

(garnet). The density of C6AFS2H8 is 3.042 g/ml. Hydrogarnet is decom-
posed by CO2 forming CaCO3 as a product.[29]

It is the opinion of some workers that the lowest sulfate form of
calcium sulfohydroxy aluminate hydrate, a crystalline solid solution phase
in the system CaO-Al2O3-CaSO4-H2O, is also formed in cement pastes.[30]

The mechanisms that have already been described for pure cement
compounds form a basis for a study of the hydration mechanism of
portland cement. The conduction calorimetric curves of C3S and portland
cement are similar except portland cement may yield a third peak for the
formation of monosulfate hydrate (Fig. 1). The detailed influence of C3A
and C4AF on the hydration of C3S and C2S in cement is yet to be worked
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out. The delayed nucleation models and the protective layer models,
taking into account the possible interactions, have been reviewed.[14]

Although the initial process is not clear for C3S (in cements), it appears
that C3A hydration products form through solution and topochemical
processes.

5.0 CEMENT PASTE

5.1 Setting

The stiffening times of cement paste or mortar fraction are deter-
mined by setting times. The setting characteristics are assessed by initial
set and final set. When the concrete attains the stage of initial set, it can no
longer be properly handled and placed. The final set corresponds to the
stage at which hardening begins. At the time of the initial set the concrete
will have exhibited a measurable loss of slump. Admixtures may influ-
ence the setting times. The retarders increase the setting times and
accelerators decrease them.

At the time of initial set of cement paste, the hydration of C3S will
have just started. According to some investigators, the recrystallization of
ettringite is the major contributing factor to the initial set. The final set
generally occurs before the paste shows the maximum rate of heat devel-
opment, i.e., before the end of the 3rd stage in conduction calorimetry.

Concrete also exhibits false or flash set. When stiffening occurs due
to the presence of partially dehydrated gypsum, false set is noticed.
Workability is restored by remixing. False set may also be caused by
excessive formation of ettringite especially in the presence of some
retarders and an admixture such as triethanolamine. The formation of
syngenite (KCS2H) is reported to cause false set in come instances.

The setting time of cement can be determined by Gillmore (ASTM
C 266) or the Vicat apparatus (ASTM 191). In the Gillmore method, a pat
of cement paste 3 inches in diameter and 1/2 inch thickness is formed on a
glass plate and is subjected to indentation by the needle. For the initial set
the needle weighing 1/4 lb with 1/12 inch diameter is used while for the
final set the corresponding figures are 1 lb and 1/24 inch. The initial set
occurs when the pat will bear without appreciable indentation, the initial
Gillmore needle. Similarly, the final set is determined by the final Gillmore
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needle.  All standard ASTM cements should conform to an initial setting
time not less than 60 mins and final setting time of not more than 10 hrs.
The corresponding times using the Vicat needle are 45 mins and 8 hrs.

The Vicat apparatus is similar to the test method described above
except that there are slight differences in the needle weight and diameter
and the dimensions of the cement paste. In this method, the initial setting
time occurs when a penetration of 25 mm is obtained. At the time of final
set the needle should not sink visibly into the paste. The Canadian
Standard method, CSA CAN 3-A5, specifies only the initial setting times.
The Vicat apparatus is also specified by British Standard BS12.

5.2 Microstructure

Many of the properties of the cement paste are determined by its
chemical nature and microstructure. Microstructure constitutes the nature
of the solid body and that of the non-solid portion, viz., porous structure.
Microstructural features depend on many factors, such as the physical and
chemical nature of the cement, type, and the amount of admixture added to
it, temperature and period of hydration, and the initial w/c ratio. The solid
phase study includes examination of the morphology (shape and size),
bonding of the surfaces, surface area and density. Porosity, pore shape,
and pore size distribution analysis is necessary for investigating the non-
solid phase. Many of the properties are interdependent and no one prop-
erty can adequately explain the physico-mechanical characteristics of
cement paste.

A study of the morphology of the cement paste involves observation
of the form and size of the individual particles, particularly through high
resolution electron-microscopes. The most powerful techniques that have
been used for this purpose are Transmission Electron Microscopy, Scan-
ning Electron Microscopy, High Voltage Transmission Electron Micro-
scope using environmental cells, Scanning Transmission Electron Micro-
scope (STEM) of ion-beam thinned sections, and High Resolution SEM
using STEM instruments in reflection mode.

Attempts have been made to explain the strengths of pastes by a
morphological examination, but several exceptions have been found.[31] It
is beginning to be recognized that comparison of micromorphological
results by different workers has an inherent limitation because of the small
number of micrographs usually published and the correspondingly small
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area of these micrographs, which might not be representative of the
structure. Sometimes, micrographs are selected for inclusion primarily
because they show a well-defined morphology. In addition, what may be
selected by one researcher as the representative structure may differ from
that selected by another. Even the description of the apparently similar
features becomes subjective. Another problem is the misinterpretation of
a particular morphology. This could sometimes be obviated by microanaly-
sis such as energy-dispersive x-rays. Sometimes misinterpretation of
morphology may be due to the sample geometry and its relationship to
incidental angle of the electron beam and takeoff angle of the detector.
The hexagonal etch pits, for example, may appear to be cubic.[32]

Some attempts have been made to estimate the phases quantita-
tively. There are inherent limitations in these estimates because the frac-
ture passes preferentially through the weaker phase and thus this phase
may be overestimated. The visual estimate tends to be unreliable com-
pared to point count estimates.  In view of the above, it has been recog-
nized that speculations on the origin of strength and other properties, when
based on these observations, have limited validity, especially since many
properties of cement paste are influenced at a much lower microlevel than
can be observed by an ordinary Scanning Electron Microscope (see also
Sec. 6.0).

The Calcium Silicate Hydrate Phase. The C-S-H phase is a major
phase present both in the hydrated portland cement and tricalcium silicate.
The principal products of hydration in portland cement or C3S (other than
CH) may be described as follows.[24] The early products in the hydration
of C3S consist of foils and flakes, whereas in portland cement a gelatinous
coating or membrane of AFt composition is often observed. The products
of C3S which is a few days old will consist of C-S-H fibers and partly
crumpled sheets, whereas in portland cement partly crumpled sheets,
reticular network, rods and tubes of AFt are seen. At later stages of
hydration, a dense, mottled C-S-H structure (inner product) is observed in
hydrated C3S and, in portland cement, a compact structure of equant
grains and some plates of AFm phase.

The morphology of C-S-H gel particles has been divided into four
types and described by Diamond.[33] Type I C-S-H, forming elongated or
fibrous particles, occurs at early ages.  The particles are also described as
spines, acicular, aciculae, prismatic, rod-shaped, rolled sheet, or by other
descriptions. They are a few micrometers long. Type II C-S-H is described
as a reticular or honeycombed structure and forms in conjunction with
Type I. It does not normally occur in a C3S or C2S paste unless it is
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formed in the presence of admixtures. In addition, in hardened cement
pastes the microstructure can be nondescript and consist of equant or
flattened particles (under 1000 Å in largest dimension) and such a mor-
phological feature is described as Type III. Type IV, a late hydration
product, is compact, has a dimpled appearance, and is believed to form in
spaces originally occupied by cement grains. This feature is also found in
C3S pastes. The above list is not exclusive because other forms have also
been described.

5.3 Bond Formation

Cementitious materials such as gypsum, portland cement, magne-
sium oxychloride, and alumina cement form porous bodies and explana-
tion for their mechanical properties should take into account the nature of
the void spaces and the solid portion.  If the solid part determines strength,
then several factors should be considered including the rate of dissolution
and solubility of the cement, the role of nuclei and their growth, chemical
and physical nature of the products, energetics of the surface and interfa-
cial bonds.

The C-S-H phase is the main binding agent in portland cement
pastes. The exact structure of C-S-H is not easily determined. Considering
the several possibilities by which the atoms and ions are bonded to each
other in this phase, a model may be constructed. Figure 5 shows a number
of possible ways in which siloxane groups, water molecules, and calcium
ions, may contribute to bonds across surfaces or in the inter-layer position
of poorly crystallized C-S-H material.[31] In this structure, vacant corners
of silica tetrahedra will be associated with cations such as Ca++.

The technique of cold compaction and recompaction of hydrated
cement at several hundred MPa pressure has shown that similar bonds can
be formed in this process as by the normal hydration process.[34][35] In
certain instances wetting seems to enhance the modulus  of elasticity of
the body. This is explained by water entering the inter-layer position and
compensating for any decrease in Young’s modulus when layers of C-S-H
move apart. This emphasizes the bridging role of water. This type of bond
implies that bonds between particles originating from separate nuclei
during hydration can be similar to bonds within the particles.[36] The
cement paste made at lower w/c ratios can be considered as a continuous
mass around pores. Thus, the area of contact may be the critical factor
determining mechanical properties.
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5.4 Density

The density value quoted in the literature for a given material is
accepted without much question because it depends simply on mass and
volume at a given temperature; that for hydrated portland cement is no
exception. An accurate assessment of density, however, is one of the most
important factors in determining porosity, assessing durability and
strength, and estimating lattice constants for the C-S-H phase in hy-
drated portland cement.

Traditionally, density of hydrated portland cement was measured in
the d-dried state by pycnometric methods, using a saturated solution of
calcium hydroxide as a fluid. Since the d-dried hydrated portland cement
rehydrates on exposure to water, this method is of questionable value.
More realistic values can be obtained by proper conditioning of the sample
and using fluids that do not affect the structure of the paste.

Table 2 shows the density values obtained using three methods, viz.,
helium pycnometry, dried methanol, and saturated aqueous Ca(OH)2
solution.[37] The density values were obtained for the bottle-hydrated
cement dried to 11% RH or at the d-dried state. Values are given for each
fluid and four different sets of values are shown for the 11% RH condition.
These values are different because of different types of corrections needed.
It may be observed that drying to 11% RH and measuring with a saturated
solution of Ca(OH)2 gives an uncorrected value of 2.38 g/cc as compared
to a corrected value (type d) of 2.35 g/cc and 2.34 g/cc by helium. At the d-
dried state the exceptionally high value obtained by the Ca(OH)2 solution
technique is due to the penetration of water into the inter-layer positions of
the layered structure of the crystallite.

5.5 Pore Structure

Porosity and pore size distribution are usually determined using
mercury porosimetry and nitrogen or water adsorption isotherms. Total
porosity may be obtained by using organic fluids or water as a medium. Water
cannot be used as it may interact with the body. The d-dried hydrated
portland cement, on exposure to water, rehydrates. This is illustrated in
Table 3, in which pore volume and density of d-dried hydrated cement are
determined with helium, Ca(OH)2 solution or methanol.[37] The difference
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Table 3. Pore Volume and Density of d-Dried Hydrated Cement Pastes
Determined with Different Fluids

Pore Volume Percentage
(By Volume)  Density (g/ml)

W/C Helium Ca(OH)2 Methanol Helium Ca(OH)2 Methanol Surface
ratio Solution Solution Area (N2)

0.4       23.3 37.8 19.8 (i)   2.19±0.015 30 m2/g
(ii)  2.19±0.015

0.5 34.5 44.8 36.6 2.64±0.06 2.27±0.06 55 m2/g

0.6 42.1 51.0 (i)   2.28±0.015 51 m2/g
(ii)  2.26±0.015

0.8 53.4 59.5 (i)   2.30±0.015 2.66±0.06 57 m2/g
(ii)  2.27±0.015

0.8 51.4 58.7 51.6 2.61±0.06 2.27

1.0 (i)   2.29 57 m2/g
(ii)  2.26

Saturated Aqueous
Methanol Ca(OH)2 Solution

Condition , 11% RH Helium (g/cm3) (g/cm3)  (g/cm3)

(a) No correction 2.30 ± 0.015 2.25 ± 0.02 2.38 ± 0.01

(b)  Monolayer 2.31 ± 0.015 2.26 ± 0.02 2.39 ± 0.01
adsorbed water
correction

(c) Helium flow taken 2.37 ± 0.015 2.32 ± 0.02 2.38 ± 0.01
into account

(d) The interlayer space 2.34 ± 0.015 2.29 ± 0.02 2.35 ± 0.01
completely filled with
water

d-dry state 2.28 ± 0.01 2.285 ± 0.02 2.61 ± 0.01

(b) d-dry calculation 2.51 ± 0.01 2.51 ± 0.01
for layers themselves    of paste
(uncorrected for free    (w/c ratio 0.8)
 Ca(OH)2

Table 2. Density of Bottle-Hydrated Portland Cement



24 Analytical Techniques in Concrete Science and Technology

in porosity values obtained with Ca(OH)2 solution or methanol at a w/c
ratio of 0.4 on a volume/weight basis is equivalent to 8.6 cm2/100 g of d-
dried cement. Methanol has been used with the water-saturated hydrated
cement by continually maintaining the methanol in the anhydrous state.
Under this condition, methanol replaces all the water, including some
bound water.[38] There is also evidence that under these conditions some
chemical interaction occurs between methanol and cement.[39]

The quasi-elastic neutron scattering technique has the ability to
distinguish between free and bound water.[40] Using this technique, the volume
fraction of free water in saturated pastes is found to be approximately
equal to the porosity determined for pre-dried pastes by fluids such as
methanol, helium, and nitrogen.

Pore-Size Distribution. Mercury porosimetry involves forcing mer-
cury into the vacated pores of a body by the application of pressure. The
technique measures a range of pore diameters down to about 3 nm.
Auskern and Horn[41] used 117° as the value of contact angle. It has also
been reported that the porosity measured by carbon tetrachloride satura-
tion is slightly higher than the porosity measured by Hg porosimetry.
Beaudoin[42] measured total porosity by Hg porosimetry using pressures
up to 408 MPa and concluded that the porosimetry and He pycnometry
methods could be used interchangeably to determine porosity of cement
paste formed at a w/c ratio equal to or greater than 0.40. In a study of the
development of pore structure during the hydration of C3S, Young[42]

found that on measuring the Hg intrusion the pastes showed a threshold
diameter that decreased with the amount of hydration. It was suggested
that the large intrusion immediately below the threshold diameter of 100
nm results from the filling of void spaces between C-S-H gel needles and
the filling of larger pores accessible only through inter-growth of needles.

Pore size distribution can be determined by applying the Kelvin
equation to either adsorption or desorption isotherm. They are applicable
to determination of pore diameters of about 3–50 nm.

5.6 Surface Area and Hydraulic Radius

Surface Area. This is the area available to gases or liquids by way
of pores and the external area.  Hydrated portland cement is very complex
and there is controversy over the significance of H2O as an adsorbate in
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determining surface area. With water as adsorbate, the surface area is
about 200 m2/g and remains constant for different w/c ratio pastes.  The
surface area varies with w/c ratio when using nitrogen, methanol, isopro-
panol, and cyclohexane as adsorbates.[43] With nitrogen, it varies from 3 to
147 m2/g. Solvent replacement techniques, used in place of d-drying
technique, yield different surface areas. Using this technique, Litvan
found that one of the samples registered a surface area of 249 m2/g with
nitrogen as an adsorbate.[44] There is evidence to show that during the
extended methanol soaking, interaction with the cement paste may oc-
cur.[39][45] This may be responsible for the increased surface area. Drying
to various humidities, followed by solvent replacement, shows that the
exposure to capillary tension between 80 and 40% RH results in large
decreases in surface area.[35] High surface areas have been found with fast
drying.[46]

The method of drying seems to determine the extent to which
further layering and agglomeration of C-S-H sheets occurs during the
removal of water and this manifests itself in surface area decreases and
shrinkage. Subsequent treatment, such as wetting and drying and applica-
tion of stress, also affects these properties. The low angle x-ray scattering
data of Winslow, et al., have provided a value at 670 m2/g for the hydrated
cement in a wet state.[47]

Hydraulic Radius. The average characteristic of a pore structure
can be represented by the hydraulic radius, which is obtained by dividing
the total pore volume by the total surface area. The pore volume of d-
dried paste, determined by nitrogen, helium, or methanol, is due to
capillary porosity and hydraulic radius is known to vary from 30 to 10.7
nm for w/c ratios from 0.4 to 0.8. Calculation of the hydraulic radius of the
inter-layer space can be done by knowing the surface area of the inter-
layer space (total surface area less surface area of capillary space) and the
volume of the inter-layer space. This varies with the degree of penetration
of water molecules, but can be computed from pore volumes obtained by
comparing values for water and nitrogen. An average value of 0.123 nm is
obtained. A value for the hydraulic radius of partially water-occupied
inter-layer space is found to be 0.1 nm. For a w/c ratio paste of 0.2, the
value is about 0.15 nm. These results are consistent with the idea that most
of the water in the inter-layer space is held as a single layer.[48]
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5.7 Mechanical Properties

Hydrated portland cement contains several types of solid phases and
the theoretical treatment of such a material is complex.

Many observations have led to the conclusion that the strength
development of hydrated portland cement depends on the total porosity, P.
Most data can be fitted to an exponential dependence term, e-bP, with b
values associated with different types of pores. Porosity and grain size
effects on strength become clearly separable as pores approach or become
smaller than the grain size. Uniform distributions of different types of
pores will have similar exponential strength-porosity trends, but the b
values will change. They will depend on the pore location, size, and shape.
The latter two are important only when the pore causing failure is large in
comparison with the grain size or with the specimen size. For small pores,
its location is important. Pores at grain boundaries are more critical than
pores within grains.

The fracture mechanism at a region of stress concentration is often
affected by the environment. Measurements of strength of hydrated ce-
ment paste in flexure as a function of relative humidity[49] have shown
significant decreases in strength as the humidity is increased from 0 to
20%. Under high stress conditions, as at a tip of crack, the presence of H2O
vapor promotes rupture of the siloxane groups in the cement paste to form
silanol groups as follows:

    |        |
From: (-Si-O-Si-)

    |        |

                   |                  |
To: (-Si-OH HO-Si-)

                                                |                  |

Correlation of porosity with mechanical property values has led to
several types of semi-empirical equations, the most common being that
due to Ryshkewitch;[50]

M = Mo exp (-bP)

where M is the mechanical strength property at porosity, P, Mo the value at
zero porosity, and b is a constant.  As stated previously, b is related to pore
shape and orientation. This equation shows good agreement with experi-
mental values at lower porosities. Another equation, due to Schiller,[51]



Concrete Science 27

P

P
DM CR1n=

where D is a constant and PCR is the porosity at zero strength, shows good
agreement at high porosities.

Feldman and Beaudoin[52] correlated strength and modulus of elas-
ticity for several systems over a wide range of porosities. The systems
included pastes hydrated at room temperature, autoclaved cement paste
with and without additions of fly-ash, and those obtained by other work-
ers. Porosity was obtained by measurement of solid volume by a helium
pycnometric technique and apparent volume through the application of
Archimedes’ principle. Correlation, based on the Ryshkewitch equation
is shown in Fig. 6.

Figure 6.  Strength vs. porosity for autoclaved and room temperature cured preparations.
(With permission, Noyes Publications, Concrete Admixtures Handbook, 2nd Ed, 1995.)
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There are essentially three lines of different slopes. Line AB repre-
sents the pastes cured at room temperature covering porosities from 1.4 to
41.5% and having a value of about 290 MPa at zero porosity. The second
line, CD, represents the best fit for most of the autoclaved specimens,
excluding those made with fly-ash. This line intersects AB at 27% poros-
ity (corresponding w/c ratio = 0.45). On the basis of the same porosity, at
porosities about 27%, the room temperature pastes are stronger than those
made by autoclaving. When the line CD is extrapolated towards low
porosities, it meets the point for hot-pressed cement paste.[53] At zero
porosity, a strength of over 800 MPa would be obtained for this series. The
third line, EF, for the autoclaved fly-ash-cement mixtures [containing 11
Å tobermorite, C-S-H (I) and C-S-H (II)] is parallel to the room-tempera-
ture paste line, shows higher strengths, and is composed of higher density
material. Further work by Beaudoin and Feldman[54] on autoclaved ground
silica-normal Type I cement showed that the results conformed to
Ryshkewitch’s equation. It was also found that the greater the density of
the product, the greater was Mo and the slope, b, of the log M-porosity plot.
Examination revealed that autoclaved mixtures made with low silica
content contain largely well-crystallized, high density a-C2S-hydrate,
while those with 20–40% silica contain predominately C-S-H (I), C-S-H
(II), and tobermorite. The mixtures with higher silica (50–65%) contain
unreacted silica, tobermorite, C-S-H (I) and C-S-H (II).

These results indicated that an optimum amount of poorly crystal-
lized hydrosilicate and well-crystallized dense material provides maxi-
mum values of strength and modulus of elasticity at a particular porosity.
At higher porosity, not only porosity, but also bonding of individual
crystallites, plays a role in controlling strengths.

It is apparent that disorganized, poorly crystallized units tend to
form bonds of higher contact area, resulting in smaller pores. As porosity
decreases, better bonding will develop between high density, well-crystal-
lized, and poorly crystallized material and consequently, higher strengths
will result. The potential strength of the high density and high strength
material is thus manifested. This explains how very high strengths are
obtained by hot-pressing. In this method, a small, but adequate quantity of
poorly crystallized material at low porosities provides the bonding for the
high-density clinker material. Work by Ramachandran and Feldman with
C3A and CA systems has shown that, at low porosities, high strength could
be obtained from the C3AH6 product because a greater area of contact
forms between crystallites than is possible at higher porosities.[20]
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Several attempts have been made to relate the strength of cement
paste to the clinker composition. A series of equations was proposed by
Blaine, et al., in 1968[55] to predict strength against a number of clinker
compositions, ignition loss, insoluble fraction, air, and alkali contents.
Other investigators have also proposed equations expressing the relation-
ship between the clinker composition and the 28 day strength.[56]

The data on the effect of clinker composition on strength are rather
conflicting although it is recognized that multiple regression equations
reflect reasonably well the relationship for narrow ranges of cement
composition. It is recognized that other effects, such as the texture,
presence of minor components, particle size distribution, and amount of
gypsum, will have a significant influence on the potential strength of cement.

5.8 Permeability of Cement Paste

The rate of movement of water through concrete under a pressure
gradient, termed permeability, has an important bearing upon the durabil-
ity of concrete. The measure of the rate of fluid flow is sometimes
regarded as a direct measure of durability.

It is known that the permeability of hardened cement paste is mainly
dependent on the pore volume. However, pore volume resulting at differ-
ent water/cement ratios and degrees of hydration, does not uniquely define
the pore system and thus is not uniquely related to the permeability.

Nyame and Illston[57] have used mercury intrusion data to define a
parameter, termed the maximum continuous pore size (rα), and related it to
the permeability. The relationship was found by linear regression to be

K = 1.684 rα 3.284 × 10-22

with a correlation coefficient of 0.9576 where K = permeability (m/s) and
rα = maximum continuous pore radius (Å).

It was found that below w/c ratios of 0.7, the values of permeability
and the maximum continuous pore radius did not change significantly
after 28 days of hydration.

Permeability can be related to pore structure using the hydraulic
radius theory, which relates flow rates to the viscous forces opposing flow.
Permeability is related to hydraulic radius as follows:

log K = 38.45 + 4.08 log (ε rh
2)

where rh is the hydraulic radius and ε is the porosity.
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5.9 Aging Phenomena

Aging, within the context of surface chemical considerations, refers
to a decrease in surface area with time. For hydrated portland cement this
definition can be extended to include changes in solid volume, apparent
volume, porosity, and some chemical changes (excluding hydration) which
occur over extended periods of time.

Shrinkage and Swelling. The volume of cement paste varies with
its water content, shrinking when dried and swelling when rewetted. It has
been found that the first drying shrinkage (starting from 100% RH) for a
paste is unique in that a large portion of it is irreversible. By drying to
intermediate relative humidities (47% RH) it has been observed that the
irreversible component is strongly dependent on the porosity of the paste,
being less at lower porosities and w/c ratios.[58]

The irreversible component of first drying shrinkage is strongly
dependent on the time the specimen is held in the 80–40% RH region. It is
due to the capillary forces that exist in this humidity region and gradual
movement of the surfaces of C-S-H sheets closer to each other during this
process, with time permanent bonds form. This illustrates the similarity of
first drying shrinkage to the creep phenomenon. Also, the shrinkage-water
content relationship during first drying and redrying appears to depend
significantly upon the length of time the specimen is held in the “dried”
condition (47% RH) (Fig. 7).[58] Each of four specimens shown in Fig. 7
was held at 47% RH for different periods of time during first drying. Very
little irreversible shrinkage or irreversible water loss resulted from drying
for one day; however, with increased drying time, considerable irrevers-
ible shrinkage and water loss occurred.

First drying shrinkage can also be affected greatly by incorporation
of some admixtures. A large, irreversible shrinkage of paste relative to
that without admixture on drying to 47% RH, suggests that the admixture
promotes dispersion in terms of the alignment of sheets of C-S-H. In
addition, drying from 15% RH to the d-dry condition results in the same
shrinkage at the same w/c ratio, regardless of the admixture content.[59]

Creep. Concrete exhibits the phenomenon of creep, involving de-
formation at a constant stress that increases with time. Creep of concrete
(basic creep) may be measured in compression using the ASTM C512
method. There are two types of creep; basic creep, in which the specimen
is under constant humidity conditions, and drying creep, when the speci-
men is dried during the period, under load.
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Figure 7. Effect of drying at 47% RH for periods indicated on length recovery, on
saturation, and on shrinkage vs. water loss relationship of second drying.

Creep of a cement paste increases at a gradually decreasing rate,
approaching a value several times larger than the elastic deformation.
Creep is, in part, irrecoverable, as in drying shrinkage. On unloading,
deformation decreases immediately due to elastic recovery. This instanta-
neous recovery is followed by a more gradual decrease in deformation due
to creep recovery. The remaining residual deformation, under equilibrium
conditions, is called the irreversible creep. Creep increases with w/c ratio
and is very sensitive to relative humidity and water content. It may also be
affected by admixtures.

Many theories have been proposed over the years to account for
creep mechanisms in cement paste and each is capable of accounting for
some of the observed facts. The descriptions and mechanisms are based on
seepage,[61][62] change of solid structure,[63]–[65] and inter-layer space.[60][68]
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5.10 Role of Admixtures and Supplementary Cementing Materials

Admixtures are ingredients that are added to the concrete batch
immediately before or during mixing. They confer certain beneficial
effects to concrete, including frost resistance, sulfate resistance, con-
trolled setting and hardening, improved workability, increased strength,
etc. Special concretes are made with coloring pigments, polymer latexes,
expansion producing admixtures, flocculating agents, antifreezing chemi-
cals, corrosion inhibiting formulations, etc. Admixtures influence the
physical, chemical, surface-chemical, and mechanical properties of con-
crete and its durability.  Accelerating admixtures reduce the time of setting
and increase the rate at which the strength is developed. They are used in
cold weather concreting.  Examples of accelerators include calcium chlo-
ride, formates, carbonates, nitrites, amines, etc. Water reducing admix-
tures reduce the amount of water (about 8–10%) required for concrete
mixing at a given workability.  These admixtures improve the strength and
durability of concrete. Refined lignosulfonates, gluconates, hydroxycarb-
oxylic acids, sugar acids, etc., act as water reducers. Retarders lengthen
the setting times of concrete. They are particularly useful for hot weather
concrete operations. Phosphonates, sugars, unrefined lignosulfonates, car-
bohydrate derivatives, and borates are some examples of retarders.
Superplasticizing admixtures are capable of reducing water requirement
by about 30%. The most popular formulations are based on sulfonated
naphthalene formaldehyde and sulfonated melamine formaldehyde. Fig-
ure 8 shows the effect of dosage of superplasticizer on the slump increase
of concrete. Air entraining agents incorporate minute bubbles in concrete.
Such a concrete exhibits good frost resistance. Salts of wood resins,
synthetic detergents, salts of sulfonated lignin, salts of proteinaceous
materials, fatty and resinous acids and their salts, and organic salts of
sulfonated hydrocarbons, are air entraining agents. There are many other
admixtures used for special purposes. They include polymers, antifreezing
admixtures, alkali-aggregate expansion reducing admixtures, corrosion
inhibitors, expansion reducing admixtures, pigments, fungicidal admix-
tures, flocculators, permeability reducers, shotcreting admixtures, and
damproofing admixtures. The application of these admixtures are dis-
cussed in a handbook.[69]
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Figure 8.  Effect of dosage of superplasticizer on slump of concrete.

Supplementary cementing materials are finely divided and are added
to concrete in relatively large amounts (20–100%) by weight of cement.
Granulated blast furnace slag and high calcium fly ash are cementitous
and pozzolanic whereas condensed silica fume and rice husk ash are
highly active pozzolans. Low calcium fly ash and naturally occurring
materials (derived mainly from volcanic eruptions and calcined clays) are
normal pozzolans. Weak pozzolanic materials include slowly cooled slag,
bottom ash, boiler slag, and field burnt rice husk ash. Low Ca fly ash
contains mainly aluminosilicate glass, sillimanite, and mullite. The glass
content may be as high as 80%. Hematite, quartz, and magnetite are also
found in low Ca fly ashes. The glassy phase in the high Ca fly ash is
different from that in the low Ca fly ash. The principal phase in the high Ca
fly ash is tricalcium aluminate. The crystalline phases in high calcium fly
ash are much more reactive than those in low Ca fly ash. In general, in both
fly ashes the spherical sizes of the glassy phase vary between 1 µm and
100 µm, most of the material being under 20 µm. Granulated blast furnace
slag is essentially glassy, having a chemical composition corresponding to
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melilite, a solid solution phase between gehlenite (C2AS) and akermanite
(C2MS2). In slag-cement mixtures, hydration of cement provides alkali
and sulfate for activating the glass. Slags cooled from a high temperature
at a faster rate are likely to contain more reactive glass than those cooled
slowly. Silica fume and rice husk ash, produced by controlled combustion
contain essentially silica in a noncrystalline form. They have a high
surface area (20–25 m2/g for condensed silica fume and 50–60 m2/g for
rice husk ash). Addition of mineral admixtures (supplementary materials)
can influence concrete mix proportions, rheological behavior of plastic
concrete, degree of hydration of cement, strength and permeability of
concrete, resistance to thermal cracking, alkali-silica expansion, and sul-
fate attack. These aspects are discussed in many books and notably in
proceedings of the conferences organized by CANMET/American Con-
crete Institute, in 1983, 1986, 1989, 1992, and 1995, under the title “Fly
Ash, Silica Fume, Slag, and Other Pozzolans in Concrete.” A bibliography
of references to many publications related to supplementary materials is to
be found in the book edited by Malhotra.[70]

6.0 MODELS OF HYDRATED CEMENT

In order to predict the performance of concrete, it is important to
have a model of cement paste that incorporates its important properties
and explains its behavior. There are two main models. In the Powers-
Brunauer model, the cement paste is considered a poorly crystalline gel
and layered.  The gel has a specific surface area of 180 m2/g with a
minimum porosity of 28%. The gel pores are assumed to be accessible
only to water molecules because the entrance to these pores is less than 0.4
nm in diameter. Any space not filled with cement gel is called capillary
space.

The mechanical properties of the gel are described using this model.
The particles are held together mainly by van der Waal’s forces (Fig.
9).[71] Swelling on exposure to water is explained by the individual
particles separating due to layers of water molecules existing between
them. Creep is the result of water being squeezed out from between the
particles during the application of stress (Fig. 9c). This model recognizes
the existence of some chemical bonds between the particles (Fig. 9b) and
the existence of layers (Fig. 9d).
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Figure 10.  Structure of C -S- H gel according to Feldman-Sereda model.

Figure 9.  Development of Powers-Brunauer model.[71]

In the Feldman-Sereda model, the gel is considered as a poorly
crystallized layered silicate and that the role of water is much more
complex (Fig. 10) than is recognized by the Powers-Brunauer model.[71]
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Water in contact with the d-dried gel acts in several ways: (a) it
interacts with the free surface, forming hydrogen bonds; (b) it is physi-
cally adsorbed on the surface; (c) it enters the collapsed layered structure
of the material even at humidities below 10% RH; (d) it fills large pores by
capillary condensation at higher humidities.

 Water that enters the inter-layer spaces acts as part of the solid
structure and is more organized than normal water; it contributes to the
rigidity of the system. Most of the water is removed from the structure
below 10% RH, but some structural water is removed at higher humidities.
Thus, the structural water is not considered as pore water, and gel pores in
the Powers-Brunauer model should be considered as a manifestation of
inter-layer spaces. According to the Feldman-Sereda model, gel pores, as
such, do not exist; therefore, the total porosity can only be obtained by
fluids that do not penetrate the inter-layer space; if they do, it should be
taken into calculation. These fluids include methanol, nitrogen at liquid
nitrogen temperatures, or helium gas at room temperature, and are used on
cement at the d-dried state. Under conditions (saturated state) other than
the d-dried state, some fluids, including methanol, do penetrate the inter-
layer structure. The surface area of the gel, measured by nitrogen or
methanol, varies approximately between 1 and 150 m2/g, depending on
the method of preparation and subsequent drying procedure.

Further modifications have been made to this model to explain the
unstable nature of the material and its effect on the mechanical properties.
It recognizes that this material derives its strength from a combination of
van der Waal’s forces, siloxane (-Si-O-Si-), hydrogen and calcium-silica
(-Si-O-Ca-O-Si-) bonds. Swelling or wetting is not due just to separation
of the primary aggregations or breaking of these bonds, but to the net
effect of several factors: (a) reduction of the solid surface energy due to
physical interaction of the surfaces with water molecules, known as
Bangham effect; (b) penetration of water molecules between the layers
and their limited separation as the H2O molecules take up a more rigid
configuration between the sheets; (c) menisci effects due to capillary
condensation; (d) aging effects, generally considered to be a further
agglomeration of sheets forming layers of the malformed crystallites. This
last effect should result in decreased surface area, an increase in solid
volume, and a net shrinkage.

Interlayer penetration occurs on wetting throughout the 0–100% RH
range while the aging effect appears to be more dominant at humidities
above 20% RH, especially in the zone where menisci forces exist (between
80 and 35% RH). The loss of compressive strength of the hydrated cement
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gel exposed to increasing RH is explained by a lowering of the stress of
rupture of siloxane bonds in the presence of higher concentrations of water
molecules.

Creep is a manifestation of aging, i.e., the material moves towards a
lower total energy by aggregation of sheets due to the formation of more
layers. Surface area is reduced by  this process. Aggregation is accelerated
by stress and facilitated by the presence of interlayer water.

There has been a significant interest in the development of com-
puter-based models for the microstructure, hydration, and structural de-
velopment in cement-based materials. Garboczi and Bentz[72] describe the
computer based model of microstructure and properties as “a theoretical
construct which is made using valid scientific principles expressed in
mathematical language, that can be used to make quantitative predictions
about a material’s structure and/or properties.” The computer-based model
is thus used to numerically represent the amount and spatial distribution of
different phases of the material being studied and thus predict, from the
numerical representation of microstructure, properties that can be derived
from actual experiments. Simulation of interfacial zone models have also
been carried out.  Details of the application of the models have been
reviewed recently.[73][74]  These models have also to consider that the
properties of concrete depend on the fine structure of C-S-H as well as that
of coarse aggregate. It is also important to determine the microstructural
characteristics of the material as it deforms due to rheology, creep,
shrinkage, and fracture.

7.0 CONCRETE PROPERTIES

7.1 Introduction

The role of pore structure and cement paste has already been
described. Aggregates, occupying 60–80% of the volume influence the
unit weight, elastic modulus, and dimensional stability of concrete and also its
durability. Generally, aggregates are stronger than the matrix. Coarse
aggregates are larger than 4.75 mm and fine aggregates are smaller than
4.75 mm. Typically, fine aggregates comprise particles in the range of 75
µm to 4.75 mm whereas coarse aggregates are from 4.75 mm to 50 mm. In
mass concrete the coarse aggregates are much larger. Natural aggregates
generally composed of sand, gravel, and crushed rock. The synthetic
aggregates, such as expanded clay/shale, slag, and fly ash, are thermally
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processed materials and used in concrete. The crushed aggregates are of
sandstone, granite, diorite, gabbro, and basalt.  Natural silica is used
extensively as a fine aggregate. ASTM-294 provides a descriptive nomen-
clature of the commonly occurring minerals in rocks.

Some minor constituents of fine or coarse aggregates such as clay
lumps, friable particles, coal, lignite, chert, etc., may adversely affect the
workability, setting, handling, and durability characteristics of concrete.
A list of harmful substances and permissible limits is given in ASTM C-33.

The role of the transition zone, i.e., the interfacial region between
the particles of coarse aggregate and cement paste and expansion due to
alkali-aggregate reaction, is treated separately.

7.2 Workability

The quality of fresh concrete is determined by the ease and homoge-
neity with which it can be mixed, transported, compacted, and finished.  It
has also been defined as the amount of internal work necessary to produce
full compaction.[75] The rheological behavior of concrete is related to the
rheological terms such as plasticity and viscoelasticity of cement paste.
As the workability depends on the conditions of placement, the intended
use will determine whether the concrete has the required workability. A
good workable concrete should not exhibit excessive bleeding or segrega-
tion.  Thus, workability includes properties such as flowability, moldability,
cohesiveness, and compactibility. One of the main factors affecting work-
ability is the water content in the concrete mix. A harsh concrete becomes
workable by the addition of water. Workability may also be improved by
the addition of plasticizers and air entraining agents. The factors that
affect workability include quantities of paste and aggregates, plasticity of
the cement paste, maximum size and grading of the aggregates, and shape
and surface characteristics of the aggregate.

Another term that has been used to describe the state of fresh
concrete is consistency or fluidity. It describes the ease with which a
substance flows. It is loosely related to and an important component of
workability. The term consistency is sometimes used to describe the
degree of wetness of concrete. Wet concrete is more workable than the dry
concrete. A concrete having the same consistency may, however, have
different workability characteristics. The ASTM C-187 and Canadian
Standard CSA CAN 3-A5 measure the consistency of cement paste by a
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Vicat apparatus consisting of a needle with a diameter of 1 mm with a
plunger 10 mm in diameter. The paste is considered to have a normal
consistency when the rod settles to a point to 10 ± 1 mm below the original
surface in 30 secs after it is released. In the determination of setting and
soundness of cement paste, the material should be made to normal consis-
tency requirements.

Although several methods have been suggested to determine
workability, none is capable of measuring this property directly. It is
therefore usual to measure some type of consistency as an index of
workability. The most extensively used test is the slump test. This method
is described by ASTM C143. The slump test uses a frustum of a cone 30
mm (12 in.) high. This cone is filled with concrete, the cone lifted slowly
and the decrease in the height of the center of the slumped concrete is
measured. For structural concrete, a slump of 75–100 mm (3–4 inches) is
sufficient for placement in forms. Another method, called the Compacting
Factor Test, is based on the measurement of the density ratio (the ratio of
the density actually achieved in the test to the density of the fully
compacted concrete). This method is described in the BS1881 and by
AC1 211. Another method, called the Ball Penetration Test, is described
in ASTM-C360. This method is based on measuring the penetration of
a 150 mm (6 in) diameter steel cylinder with a hemispherically shaped
bottom, weighing 13.6 kg (30 lbs). The ratio of slump to the penetration of
the ball is about 1.5–2. In the Remolding Test developed by Powers,
workability is assessed on the basis of the effort required in changing the
shape of the concrete.[75] The Vebe Test is similar to the remolding test
except that the inner ring is omitted and compaction is achieved by
vibration instead of rolling. In addition to the above, other methods have
been used. They include Vebe consistometer, German Flow Table, Nasser’s
K-probe, and Tattersall’s two point test. The details of these methods are
described in Refs. 27 and 28. All these tests attempt to measure workabil-
ity and they are not comparable. No ideal test for workability has been
developed as yet.

7.3 Setting

The setting of concrete is determined by the mortar contained in it.
A penetrometer is used for determining the initial and final setting times of
mortar. A needle of appropriate size has to be used.  The force required to
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penetrate 1 inch in depth is noted. The force divided by the area of the
bearing surface of the needle yields the penetration resistance. The initial
setting time is the elapsed time, after the initial contact of cement and
water, required for the mortar sieved from the concrete to reach a penetra-
tion resistance of 500 lbs/sq.in. (3.5 MPa). The corresponding resistance
for the final setting time is 4000 lbs/sq.in. (27.6 MPa).

Concrete may exhibit flash set due to the reaction of C3A, forming
calcium aluminate hydrates and monosulfate hydrate. Workability will
not be restored by remixing when flash set occurs.

7.4 Bleeding and Segregation

In a freshly placed concrete which is still plastic, settlement of
solids is followed by the formation of a layer of water on the surface. This
is known as bleeding or water gain. In lean mixes, localized channels
develop and the seepage of water transports some particles to the surface.
Bleeding may thus give rise to laitance, a layer of weak, nondurable
material containing diluted cement paste and fines from the aggregate. If
bleeding occurs by uniform seepage of water, no undesirable effects result
and such a bleeding is known as “normal bleeding.” Bleeding is not
necessarily harmful. If undisturbed, the water evaporates so that the
effective water:cement ratio is lowered with a resultant increase in strength.

The amount of bleeding can be reduced by using proper amounts of
fines, high alkali or C3A contents, increasing cement content, and admix-
tures such as pozzolans, calcium chloride, or air entraining admixtures.
Bleeding characteristics are measured by bleeding rate or bleeding capac-
ity, applying the ASTM C232 standard. In this method, the relative
amount of mix water that appears on the surface of concrete placed in a
cylindrical container is measured. At specified intervals, the water accu-
mulating on the surface is determined until bleeding ceases. The top
surface of concrete subsides during bleeding causing what is known as
plastic shrinkage.

During the handling of a concrete mixture, there may be some
separation of coarse aggregates from the mixture, resulting in a nonuni-
form concrete mass.  This is known as segregation.  Segregation may lead
to flaws in the final product and honeycombing may occur in some
instances.  Segregation may result during handling, placing, vibrating, or
finishing operations.  The primary cause of segregation is the differences
in the size of the particles and specific gravity of the mix.  The tendency to
segregate increases with slump, reduction in cement content, or increase in
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the maximum size and amount of aggregate.  By proper grading of the
constituents and handling, this problem can be controlled.

There is no standard procedure developed for measuring segrega-
tion.  For over-vibrated concrete, proneness to segregation can be assessed
by vibrating a concrete cube for about 10 mins., stripping it and observing
the distribution of coarse aggregate.[75]

7.5 Mechanical Properties

The hardened concrete has to conform to certain requirements for
mechanical properties.  They include compressive strength, splitting ten-
sile strength, flexural strength, static modulus of elasticity, Poisson’s
ratio, mechanical properties under triaxial loads, creep under compres-
sion, abrasion resistance, bond development with steel, penetration resis-
tance, pull out strength, etc.

The mechanical behavior of concrete should be viewed from the
point of view of a composite material.  A composite material is a three-
dimensional combination of at least two chemically and mechanically
distinct materials with a definite interface separating the components.
This multiphase material will have different properties from the original
components.  Concrete qualifies as such a multiphase material.[76]  Con-
crete is composed of hydrated cement paste (C-S-H, CH, aluminate, and
ferrite-based compounds) and unhydrated cement, containing a network
of a mixture of different materials.  In dealing with cement paste behavior,
basically it is considered that the paste consists of C-S-H and CH with a
capillary system.  The model of concrete is simplified by treating it as a
matrix containing aggregate embedded in a matrix of cement paste.  This
model provides information on the mechanical properties of concrete.

The factors that influence the mechanical behavior of concrete are:
shape of particles, size and distribution of particles, concentration,
their orientation, topology, composition of the disperse and continuous
phases, and that between the continuous and disperse phase and the pore
structure.

The important role played by cement paste and aggregate is already
described. An important factor that determines the strength of concrete is
the water:cement ratio. The relationship between the w/c ratio and strength
was formulated by Abrams in 1918. The strength of concrete (S) is related
to w (water/cement ratio) by the equation S = A/Bw, called Abram’s law.
The constants A and B depend on the age, curing regime, type of cement,
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and the testing method. This law is valid provided the concrete is fully
compacted. This is the reason why, below a certain minimum, further
reduction in the w/c ratio does not result in the expected strength gain. At
such low w/c ratios, concrete is not workable enough to allow full compac-
tion. Air entrainment reduces concrete strength and this effect should be
considered while applying the law.[77]

The strength of concrete depends on the strength of the paste, coarse
aggregate, and the paste-aggregate interface. This interface is the weakest
region of concrete and is where the failure occurs before its occurrence on
the aggregate or the paste. The weakness of this interface is due to weak
bonding and the development of cracks which may develop due to bleed-
ing and segregation and volume changes of the cement paste during
setting and hydration. The transition zone extends about 50 µm from the
surface of the aggregate.  The transition zone has a higher porosity and
permeability. This space is occupied by oriented, well developed crystals
of calcium hydroxide and, in some cases, C-S-H and ettringite. The
transition zonal effects are particularly significant with pastes or concrete
made at w/c ratios greater than 0.4. The presence of silica fume, however,
may modify or even eliminate the transition zone. This is generally
attributed to the changes in the viscosity or cohesiveness imparted by
silica fume to concrete. The altered transition zone, improved matrix-
aggregate bond, and optimal particle packing in the presence of silica
fume, result in enhanced strength.

8.0 DURABILITY OF CONCRETE

One of the most important requirements of concrete is that it should
be durable under certain conditions of exposure. Deterioration can occur
in various forms, such as alkali-aggregate expansion reaction, freeze-thaw
expansion, salt scaling by deicing salts, shrinkage and enhanced attack on
the reinforcement of steel due to carbonation, sulfate attack on exposure to
ground waters containing sulfate ions, sea water attack, and corrosion
caused by salts. Addition of admixtures may control these deleterious
effects. Air entrainment results in increased protection against freeze-
thaw action, corrosion inhibiting admixtures increase the resistance to
corrosion, inclusion of silica fume in concrete decreases the permeability
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and consequently the rate of ingress of salts, and the addition of slags in
concrete increases the resistance to sulfate attack.

 8.1 Alkali-Aggregate Expansion

Although all aggregates can be considered reactive, only those that
actually cause damage to concrete are cause for concern. Experience has
shown that the presence of excessive amount of alkalis enhances the attack
on concrete by an expansion reaction. Use of marginal quality aggregate
and the production of high strength concrete may also produce this effect.

The alkali-aggregate reaction in concrete may manifest itself as map
cracking on the exposed surface, although other reactions may also pro-
duce such failures. The alkali-aggregate reaction known as alkali-silica
type may promote exudation of a water gel which dries to a white deposit.
These effects may appear after only a few months or even years.

Three types of alkali-aggregate reactions are mentioned in the
literature, viz., alkali-silica reaction,[78]-[80]

 alkali-carbonate reaction, and
alkali-silicate reaction. The alkali-silicate reaction has not received gen-
eral recognition as a separate entity. Alkali-silica reactions are caused by
the presence of opal, vitreous volcanic rocks, and those containing more
than 90% silica. The alkali-carbonate reaction is different from the alkali-
silica reaction in forming different products.[81]–[83]  Expansive dolo-
mite contains more calcium carbonate than the ideal 50% (mole) propor-
tion and frequently also contains illite and chlorite clay minerals.  The
alkali-silicate reaction was proposed by Gillott.[84] The rocks that pro-
duced this reaction were graywackes, argillites, and phyllites containing
vermiculites.

The preventive methods to counteract alkali-aggregate expansion
include replacement of cement with pozzolans or blast-furnace slag and
addition of some chemicals, such as lithium compounds.[85]-[89]

In Fig. 11, the effect of LiOH on the expansion in mortar containing
opal, is shown. Mix five, containing opal and high alkali cement, shows
the maximum amount of expansion. Mixes one, two, three, and four do not
have opal. Mixes six and seven are similar except that mix six has 0.5%
LiOH and mix seven 1% LiOH.
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8.2 Frost Action

This is defined as the freezing and thawing of the moisture in
materials and the resultant effects on these materials. Essentially three
kinds of defects are recognized, viz., spalling, scaling, and cracking.
Scaling occurs to a depth of an inch from the surface resulting in local
peeling or flaking. Spalling occurs as a definite depression caused by the
separation of surface concrete, while cracking occurs as D- or map-
cracking and is sometimes related to the aggregate performance. Good
resistance to frost expansion can be obtained by proper design and choice
of materials and thus durability to frost action is only partly a material
behavior. In addition to w/c ratio, quality of aggregate, and proper air
entrainment, the frost resistance depends on the exposure conditions. Dry
concrete will withstand freezing-thawing whereas highly saturated con-
crete may be severely damaged by a few cycles of freezing and thawing.

Figure 11.  Expansion of mortar containing LiOH.
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According to many workers, frost damage is not necessarily con-
nected with the expansion of water during freezing although it can contrib-
ute to damage. Although many organic compounds, such as benzene and
chloroform, contract during freezing, they can cause damage during the
freezing transition. When a water-saturated porous material freezes, mac-
roscopic ice crystals form in the coarser pores and water which is unfrozen
in the finer pores and migrates to the coarser pores or the surfaces.[90] The
large ice crystals can feed on the small ice crystals, even when the larger
ones are under constraint.

Length Changes During Freezing of Hydrated Portland Cement.
The pore structure of hardened cement paste determines freezing of water
contained in the pores. The pore structure depends largely on the initial w/
c ratio and the degree of hydration. In general, the pore structure is
composed of pores having diameters ranging from 1,000 to 5 nm for non-
matured pastes and 100 to 5 nm for mature pastes. The higher the w/c
ratio, the greater will be the volume fraction of larger pores. When these
pores are saturated with water, a large amount of water will be able to
freeze during cooling. A saturated concrete prepared at a higher w/c ratio
and with a lower degree of hydration contains a greater amount of water.

Fully saturated samples on cooling at 0.33°C/min show dilations
during freezing and residual expansion on thawing. These values are
increased in samples made at higher w/c ratios. Thicker samples also
exhibit larger expansions. Cooling rates also influence length change
values. It has been found that during the slow cooling 30–40% of the
evaporable water is lost from the samples. It is apparent that the large
dilation is not only due to water freezing in larger pores, but also to water
migrating from smaller pores, freezing in limited spaces, and generating
stresses. When the rate of cooling is slow, there is enough time for water to
vacate the small pores of the sample, causing contraction due to drying
shrinkage. Powers and Helmuth[91] added an air-entraining admixture to
the paste, producing various amounts of air bubbles of uniform size. With
a knowledge of the total volume and average size of the bubbles, the
average distance between them (air-void spacing) was calculated. Length
change measurements on cooling (0.25°C/min) relatively thick specimens
of different air-void spacings, but having similar porosity, are shown in
Fig. 12.  Shrinkage occurred in specimens with bubble spacings of 0.30
mm or lower. These specimens were saturated (except for the entrained
space) and, therefore, the existence of closely-spaced air bubbles provided
sites for water to migrate and for ice crystals to grow without the imposi-
tion of stress.
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Figure 12.  Length changes due to freezing of cement pastes of different air contents.  (L
is the spacing factor.)

De-Icing Salts—Deterioration of plain concrete due to deicing
agents may generally be termed salt scaling; it is similar in appearance to
frost action, but more severe. Any theory on salt scaling should account
for this increased damage.

Length change measurements on freezing and thawing specimens
saturated with different concentrations of brine solutions have been con-
ducted by Litvan.[92] Typical results are shown in Fig. 13. The curves are
qualitatively similar to those samples containing NaCl, but the magnitude
of length changes is different. Maximum dilation effects are observed in
solutions containing 5–9% NaCl. The explanation is that the vapor
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Figure 13.  Length changes for air-entrained 0.5 w/c cement paste saturated with brine of
various concentrations.
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pressure of the saline solution is decreased (with respect to water) and the
tendency for the water to migrate from the smaller pores will be lower for
the saline solution in comparison with that for pure water. The relative
humidity created when bulk ice, Po(Bs) , formed in larger pores will be
P0(Bs) /Psol , which will be larger than P0(Bs) /P0(SL) at any temperature.
Consequently, on freezing, greater dilation will occur in the salt-contain-
ing specimen than in the salt-free specimen.  At high salt concentrations
other phenomena, such as a change in the range of freezing temperatures
or the effect of high viscosity of the saline solution on the mechanical
properties of the body, have to be considered.

In concrete, the pores of the aggregate may be such that the pore
water may readily freeze. Larger pores, equivalent to air-entrained bubbles
(diameter > 10 nm) may not exist in the aggregates. Thus, the tendency to
expand due to freezing of water will either be taken up by elastic expan-
sion of the aggregate or by water flowing out from the aggregate under
pressure. For saturated aggregates, there may be a critical size below
which no frost action occurs because, during freezing, water will flow out
of the specimen.[93]

Tests for Frost Resistance. The most widely used test for assessing
the resistance of concrete to freezing and thawing is the ASTM test on
“Resistance of Concrete to Rapid Freezing and Thawing” (ASTM C 666).
In procedure A, both freezing and thawing occur with the specimens
surrounded by water and, in procedure B, the specimens are frozen in air
and thawed in water.  Procedure A is somewhat more reproducible than
Procedure B.

Control of Frost Resistance. The general approach to preventing
frost attack in concrete is to use an air-entraining agent. Tiny bubbles of air
are entrapped in concrete due to the foaming action developed by the
admixture during mixing. Many factors, such as the variability in the
materials, impurities, mixing and placing methods, make it difficult to
adjust the required amount of air containing the right bubble spacing and
size.  Trial mixes are often carried out for this purpose.

These problems could largely be avoided if the preformed bubble
reservoirs could be added in the form of particles. Two inventions have
used this principle; the plastic microspheres[94] and porous particles,[95]

which have required air are added to concrete. It has been shown that
addition of particles which correspond to less than 2% equivalent air is
similar to conventional air-entrained concrete containing 5% air. Control
of the right size and spacing of air pockets in these particles can add to the
effectiveness to frost action.
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8.3 Sea Water Attack

Construction activity has been extending into the oceans and coastal
areas because of the increasing number of oil and seabed mining opera-
tions. A large portion of these installations will be made from portland
cement concrete and great demands will be made on it for increased safety
and long term durability.

The deterioration of concrete due to sea water attack is the result of
several simultaneous reactions; however, sea water is less severe on
concrete than can be predicted from the possible reactions associated with
the salts contained in it. Sea water contains 3.5% salts by weight. They
include NaCl, MgCl2, MgSO4, CaSO4, and possibly KHCO3.

The deterioration of concrete depends on the exposure conditions.
Concrete not immersed, but exposed to marine atmosphere will be sub-
jected to corrosion of reinforcement and frost action. Concrete in the tidal
zone, however, will be exposed to the additional problems of chemical
decomposition of hydrated products, mechanical erosion, and wetting and
drying. Parts of the structure permanently immersed are less vulnerable to
frost action and corrosion of the reinforcing steel.

The aggressive components of sea water are CO2, MgCl2, and
MgSO4. Carbon dioxide reacts with Ca(OH)2, finally producing calcium
bicarbonate that leads to the removal of Ca(OH)2. Carbon dioxide may
also react with calcium aluminate monosulfate and break down the main
strength-giving C-S-H component to form aragonite and silica. Even
though MgCl2 and sulfate are present only in small amounts they can
cause deleterious reactions. These compounds react with Ca(OH)2 to form
soluble CaCl2 or gypsum. Sodium chloride in sea water has a strong
influence on the solubility of several compounds. Leaching of them makes
the concrete weak. Magnesium sulfate may also react with calcium
monosulfate aluminate in the presence of Ca(OH)2 to form ettringite; this
reaction is slowed down in  the presence of NaCl[96] and may not occur if
Ca(OH)2 is converted by CO2 to carbonate.

Calcium chloroaluminate seldom forms in sea water because, in the
presence of sulfate, ettringite is the preferred phase. Ettringite formation
affects the durability of concrete in seawater in the presence of cements
containing C3A > 3%.[97] Tricalcium aluminate, in combination with high
C3S content, shows an even lower resistance to seawater than C3A alone
(Fig. 14). This is probably also due to the large amount of Ca(OH)2
liberated by the hydration of C3S. This explains why the addition of blast
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furnace slag or fly ash to cement improves the performance in sea water.
This is due to the reaction of Ca(OH)2 with the reactive SiO2 and Al2O3
from the fly ash and the low level of Ca(OH)2 that is generally present in
good blast furnace slags after the hydration reaction.

Figure 14.  Linear expansion of mortar samples stored in sea water.

8.4 Corrosion of Reinforcement

Corrosion of steel in concrete is probably the most serious durability
problem of reinforced concrete in modern times and, therefore, a clear
understanding of the phenomenon is of crucial importance. The
phenomenon itself is an electrochemical reaction. In its simplest form,
corrosion may be described as current flow from anodic to cathodic sites
in the presence of oxygen and water. This is represented by the following
equations:
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AT ANODE Fe → Fe2+ + 2e-

AT CATHODE    ½O2 + H2O + 2e- → 2(OH)-

These reactions would result in the formation of oxide at cathodic
sites. The high alkalinity of cement paste, however, provides protection
for the steel reinforcement. Although it is understandable that the likeli-
hood of corrosion depends on the pH of the solution and the electrical
redox potential of the metal, initial observations of diagrams, known as
Pourbaix plots (showing equilibrium regions where the metal is in a state
of immunity or passivity, or where corrosion will occur) for carbon steel
or iron show that the redox potential for the hydrogen electrode lies above
the region of immunity for iron in both acid and alkaline solutions,
suggesting that iron will dissolve with evolution of hydrogen in solutions
of all pH values. However, in the pH interval 9.5 to 12.5, a layer of ferrous
oxide or hydroxide forms on the metal surface thus conferring immunity
from corrosion in these solutions in this range. Some authors[98] refer to
this layer, or film, as γ-Fe2O3.  This protective film is believed to form
quite rapidly during the early stages of cement hydration and may grow to
a thickness of the order of 10-3 to 10-1 µm. Only indirect evidence of an
oxide film exists and is mainly based on anodic polarization measure-
ments. Much is not known about the conditions of formation, or chemical
or mineralogical composition of these passivating layers and it is feasible
that the film may consist of several phases.[99]

Chloride depassivation of steel is perhaps better understood than the
passivation process and there are several mechanisms proposed.[100][101]

One of the mechanisms involves the formation of a complex ion between
chloride ion and the ferrous ion in the passive film. It is possible that low Cl
ion concentrations enhance Fe solubility[102] even at  pHs as high as 12–13
as a result of a chloride complex containing both Fe2+ and Fe3+. Migration
of this complex destabilizes the passive layer and by this mechanism
chloride can rejuvenate the corrosion process. Chloride ions are also
responsible for other deleterious effects. They contribute, together with
CO2 ingress, to the depression of the pH of the pore fluid and increase the
electrical conductance of the concrete, allowing the corrosion current to
increase.

Currently, a limit of 0.2 percent of chloride ion concentration by
weight of cement in the concrete is proposed; however, there is no
theoretical basis to this value, and it appears possible that this amount of
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hydroxyl ion in the cement paste modifies this value. Thus, some re-
searchers have placed a limit on the ratio of chloride to hydroxyl ion[102][103]

such that corrosion will occur if the ratio of Cl- to OH- is as follows:

6.0
OH

Cl
>−

−

Consequently the chloride ion threshold must also depend upon the alkalis
in the cement. The effect of alkalis in aggregates and the removal of
chloride ions by aluminate phases further complicate this picture, and it
has been pointed out[101] that the fixation of chloride by the latter should
not be considered permanent as the chloroaluminate may be unstable in
the presence of sulfate or carbon dioxide.

Although the corrosion of the reinforcing steel in concrete is detri-
mental for the simple fact that the composite will lose strength, the main
cause for concern is that this phenomenon causes cracking of the sur-
rounding concrete. Estimates are that as little as 0.1 mil of rust thickness
can cause cracking.

Early detection of the corrosion can allow remedial action to be
made successfully. One of the more widely used tests is the measurement
of the half-cell potential of the reinforcing steel embedded in the concrete
(ASTM C876). It is usually understood that corrosion is taking place when
half-cell potential values are more negative than -0.35 volts. However,
frequently this rule does not strictly apply and it is recommended that
corrosion rate values be obtained in questionable areas by measuring
polarization resistance.

Generally, it is felt that the rate of corrosion of steel is primarily
controlled by the diffusion of oxygen through the concrete cover, followed
by the cathodic reaction involving reduction of oxygen.[104] However,
there are situations where chloride contents are high and corrosion rates
are much higher than would be expected from possible diffusion rates of
oxygen. It has been postulated[104] that in these cases there are strong
localized reductions in pH in crevices where iron is converted to Fe(OH)2

through the prior conversion to chloride. These reactions involve hydro-
gen evolution.

Several methods of corrosion prevention have been tried over the
years. These include protective coatings, placement of impermeable con-
crete overlays, cathodic protection, or the use of corrosion resistant steels
and galvanized or epoxy coated bars. Recent work has shown[105] that
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galvanized steel may be of benefit if used in low chloride bearing concrete
(0.3 percent by weight of cement). Epoxy-coated bars have performed
well where the concrete contained up to 1.2% chloride, but a breakdown of
the coating was detected at a chloride level of 4.8%, indicating finite
tolerance limit for chloride. The best durability was exhibited by the
stainless clad reinforcing bars.

8.5 Carbonation of Concrete

The corrosion of depassivated steel in reinforced concrete has fo-
cused attention to the reactions of acidic gases such as carbon dioxide with
hydrated cement and concrete. As a result of the reaction of carbon
dioxide, the alkalinity of concrete can be progressively reduced, resulting
in a pH value below 10.

The process of carbonation of concrete may be considered to take
place in stages. Initially, CO2 diffusion into the pores takes place, fol-
lowed by dissolution in the pore solution. Reaction with the very soluble
alkali metal hydroxide probably takes place first, reducing the pH and
allowing more Ca(OH)2 into the solution. The reaction of Ca(OH)2 with
CO2 takes place by first forming Ca(HCO3)2 and finally, CaCO3. The
product precipitates on the walls and in crevices of the pores. This
reduction in pH also leads to the eventual breakdown of the other hydra-
tion products, such as the aluminates, CSH gel, and sulfo-aluminates.

The relative humidity at which the pore solution is in equilibrium
will greatly affect the rate of carbonation. The relative humidity controls
the shape and area of the menisci at the air-water interfaces of the pores; at
relative humidities greater than 80 percent, the area of the menisci contact-
ing the air becomes quite small, resulting in a low rate of absorption of
CO2.  At relative humidities below 40 percent, no menisci exist and the
pore water is predominantly adsorbed water and does not effectively
dissolve the CO2.  Consequently, carbonation occurs at a maximum rate
between 50 and 70 percent relative humidity. In addition to atmospheric
conditions, carbonation rate is also influenced by the permeability of the
concrete and the cement content of the concrete. Cement content of
approximately 15% produces a concrete relatively resistant to carbonation.
An increase over this level produces marginal increases, while below this,
results in a precipitous drop in resistance. Generally, it is found that good
compaction and curing cause larger improvements in concrete permeabil-
ity and resistance to carbonation than minor alterations in mix design.
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Several workers[106]–[109] have concluded that carbonation depth is
proportional to the square root of time. The proportionality constant is a
coefficient related to the permeability of the concrete. Factors such as
cement content in concrete, CO2 concentration in the atmosphere, and the
relative humidity, in addition to normal factors such as concrete density,
affect the value of this coefficient. If the depth of carbonation is measured
in mm and the time in years, the average coefficient for precast, pre-
stressed quality concrete is < 1; for high strength concrete used in bridges,
an average value of 1 is found, while normal in situ reinforced concrete an
average value of 4–5 has been recorded. If the value of 1 is used and
reinforced concrete is designed with a cover of 25 mm, predicted time for
the carbonated layer to reach the steel would be 625 years. Some doubt
may exist with regard to this prediction since some authors[109] have stated
that the actual relationship between depth of carbonation and time may be
between linear and square root of the time, making the above prediction
optimistic. In addition, higher levels of carbonation can lead to densifica-
tion and blocking of pores, which is beneficial, but carbonation can also
lead to carbonation shrinkage and cracking, especially when carbonation
occurs at relative humidities between 50 and 75%.

It has been clearly shown[107] that concretes with higher levels of fly
ash (≅ 50%) have increased carbonation, especially when poorly cured.
However, the carbonation of concretes containing lower levels of fly ash
(15–30%) is generally similar to, or slightly higher than, that of the control
concretes. This increased carbonation observed for the 50% fly ash con-
crete cannot be explained by increased permeability since it has been
shown[107] that the permeabilities of these concretes are lower than those
of the control. However, the lower permeabilities of these blended cement
concretes is due to a discontinuous pore structure. Carbonation and shrink-
age cracking may lead to an opening up of the structure, yielding continu-
ous pores and an increase in permeability.

8.6 Delayed/Secondary Ettringite Formation

The potential for concrete deterioration as a consequence of the
delayed ettringite formation in the precast industry has recently been
recognized. One of the important factors required for this type of reaction
is high temperature curing of concrete such as that occurring in the
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precast industry.[110] The delayed formation of ettringite is attributed to
the transformation of monosulfo-aluminate to ettringite when steam cur-
ing is followed by normal curing at later ages. In recent work it was
indicated that sulfate may be bound by the C-S-H gel that is released at
later ages.[111]  Increased temperature is expected to accelerate the absorp-
tion of sulfate by the silicate hydrate. It has also been confirmed that the
ettringite crystals are usually present in cracks, voids, and transition zone
at the aggregate-binder interface, causing expansion and cracking. It has
also been observed that ASTM Type III cement is more vulnerable to
deterioration due to the delayed ettringite formation than Type I or Type V
cement. Thermal drying after high temperature curing intensifies the
deterioration. In the secondary ettringite formation, calcium sulfate formed
from the decomposition of AFt or AFm phase as a consequence of severe
drying, dissolves upon rewetting and migrates into cracks to react with the
local Al-bearing materials to cause expansion.[112]
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2

Petrographic and
Technological Methods
for Evaluation of
Concrete Aggregates

P. E. Grattan-Bellew

1.0 INTRODUCTION

Aggregates are defined as “gravel, sand, slag, crushed rock or
similar inert materials.”[1] However, this description is not entirely accu-
rate for concrete aggregates because, in the highly alkaline medium of the
pore solution in concrete (pH >13), most minerals are at least partly
unstable.[2] Minerals such as microcrystalline, cryptocrystalline quartz,
other phases of SiO2 such as tridymite and cristobalite, or amorphous
silica (opal), are unstable in alkaline solution and give rise to the alkali-
silica reaction in concrete.[3] Furthermore, the physical properties of some
aggregates may make them unsuitable for use in concrete. For example, rocks
which have an elongate shape, when crushed, adversely affect the work-
ability and finishability of concrete. Other aggregates, such as some shales,
disintegrate under cycles of freezing and thawing and cause rapid deterio-
ration of concrete exposed to such conditions. Porous aggregates are also
undesirable because they may be frost susceptible or may cause excessive
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shrinkage or D-cracking in concrete.[4] In reality, there is probably no such
thing as a completely inert, natural, mineral aggregate.

Petrography is defined as the description of the composition and
mode of formation of rocks. In petrographic studies of rocks for use as
aggregates in concrete, the investigator is interested mainly in the compo-
sition of the rocks rather than in their mode of formation. The importance
of petrographic evaluation of aggregates was recognized many years
ago.[5]  The basic practice for petrographic examination of aggregates for
concrete is outlined in ASTM C-295.[6] Today, there are many technologi-
cal tests for evaluating the suitability of aggregates for use in concrete,
however, all have limitations and should not be used except in parallel
with a petrographic examination. The current Canadian Standard, CSA
A23.1-94,[7] specifies making a petrographic examination before running
the technological tests such as the concrete prism test CSA A23.2-14A.[8]

Most, if not all of the technological tests, are affected, to some extent, by
the mineralogy of the aggregates and, hence, selection of an “appropriate
test method” is dependent on the composition of the aggregate, which can
only be determined by petrographic examination.

Petrographic examination of thin sections, which is familiar to all
petrographers, is essential in the evaluation of concrete aggregates.  How-
ever, some specialized training is required because the emphasis is on
detecting the presence of materials (that may be deleterious even in very
small quantities) rather than determining the mineralogical composition
and the mode of formation of the rock, which is often the aim of petrogra-
phers in geological investigations. With some rocks, examination of thin
sections alone is insufficient to identify the presence of potentially reac-
tive minerals. In such cases, ancillary techniques, such as x-ray diffraction
analysis, thermal analyses, infrared spectroscopy, or examination in the
scanning electron microscope (SEM) is required.

In this chapter, rather than provide a list of standard petrographic
and mineralogical techniques such as the examination of thin sections, the
stock-in-trade of all petrographers, which are described in standard texts
on petrography,[9]–[12] emphasis will be placed on a number of specialized
techniques used in conjunction with petrographic evaluation in the analyses of
aggregates for concrete. Many of these specialized techniques are de-
scribed in a Handbook of Concrete Aggregates by Dolar-Mantuani.[13]  In
this chapter it is only possible to give an outline of the technological tests
used to supplement the results of petrographic evaluation of aggregates.
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2.0 CHEMICAL TESTS

A wide variety of chemical tests may be used to supplement infor-
mation obtained from examination of thin sections. Many of these tests are
used to determine the potential alkali-silica reactivity of aggregates.
Chemical tests include standard chemical whole rock analyses and a
variety of specialized chemical tests developed specifically to evaluate the
suitability of aggregates for use in concrete. The methodology for whole
rock analysis is well adapted by laboratories specializing in this field.  The
use of whole rock analyses in evaluating rocks for concrete aggregate is
discussed below.

2.1 Chemical Tests for Alkali-Silica Reactivity

Petrographic examination, although an essential step in the evalua-
tion of the potential reactivity of aggregates, may not alone be sufficient to
identify all aggregates susceptible to alkali-silica reaction. A petrographer
frequently needs ancillary tests, such as x-ray diffraction, chemical analy-
sis, or other analytical techniques to confirm the results of examination of
thin sections of aggregates under investigation. The process of identifying
potentially alkali-silica reactive components in aggregates is complicated
by what is known as the pessimum effect, described by W. J. French.[14]

Many reactive minerals cause maximum expansion in the mortar bar
expansion test, ASTM C 227,[15] when present in very small amounts,
sometimes as low as 1 to 5%. This is known as the pessimum effect. Such
low percentages in an aggregate are easily overlooked in a thin section
examination.

 The mortar bar test is a good technique for confirming the potential
reactivity of an aggregate, but it takes up to 6 months or longer to obtain
the results and the test also has other problems. A rapid chemical test for
alkali-silica reactivity was developed during the early years of research by
Mielenz, et al., in 1947.[16] This test method was subsequently standard-
ized as ASTM C 289 in 1952 and has undergone several minor revisions
until the current version in 1987.[17] The need for chemical tests has been
much reduced in recent years by the development of ultra accelerated
mortar bar tests such as ASTM C 1260-94[18] and various autoclave
tests.[19]–[21] The chemical tests are more suited to research than to the
field evaluation of aggregates for use in concrete.
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2.2 Chemical Analysis

Bulk whole rock chemical analysis generally does not give a good
indication of the potential reactivity of an aggregate because the amount
of silica shown in the analysis does not provide sufficient information on
the amount of potentially reactive silica minerals, micro crystalline quartz,
opal, tridymite or cristobalite in the rock. The exceptions are glassy
volcanic rocks which, because of their very fine texture, do not readily
lend themselves for examination by a petrographic microscope. Volcanic
rocks which are supersaturated in SiO2 relative to the other elements will
contain quartz, or, if the rock had been rapidly cooled, the high tempera-
ture polymorphs tridymite or cristobalite. Generally, glassy volcanic rocks
containing over ~65% SiO2 will contain quartz or one of its high tempera-
ture polymorphs (Fig. 1).[22][23]

Figure 1. Diagram of SiO2 content of volcanic rocks superimposed on their mineralogical
composition. The (�) on the line representing rhyolite is the plot of the SiO2

 content of
volcanic glass from Iceland.[23] (Diagram modified from Klein & Hurlbut.[11])
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In glassy volcanic rocks containing excess silica, x-ray diffraction
analysis (XRD) may be used to confirm if potentially reactive silica
minerals are present. However, if the reactive silica is present in very
small quantities, special techniques such as phosphoric acid extraction
may be necessary to concentrate the silica minerals so that they can be
detected by XRD.[24]

Phosphoric Acid Extraction Technique. The phosphoric acid
extraction technique is used to preferentially dissolve silicate minerals in
rocks leaving the silica minerals, e.g., quartz, tridymite, or cristobalite, behind.
The phase or phases of silica, in the rock can then be determined by x-ray
diffraction of the residue.[22] This method may be used to determine the
amount of silica minerals in fine grained rocks, such as diabase, graywackes,
shales and tuffs. The principle of this method is that silicate minerals or
metal oxides dissolve when heated in phosphoric acid, while quartz and
other silica minerals are largely unaffected. The phosphoric acid method
has, so far, only been published in Japanese,[24] however, a translation was
made by Sumitomo Cement Company.[25] Due to the lack of an assessable
English translation, an outline of the method is given here.

The entire sample is ground to pass a 74 µm sieve in such a way as
to minimize the amount of dust fraction produced. The dissolution in
phosphoric acid is carried out in a 300 ml conical flask with a flat bottom.
A condenser, for the flask, is made by taking a filter funnel having an
inside diameter of 60 mm at the top and bending the glass stem at the
bottom of the funnel so, that when placed on top of the conical flask, it is
in contact with the side. The heater for the flask consists of a 200 watt
electric hot plate connected to a voltmeter and a variable transformer. An
asbestos plate, with a hole just large enough to accommodate the bottom
of the conical flask, is placed on top of the hot plate. The bottom of the
flask must be in contact with the surface of the hot plate.

Procedure. Place 0.3 g of the ground rock in the bottom of the dry
conical flask with care, to prevent any adhering to the wall of the flask.
Add 25 ml of phosphoric acid and vibrate the flask to disperse the rock in
the acid without getting it on the wall. Preheat the hot plate by setting the
transformer to 80 volts until the temperature has stabilized. When the flask
with the sample is placed on the heater, start a stop watch. When the heater
is set correctly, the phosphoric acid should boil in one minute and thirty
seconds. Continue boiling, but after three minutes shake flask lightly for
three seconds to avoid local overheating. Repeat the shaking at intervals of
one minute. After twelve minutes remove the flask and shake well for one
minute to dissolve the gelatinous silicic acid on the wall of the flask.
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Remove the condenser so that the liquid in it runs down the wall of the
flask. Allow the beaker to stand until it reaches room temperature. Pour
125 ml of hot water (60–70°C) into the flask so as to wash the inside wall.
Shake the flask vigorously to dissolve the viscous phosphoric acid
completely. Add 10 ml of fluoboric acid and shake. Add 10 ml of the filter
paper slurry (Table 1) to the solution in the flask and wash the walls
with 25 ml of water and allow to stand for one hour. Filter the solution
from the flask through a funnel lined with filter paper to which a small
amount of filter paper slurry was first added. Wash the wall of the flask,
using a glass rod with a rubber end to remove any precipitate. Wash the
filter paper several times with warm (1 + 9) hydrochloric acid, followed by
eight to ten washings with hot water. Dry the filter paper containing the
precipitate in a platinum crucible. Reduce the filter paper by low tempera-
ture ashing (without flame). Ignite the resulting ash in an electric furnace
at 1000 ± 50°C for thirty minutes. Cool and weigh ash. Add 1–2 drops of
sulfuric acid and 5–10 ml of hydrofluoric acid to the precipitate in the
crucible.  Heat to volatilize silicon and evaporate to dryness. Ignite in an
electric furnace at 1000 ± 50°C for twenty minutes, cool and weigh.

           The amount of quartz remaining after heating the rock in phospho-
ric acid for twelve minutes is calculated from Eq. 1.

Eq. (1) 10021
12 ×

−
=

S

WW
Q

Q12 - amount of insoluble quartz after twelve minutes

S - weight of sample

W1 - weight of precipitate remaining after treatment
in phosphoric acid.

W2 - weight of precipitate remaining after treatment  with
hydrofluoric acid.

Table 1. Reagents Used in the Phosphoric Acid Extraction Technique

Hydrochloric acid Hydrofluoric acid
Sulfuric acid Phosphoric acid
Fluoboric acid Suspension of filter paper slurry*

*A slurry of filter paper is made by taking 1 g of finely chopped filter
paper and shaking it with 100 ml water.
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If the residue W2 is > ~5% of S, a considerable amount of silicate
remains undissolved. In this case, repeat the dissolution with a new 0.3 g
sample, but maintain the heating of the flask for fourteen minutes instead
of the original twelve.

The amount of quartz in the rock is calculated from Eq. 2.

Eq. (2) Q = Q14 + k(Q12 - Q14)

Q14 - amount of insoluble quartz after fourteen minutes

k - compensation coefficient (normally 2)

A minimum of two analyses should be conducted and the results averaged.

2.3 Test Method ASTM C 289

Briefly, the chemical test ASTM C 289[17] consists of crushing a
sample of aggregate to between 150 and 300 µm. A representative 25 g of
the sized aggregate is sealed in a container with 25 ml 1 N NaOH and
maintained at 80°C for 24 hours. After cooling, the solution is filtered, the
amount of silica dissolved is determined, and the reduction in the normal-
ity of the sodium hydroxide is measured by titration with HCl using
phenolphthalein as an indicator. Although this test method has been
widely used over the years in many countries, the results obtained are not
always satisfactory. The amount of dissolved silica (Sc) and the reduction
in alkalinity (Rc) are affected by a number of mineralogical factors. The
solubility of quartz increases with decreasing grain size, hence, inad-
equate screening out of material finer than 300 µm can increase the
measured amount of dissolved silica. The measured Sc may be reduced by
precipitation of silica in the presence of calcium as C-S-H which consumes
OH- ions and decreases the pH of the solution. Gypsum, zeolites, clay
minerals, hydrated magnesium silicates, and iron oxides, or organic matter, all
effect the results of the chemical test. The end point in titrating, using
phenolphthalein as an indicator, is affected by the presence of carbonate
ions and also by the amount of silica in solution, Dent Glasser and Kataoka.[26]

The reduction in alkalinity can also be underestimated due to reactions
involving sodium and potassium ions and some of the above minerals.[27]–[29]

Modified Chemical Methods for Potential Reactivity of
Aggregates. A number of modifications to the Chemical Method ASTM
C 289 have been proposed in an attempt to address some of the problems
and make the test better suited to certain aggregates.[27]–[31] These include
a modified chemical method for evaluating the potential reactivity of
siliceous carbonate aggregates, and a kinetic version of the chemical test.
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The kinetic test, in addition to differentiating between reactive and non-
reactive aggregates, also purports to permit identification of siliceous
aggregates exhibiting the pessimum effect.

Proposed Chemical Method for Siliceous Carbonate Rocks. A
modified chemical method has been proposed to determine the potential
alkali-reactivity of siliceous carbonate aggregates.[27] In the proposed test
for carbonate aggregates, the aggregate is crushed to yield 2 kg sized to
between 150 and 300 µm. The sized aggregate is immersed in 12 N HCl to
dissolve the carbonate phases, leaving the insoluble silica/silicate residue
which is then filtered off and washed with distilled water. The percentage
insoluble residue in the aggregate is determined and this value is used to
correct the amount of silica dissolved, Sc, to allow for the very small
proportion of the total aggregate used in the determination. The standard
chemical test is then run on 12.5 g samples of the acid insoluble residue
instead of the 25 g specified in ASTM C 289. When compared to the
results obtained by running this test on the whole rock, the removal of the
carbonate phases usually results in moving the points to the right of the
diagram suggested in ASTM C289 for evaluating the results of the test,
i.e., towards the deleterious or potentially deleterious area, Fig. 2.

Figure 2. Plot of Sc versus Rc showing the increase in Sc values obtained using the
modified chemical test, comparing the results obtained using ASTM C 289. The arrows
show the increase in Sc obtained with the modified test procedure. (Graph plotted with
data from Bérubé & Fournier.)[27]
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There is only moderate correlation between the results of the modi-
fied chemical test and the expansion of concrete prisms made with the
aggregates and containing 350 kg cement with the alkali content adjusted
to 1.25%, Fig. 3.

Figure 3. Expansion of aggregates in the concrete prism test plotted against the dissolved
silica, Sc, determined in the modified chemical test. (Graph plotted with data from Bérubé
& Fournier.)[7]

The lack of correlation may in part be due to the use of only 350 kg
cement in the concrete prism test rather than the 420 kg specified in the
Canadian Standard, CSA A23.2-14A,[8] which would probably result in
the expansions being somewhat lower than they should be. However,
other factors, such as those discussed above for the ASTM test C 289,
undoubtedly also affect the results. Taking expansions greater than the
CSA 0.04% expansion limit as the criterion for potential reactivity, it
would appear that Sc values for carbonate rocks, in the modified chemical
test, greater than about 100 mm/l are indicative of potentially deleteri-
ously expansive aggregates. This is about the same limit of dissolved
silica that is usually considered indicative of potentially reactive aggre-
gates in ASTM C 289.
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Kinetic Test—Chemical Method. A modified version of the chemi-
cal test called the Kinetic Test was developed by Sorrentino, 1992.[31] This
test was subsequently proposed as a French Standard, P18-589, in 1992.
The test procedure is, in general, similar to that of ASTM C289 except that
the sample is crushed and sieved to yield a sample with a grading between
40 and 315 µm. Twenty-five gram aliquots of the sized material are
sealed, with 25 ml of 1 N NaOH in a number of containers. The subsequent
heat treatment follows the procedure specified in C289. Containers with
the samples are removed from the 80°C storage after 24, 48, and 72 hours,
cooled and filtered. The SiO2 and Na2O contents of the filtrates are
determined, the results are plotted on a diagram of storage time, in days,
against (SiO2 /Na2O), Fig. 4.

Figure 4. Graph showing change in SiO2/Na2O ratio with storage time in 1 N NaOH @
80°C in the kinetic chemical test, for three aggregates, Spratt siliceous limestone (reac-
tive), Potsdam sandstone (reactive), and Thames Valley flint (reactive, but showing
pessimum).  (Graph redrawn after Sorrentino, et al.)[31]
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The results of this test are interesting, as it would appear that it
enables the investigator to determine which aggregates exhibit the
pessimum effect. However, the results reported by Sorrentino, et al.,[31]

were not reproduced by another researcher,[32] therefore, more investigation
of this potential test method is required. Part of the difficulty with this test
may be due to the various factors which affect ASTM C 289, which were
discussed previously, and which would also effect the results of this test.

3.0 AGGREGATES THAT RELEASE ALKALIS INTO
THE PORE SOLUTION IN CONCRETE

It has been observed that certain glassy volcanic rocks which are
alkali-silica reactive, caused expansion in mortar bars even when a low
alkali cement was used.[33] It is assumed that the unexpectedly high
expansion was caused by alkalis leaching from the glassy volcanic rocks
into the concrete pore solution. A similar effect was noted when phlogo-
pite mica was added to concrete.[34] The authors showed that potassium in
the phlogopite could exchange for calcium or sodium in a solution of
calcium hydroxide containing NaOH. Clay minerals in siliceous lime-
stone have also been shown to contribute alkalis to the pore solution in
concrete made with a potentially reactive aggregate.[35]

Enhancement of the alkalis in the pore solution of concrete, over
time, is particularly important in large hydraulic structures which typi-
cally have very long life expectancies.[36] The added alkalis from the
aggregates can result in a marginally reactive aggregate, causing expan-
sion and cracking of the concrete.[35]

A number of methods may be used to estimate the alkali contribu-
tion from aggregates to concrete. If the alkali content of the cement, and
the cement content of old concrete are known, it is possible to calculate the
alkali contribution to the pore solution by measuring the current alkali
content and subtracting the original alkali content from it. A number of
methods have been used to determine the alkali content of concrete. The
most direct is to squeeze out the pore solution using a high pressure cell,[37]

and analyzing it. An alternative is the hot water extraction method,[35] In
this method, the concrete is ground to pass a 75 µm sieve.  A representative
10 g of the <75 µm concrete is boiled in deionized water for five minutes
and left to soak overnight. The sample is then filtered and the solution is
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made up to 1 liter. The sodium and potassium content are determined by
atomic absorption spectroscopy. The results obtained should be corrected
for the amount of alkalis which would be leached from the aggregates
during the extraction process.[36] Alkali release from aggregates to the
cement paste in old concrete can also be determined by selective leaching
techniques using alkaline EDTA-TEA solutions that dissolve the paste
while leaving the aggregates largely unaffected (see Goguel, Ref. 38).
This method can also be used to estimate the alkali contribution of new
concrete to the pore solution by making up mortar bars and testing them
after six and twelve months moist storage.

Outline of EDTA-TEA dissolution method according to Goguel:[38]

Two dissolution solutions may be used:

1. A “MET” (mixed cation EDTA-TEA) solution.

2. A “TET” (TMA-EDTA-TEA) solution.

EDTA - ethylene-diamine-tetra-acetic acid
TEA - triethanolamine
TMA - trimethylamine

The amount of aggregate dissolved depends on the size fractions
used:

1. Size range 500–1000 µm, 160 g.

2. Size range 63–125 µm, 160 g.

The MET and TET solutions are prepared at 40°C. Twenty-five
milliliters of either solution are added to the sized aggregate. The solutions
are shaken at 40°C for 2 hours for the 500–1000 µm size fraction, and for
1 hour for the 63–125 µm size fraction. At the end of the shaking period,
the solids are separated by centrifugation and the solution analyzed for Ca,
Sr, Si, Al, Fe, Mg, K, and Na. All samples are doped with Cs at a level of
1 ppm as a check on the recovery rate of the analysis. The results reported
by Goguel are rather surprising in that, contrary to the results obtained in
leaching experiments in calcium hydroxide and alkali hydroxide solu-
tions[39] which indicated that most silicates, e.g., feldspars, were readily
dissolved and would thus release alkalies to the pore solution, significant
alkali release from feldspars only occurred with one albite feldspar that
was poorly crystalline with a strained crystal lattice. Basalts containing
nepheline and zeolites also released significant amounts of alkali into the
TET or MET solutions. Results of extractions on the aggregates alone were
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used to compensate the amounts obtained from the mortar samples for
alkalis dissolved directly from the aggregates.

Estimates of the potential of leaching of alkalis from aggregates to
the pore solution in concrete have also been made by mixing the finely
pulverized aggregate in a paste of calcium hydroxide and sealing the
containers. Ten g of <75 µm aggregate is mixed with 3 g calcium hydrox-
ide and 8 ml of water. After 1, 7, 28, and 90 days, the pastes were analyzed
for sodium and potassium by the hot water extraction technique and
atomic absorption spectroscopy. About 66 % of the alkalis extracted after
ninety days were extracted after three days. This suggests that a three day
test might be adequate. This would be more practical than some of the
alternatives which have been suggested by Bérubé, et al.[36] However, the
results reported by Goguel[38] cast some doubt on the validity of this
method and that used by Bérubé, et al.[36] Further investigation is required.

4.0 DETERMINATION OF POROSITY AND WATER
ABSORPTION OF AGGREGATES

Determination of the porosity of aggregates is more of a technologi-
cal rather than a petrographic test, however, the porosity of rocks is related
to their composition and should be considered along with other petrographic
features. The properties of concrete are dependent on, among other param-
eters, the water to cement ratio (w/c). The porosity of an aggregate
determines its water absorption capacity which in turn affects the w/c of
the concrete. Porosity is also related to drying shrinkage of aggregates,
which can lead to excessive shrinkage and damage to concrete.[40][41] The
porosity of an aggregate, as it relates to surface roughness, may also effect
the performance of the aggregate in a high strength concrete.

Water absorption of aggregate is particularly important in high
performance concrete which is formed at a low w/c. The porosity of an
aggregate can be measured indirectly by measuring its water absorption,
ASTM C 127-88,[42] however, measurement of water absorption does not
provide any information on the size distribution of the pores. In the past,
mercury porosimetry was used to measure the pore size distribution;
however, Diamond[43] showed that the mercury porosimeter does not in
fact measure the pore size distribution. The reason for this is that, although
the pore entry diameter is proportional to the pressure necessary to get the
mercury to enter that pore, if the small diameter pore is connected to a
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larger diameter pore the mercury will continue to flow through the small
pore until the large pore is also filled, giving the impression that the
volume of the small diameter pore is much larger than it is.

Diamond[43] used backscattered imaging in a scanning electron
microscope (SEM) to determine the porosity of the aggregate. Recently,
Martinez and Rubiera[44] reported a method to measure the porosity of
granitic aggregates using optical microscopy of thin sections combined
with image analysis. In this procedure, a number of images are captured
with the polarizers set to varying angles from parallel to fully crossed. The
images are combined and analyzed. A new algorithm was developed to
detect the small pores in the middle of the minerals in the aggregate
particle. This yielded a histogram of the pore size distribution.

Polivka and Mehta[45] showed that water absorption by some aggre-
gates is related to drying shrinkage in concrete made with these aggre-
gates. A graph of shrinkage of concretes against water absorption of the
aggregates is shown in Fig. 5.

Figure 5. Shrinkage of concrete versus water adsorption of aggregates used in the
concrete. The proposed U.K. shrinkage limit of -0.075% and the suggested 3% absorption
limit for sandstones are shown superimposed on the diagram. (Graph plotted with data
from Polivka and Mehta.)[45]
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Superimposed on the graph is the shrinkage limit (-0.075%) pro-
posed by the Building Research Establishment (BRE)[41] to separate
concretes suitable for all applications from those for which there are
service limitations and the 3% absorption limit proposed by Collins[46] as
the upper absorption limit for sandstone aggregates for use in high strength
concrete. It is concluded from these results that aggregates with water
absorptions of greater than 2.5 to 3% have a potential for causing exces-
sive drying shrinkage in concrete.

The weathering of rocks also effects their water absorption. Weath-
ering of granitic rocks is particularly significant in tropical climates where
the humidity is high and where weathering extends to considerable depths.
The effect of weathering on rock can be observed in thin sections in a
petrographic microscope, but generally, x-ray diffraction is required to
identify the weathering products, e.g., kaolin or illite. Water absorption
usually increases with weathering because the weathering products are
usually more porous. Moore and Gribble[47] investigated the effect of
weathering on the water absorption of granites. They showed that as the
feldspars altered to kaolinite, absorption increased and compressive strength
of concrete containing the weathered aggregate decreased, Fig. 6.

Figure 6. Plot of compressive strength of concrete versus water absorption of granite
aggregates with varying degrees of weathering. (Plotted with data from Moore and
Gribble.)[47]
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5.0 INSTRUMENTAL TECHNIQUES FOR
DETERMINING THE POTENTIAL REACTIVITY OF
SILICEOUS AGGREGATES

A number of methods have been suggested for evaluating the
potential reactivity of siliceous aggregates by measuring the degree of
crystallinity or the number of defects in the quartz lattice. These methods
are all based on the concept that the free energy of quartz, which deter-
mines its solubility and hence potential alkali-reactivity, is related to the
amount of defects in the lattice and/or its degree of crystallinity. It has
been demonstrated that the proposed methods work in principle, however,
due to a number of problems these methods, although useful for research,
are not satisfactory techniques for determining the potential expansive-
ness of siliceous aggregates in concrete. Furthermore, the equipment for
some of these methods, e.g., positron annihilation, would not be readily
available to those investigating the potential reactivity of aggregates.

5.1 X-RAY DIFFRACTION ANALYSIS IN THE
EVALUATION OF AGGREGATES

X-ray diffraction can be used in the normal way to identify poten-
tially alkali-silica reactive minerals that may not readily be identifiable in
thin sections viewed under a petrographic microscope, either because the
particles are too fine (Schrimer),[48] or because they are present in too
small a quantity, or a combination of the two. An example of a rock for
which examination of thin sections proved inadequate is an altered dia-
base. Chemical analyses of diabase usually show about 50% SiO2, enough
to combine with the other elements to make the feldspars and mafic
minerals which comprise the rock, but leaving no extra amount to form
quartz,[10] hence, diabase should not contain any microcrystalline reactive
quartz. No quartz was observed in the thin section, but the results of an
ultra-accelerated mortar bar test for alkali-silica reactivity, ASTM C
1260-94,[18] showed the rock to be reactive.[48] Subsequently, an x-ray
diffractogram showed that the rock contained very fine grained quartz, a
secondary mineral formed after the rock had hardened. The quartz was too
fine to be observed under a petrographic microscope.  Another example of
this is an obsidian containing finely divided cristobalite, the reactive high
temperature polymorph of quartz, which could not be identified positively
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in a petrographic microscope. An x-ray diffractogram taking using
copper radiation of the thin section of obsidian is shown in Fig. 7. Small
peaks for cristobalite at ~21.9°2θ and for a feldspar at ~27.7°θ are seen
superimposed on a broad maximum, centered at ~22.5°θ due to the silicate
glass phase.

Figure 7. X-ray diffractogram taken of obsidian using CuKα  radiation, showing sharp
peaks due to cristobalite and feldspar superimposed on a broad maximum due to the glass
phase.

Measurement of Crystallinity of Quartz. X-ray diffraction has
also been used to measure the degree of crystallinity of quartz (QCI)
which gives a measure of its crystallite size and, hence, potential alkali-
silica reactivity.[49]–[51] The index of crystallinity, QCI, of quartz is deter-
mined by measuring the intensities of the quintuplet peak of quartz which
occurs between 67° and 69°2θ with CuKα radiation. The procedure for
determining the QCI is shown in Fig. 8. The QCI is determined by
measuring the height from the top of the 213̄2 peak at ~67.74°2θ(CuKα)
to the base of the adjacent peak on the high angle side which is designated
(a) in Fig. 8.
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The height of the 213̄2 peak above the base line on the low angle
side is designated (b). The QCI is calculated from Eq. 3.

Eq. (3) QCI = 10 a/b*F

The factor F is determined for each diffractometer so that QCI for
highly crystalline quartz = 10. (Using a Regaku Wide Angle Goniometer,
F was found to be 1.417.)

The QCI values run from 10 for well crystalline quartz, to 1 for
poorly crystalline material.

The shapes of the quintuplet peaks for crystal quartz, novaculite,
and chert, are shown in Fig. 9.

The relatively high QCI of 8.6 for novaculite highlights a problem
with this method. The novaculite is highly reactive and causes large
expansions in mortar bars, but appears to be reasonably well crystalline.
This may be due to the presence of a percentage of larger, well crystalline
quartz in the dominantly finer micro crystalline novaculite. The high
intensity of the diffraction pattern of the well crystalline material swamps

Figure 8. X-ray diffractogram (67 to 69°2θ) of crystal quartz taken using CuKα radia-
tion, used in calculating the degree of crystallinity, QCI, of the quartz. The relative peak
heights (a) and (b) are used in calculating QCI in Eq. 3.
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the diffraction pattern of the poorly crystalline material. This problem can
be overcome by careful selection of microcrystalline quartz grains con-
taining no macrocrystalline quartz under a stereobinocular microscope.
The diffraction pattern can also be obtained from a single chip, using a
micro-diffractometer or a Gandolfi film camera.

Figure 9. X-ray diffractogram (67 to 69°2θ) for  quartz crystal, novaculite, and chert,
showing varying degrees of crystallinity, QCI, from 10 for quartz crystal, to zero for
chert.

Recently, Liang et al.,[52] used a different method for determining
the degree of crystallinity of quartz, by curve fitting of the five peaks in the
quintuplet occurring between 67° and 69°2θ. They used a profile fitting
technique to deconvolute the five peaks and then measured the full width
at half maximum (FWHM) which is related to the crystallinity of quartz.
They obtained excellent correlation between the FWHM values for quartz
in a series of cherts and the expansion of mortar bars made with these
cherts, in the Chinese miniature autoclave test. However, the authors
caution that aggregates with the same FWHM may give different expan-
sions due to other factors, such as porosity, the size of the aggregates, and
the distribution of reactive components in them.
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XRD Techniques for Identification of Swelling Clay Minerals.
Clay minerals are undesirable in concrete aggregates and most standards
have limits on the amount of clay in sands and provide test methods, e.g.,
CSA A23.1-94.[7] However, coatings of clay on the surfaces of other fine
aggregates may also be detrimental to the properties of concrete and may
not be detected by normal technological tests. Some sands derived from
weathered volcanic rocks, common in many parts of the world, may
contain montmorillonite [(AlMg)8(Si4O10)(OH)8•12H2O)], a swelling clay
mineral.[53] The structure of montmorillonite consists of an octahedral
layer sandwiched between two tetrahedral layers. The layers are only held
together by ionic bonds and, hence, water molecules can be readily
adsorbed between the sheets, causing the structure to swell in the direction
of the c-axis. There are a number of minerals in the smectite group, such as
dioctahedral smectites, montmorillonite, beidellite, nontrolite, and
trioctahedral smectites, saponite, and hectorite.

It is not the swelling of the clay that causes problems in concrete,
rather, it is the absorption of water that occurs when the clay expands and
water goes between the layers, which uses up part of the mixing water in
concrete and, hence, increases its water demand.

It is not possible to differentiate between swelling and non swelling
clays by simple x-ray diffraction of the material.  However, the swelling
clays can be identified by making successive diffractograms before and
after treatment of the clay.[54]

Clay Sample Preparation. The procedure for the preparation of
clay minerals for x-ray diffraction investigation consists of separation of
the clay minerals from other silicates and carbonates by dispersing the
clay in water and allowing the particles to settle out. The coarse particles
settle first and are removed by centrifuging. The process is repeated until
the <1 µm particles containing dominantly clay minerals are recovered.[55]

Next, the clays must be cleaned by removal of iron oxides and organic
matter.  The iron oxides are removed by a solution of sodium dithionite
buffered to a pH of 7 by sodium bicarbonate, NaHCO2. The iron may be
complexed to keep it in solution by the addition of sodium citrate. Organic
material is removed by heating the clay in hydrogen peroxide, H2O2.

Because of the variable basal spacings found in the smectites, it is
desirable to saturate the interlayer cation positions with a selected cation,
e.g., Na+, so that reproducible basal spacings are obtained. This is achieved
by soaking the clay in a chloride solution of the selected cation. Finally,
the clay is washed with de-ionized water to remove excess chloride.
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Optimum results from x-ray diffraction analyses are obtained from
clay specimens with strong orientation of the (001) basal reflections
parallel to the surface of the sample holder of the diffractometer. Such a
specimen will show little or no (hkl) reflections in the diffractogram. This
preferred orientation may be achieved either by sedimenting the clay on to
a flat plate of suitable size to fit into the sample holder of the x-ray
diffractometer or by sucking the water containing the clay through a
porous plate which acts as the support for the sample.[56]

XRD Investigation of Clay. Clay samples are usually scanned in
the diffractometer from 2° to about 70°2θ. However, the important range
for differentiating the clay minerals is from 2° to ~30°2θ. After recording
the initial diffractogram, the basal spacing of the clays is expanded to a
constant value, near 17 Å, by glycolation. This is achieved by spraying the
surface of the clay on the sample holder with ethylene glycol, using an
atomizer. A second diffractogram is then run of the glycolated clay.
Finally the oriented clay specimen is heated in an electric oven to a
temperature in the range of 250° to 600°C. The selection of the heating
temperature depends on the mineralogy of the clay.[54] Using a 12 Å
montmorillonite as an example, the basal reflections occur at d-spacings
12 Å, 5 Å, and 3.3 Å, which occur with CuKα radiation at 7.36°2θ,
17.74°2θ, and 27°2θ, respectively. The shifts in the peaks after glycolation
and heat treatment are shown in Table 2.

Table 2. Shifts in the d-Spacings of the Basal Planes After Treatment of
the Clay With Glycol and Heat Treatment. (After Thorez)[54]

 Untreated clay Glycolated Heated to 490°C

12 Å (S1) → 18 Å (S) → 9.6 Å (S)
8.6Å (M2) →

5 Å (M) → 5.6 Å (W3) → 5 Å (W)

3.3 Å (MS4) → 3.4 Å (W) → 3.3 Å (S)

1. S = a strong peak
2. M = a medium strength peak
3. W = a weak peak
4. MS = a moderately strong peak.
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5.2 Infrared Spectroscopy

Infrared (IR) spectroscopy may be used as an analytical tool to
identify the minerals in an aggregate; however, in general, it does not yield
results as definitive as can be obtained by x-ray diffraction. An IR method
was proposed to measure the degree of disorder (Cd) of the quartz crystal
(see Baronio, et al.[57]).

The determination of Cd is made by recording the IR spectrum from
about 2,000 cms-1 to 600 cms-1 (Fig. 10a). The heights of the ν3 and ν1
SiO4 bands at about 1,100 and 800 cm-1, respectively, are measured along
with the width of the ν1 peak at 1/3 of its height. These measurements are
put into Eqs. (4) and (5).

Eq. (4)
Z
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Eq. (5)
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The Cd is the ratio of the relative optical density (Ab) to the
broadening at 1/3 the height of the ν1 band at about 780 cm-1.  The
procedure for calculating Cd is illustrated in Fig. 10a.

There are a number of problems with this method. The measure-
ments can only be made on pure quartz as other silicate minerals have
peaks which may interfere with the two peaks being measured.

In the procedure used by Baronio, et al.,[57] the sample is prepared
by intergrinding quartz with potassium bromide which is then pressed into
a pellet. The quartz is ground to <45 µm size. The solubility and, hence,
alkali-reactivity of quartz increases asymptotically with decreasing grain
size below 100 µm and, hence, there is a danger that in the sample
preparation the disorder of the crystal lattice that is being evaluated is
being created.[58] This author has observed that the shape of the peaks in
the IR spectrum changed as the quartz was ground to successively finer
size ranges. It is therefore highly unlikely that a reproducible spectrum
could be obtained in different laboratories.

Furthermore, the shape of the spectrum varies considerably depend-
ing on the spectrometer used. The author tried a number of sample
preparation techniques using two spectrometers, but was unable to repro-
duce the spectrum shown in Fig. 10a. A spectrum obtained using an 800
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Nicolet infrared spectrometer equipped with a MTRC photo acoustic cell
for the analysis is shown in Fig. 10b.

Figure 10. (a) IR spectrum from well crystalline quartz, illustrating the measurements
taken for use in calculating the degree of crystallinity Cd, from Eqs. 4 and 5. (Modified
after Baronio, et al.)[57] Symbols:  1 = υ3; 2 = υ1. (b)  IR spectrum of crystal quartz
obtained with an 800 Nicolet spectrometer equipped with a photo acoustic cell. Note the
different appearance of this spectrum compared to that in figure (a).

(b)

(a)
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To minimize the creation of defects caused by grinding, the quartz
was pulverized only to pass an 0.5 mm screen. It was then lightly inter-
ground with 39% KBr. The sample was scanned in a photo acoustic cell and
the spectrum was ratioed against a background produced by pure KBr.

Although it may be possible, using one infrared spectrometer, to
distinguish pure quartz samples of varying crystallinity, it seems very
unlikely that this method could be used to compare results obtained with
different spectrometers in different laboratories. For this reason the infra-
red method of measuring the degree of crystallinity of quartz (Cd) does
not appear to be practical.

Positron Annihilation. Tang Mingshu, et al.,[59] proposed the mea-
surement of positron annihilation as another method of evaluating the
alkali reactivity of silica minerals. This method gives a measure of the
defects in the crystal lattice. It is these defects which contribute to the
increased solubility of silica in alkaline medium and, hence, reactivity in
concrete. The correlation between expansion and the intensity of capture
I2 is relatively poor, Fig. 11. This is most likely due to several factors.

Firstly, the expansion of concretes containing chert, flint, chalce-
dony, and opal, depends on the proportion of the mineral in the aggregate
(pessimum effect). This makes it difficult to obtain an absolute maximum
expansion.

Figure 11. Intensity of capture of positron annihilation I2 versus expansion in the Chinese
autoclave test for a number of reactive and  non reactive aggregates. (1) opal; (2) fused
silica; (3) silica brick; (4) chalcedony; (5) perlite (with chalcedony); (6) chert; (7) chert;
and (8) quartz sand. A line at an expansion of 0.12% indicates the proposed  expansion
limit corresponding to an I2 value of ~13. (Plotted from data from Mingshu, et al.)[5]
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Secondly, in these minerals it is rare that all the quartz is in the same
size range. A few larger grains of well crystalline quartz can reduce the
average number of defects in the material under evaluation resulting in a
lower I2 than would be measured if the microcrystalline quartz alone was
measured. For these reasons, this method, although giving some indica-
tion of the potential reactivity of siliceous aggregates, can probably not
accurately predict their potential expansiveness in concrete.

5.3 Differential Scanning Calorimetry (DSC)

The temperature of the high-low inversion point in quartz, which
occurs at 573°C in well crystalline material, may be expected to change if
the free energy of the quartz changes due to an increased number of lattice
defects and/or a lower degree of crystallinity. This would result in a
lowering of the inversion point if the free energy is higher.  This is what
was observed by Tang, et al.[59] If the silica is poorly crystalline, e.g., as in
chert, and if, as is common, it contains a range of crystallite sizes, the high/
low inversion would be expected to be smeared out, rather than occurring
at a particular temperature, exactly what is observed, Fig. 12.

Figure 12. DSC trace for quartz crystal, novaculite, and chert between 560° and 580°C.
The traces show that the free energy of the defective microcrystalline quartz in novaculite
and chert reduces the high/low quartz transition temperature and also the amount of
energy in the transition.
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 It is interesting to note that in contrast to the x-ray diffractogram for
novaculite, which yielded a Cd of 8.2, indicative of a relatively well
crystalline quartz, the weak, broad peak in the DSC spectrum in Fig. 12 is
indicative of highly disordered quartz. The high reactivity of novaculite
was confirmed by an autoclave expansion test. This result would appear to
indicate that the DSC method is a better indicator of potential reactivity of
siliceous aggregates than the XRD method. However, Tang, et al., ibid.,
found poor correlation between DSC results and expansion in the auto-
clave test. The reasons for this are likely similar to those described for
Positron Annihilation and IR analyses. It is concluded that although this
method may give some estimate of the potential reactivity of a siliceous
aggregate, it cannot be used to accurately predict the expansiveness of an
aggregate in concrete.

6.0 STAINING TECHNIQUES FOR AGGREGATES

A variety of staining techniques have been used by petrographers to
aid in the identification of minerals, both in hand specimens and in thin
sections.[60] Staining is typically used to distinguish between potassium
feldspars and plagioclase, which is of importance for petrographers. The
rock surface is etched with hydrofluoric acid, rinsed, and stained with
sodium cobaltinitrite solution.[60] Calcite stains bright yellow, plagioclase
a chalky white. Staining is also used to differentiate calcite from dolomite.
The rock is first etched with dilute hydrochloric acid (HCl) and then
stained with a mixture of Alizarin Red S and potassium ferricyanide
dissolved in HCl. Calcite stains pale pink to red, dolomite is unstained,
and ferroan dolomite is stained deep turquoise. These staining procedures
are not very practical for large scale testing of aggregates and, in addition,
use potentially hazardous chemicals. For these reasons they are generally
not used for this purpose. However two staining procedures have been
developed which are suitable for use with aggregates.

6.1 Copper Nitrate Staining Method

The copper nitrate staining method[13] may be used to differentiate
between calcite and dolomite and to identify shaly material in an aggregate
which may give rise to durability problems in concrete. The aggregate to
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be tested is separated into a number of size fractions. The aggregates
should be washed, to remove dust, after they have been separated into the
size fractions. Two hundred particles of each size fraction are tested by
immersion for sixteen hours in a solution of 250 g copper nitrate
Cu(NO3)2•3H2O in 1 litre of distilled water. Splits develop along shaly
layers in the aggregate and friable weathered dolostones crumble. The
number of split particles are counted and removed. The remaining aggre-
gate particles are immersed in strong ammonium solution for a few
minutes, washed in water until the water is colorless, and dried in air. This
converts the stain on the calcite particles to a deep blue color. Pure
limestones also stain a deep blue color. Dolomite stains a light blue, as do
dolostones. Silicate minerals are not colored. The percentages of each
rock type identified in each size fraction are recorded and summed to yield
the overall composition of the aggregate.

The copper nitrate staining method[13] is a rapid, convenient proce-
dure which may be used on large samples by a laboratory technician at a
relatively low cost. This method, although useful for differentiating be-
tween limestones and dolostones and for identifying shaly particles, does
not differentiate potentially reactive siliceous limestones or alkali carbon-
ate dolomitic limestones[61] from innocuous carbonate aggregates, and is,
therefore, of limited use.

6.2 Methylene Blue Test

The principle behind the methylene blue test is that the exchange-
able inorganic cations, Ca+2, Mg+2, K+, and Na+, on the surface and
interlayer positions in some clays, may be exchanged by methylene blue
molecules.[62] The methylene blue molecule (C16H18N3SCl.3H2O) is com-
prised of an organic base in combination with an acid.  In dilute solution in
water, methylene blue is present mostly as a monomer. The approximate
dimensions of the monomer molecule are 1.25 to 1.60 NM long by 0.57 to
0.84 NM wide with a thickness of about 0.5 NM. Due to its relatively large
molecular size, methylene blue is not an ideal cation exchange reagent;
however it has been successfully used for aggregate evaluation.[62][63]

The methylene blue test has also been adopted in France as a
standard method of determining the presence of clays in aggregates.[64]

The principle of the test method is that when an aggregate to be evaluated
is immersed in a methylene blue solution, some of the methylene blue dye
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is adsorbed by clay minerals in the aggregate, thus reducing its concentra-
tion in the solution. The swelling clay minerals with larger basal d-
spacings adsorb more methylene blue than the non-swelling minerals such
as kaolinite and illite. It is evident from Fig. 13 that although there is a
moderate correlation between interplanar spacing and methylene blue
adsorption, there is considerable scatter.

Figure 13. Amount of dye adsorbed versus basal interplanar spacing of selected clay
minerals. Plotted from data by Taylor.[62] (1) Kaolinite (Cornwall); (2) illite (Fvon
Fuzerradvany); (3) illite (Fithian); and (4) nontronite; (5) montmorillonite; (6) bentonite
(Wyoming); (7) bentonite (Bischofszell).

Several minor modifications to the French test method have been
proposed.[63][64] The simplest test protocol is probably that of Hosking and
Pike.[63]  The standard dye solution is made by dissolving 80 mg methyl-
ene blue in 1 liter of deionized water which is then made up to 2 liters. The
solution must be stored in a light tight container and used within 48 hours
of mixing. The aggregate is ground to pass a 1.18 mm sieve and be retained
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on a 600 µm sieve. Two, one gram portions, used for duplicate tests, are
stored in glass vials. Twenty-five milliliters of the standard dye solution
are added to each vial of the sub-sample which is then shaken for 30
seconds and stored in a lighttight box for 24 hours. It is then shaken again
for 30 seconds. The dye concentration is determined by comparison of the
color of the solution in the test samples with a set of calibrated solutions
previously prepared. The calibrated solutions are prepared by taking the
standard dye solution and diluting it incrementally in 2% steps so as to
make a set of dilutions ranging from 2% to 98%.

In addition to being used to detect the presence of swelling clays in
aggregates, the methylene blue test has also been used to identify aggre-
gates susceptible to excessive drying shrinkage.[63] However, it is uncer-
tain if this test could be used to identify all types of aggregates causing
high shrinkage in concrete, e.g., the sandstone with a shrinkage of 0.116%
in one year in concrete.[44] However, the concrete shrinkage test requires a
minimum of several months to complete, in comparison to the two days
needed for the methylene blue test. Further evaluation of the methylene
blue test is evidently required to determine its suitability for use with all
types of aggregates.

6.3 Measurement of Undulatory Extinction Angles

DeHills and Corvelan[66] correlated the intensity of geological stresses
in Chilean granites to the undulatory extinction (UE) angles in the quartz
grains in the granites. Undulatory extinction is the name given to the
phenomenon, observed in thin sections of deformed quartz viewed in a
petrographic microscope between crossed polarizers as the stage of the
microscope is rotated. When a non-basal section of an undeformed quartz
crystal is observed between crossed polarizers, as the stage is rotated by a
few degrees the color of the crystal goes from bright to dark (extinction).
When deformed quartz is observed between crossed polarizers, as the
stage is rotated from the bright position a dark extinction band begins to
form which moves across the crystal as the stage is rotated. The rotation
angle between the first and last appearance of the extinction band as it
moves across the crystal is called the UE angle. UE angles can range up to
about 40°. The procedure for measurement of UE angles is detailed by
Dolar-Mantuani.[13]
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White[67] showed that as stress built up in a quartz crystal, disloca-
tions formed throughout it, but did not produce any optical effect. As the
stress increases, as may happen under tectonic conditions within the
earth’s crust, the dislocations migrate to form sub-grain boundary walls
within the crystal. In a highly deformed crystal, numerous dislocation
boundary walls are produced and it is the successive misalignments across
the sub-grain boundaries that produce the phenomenon of undulatory
extinction. The migration of the dislocations to form the dislocation
boundary walls is essentially a recovery process as the crystal adjusts to
the applied stress and, hence, such a crystal would have a somewhat lower
free energy and, hence, less potential alkali-silica reactivity than a crystal
containing numerous random dislocations which would not give rise to
optical effects.[68]

A number of authors have related high UE angles to the potential
expansiveness of quartz aggregates in concrete;[13][51][69]–[71] however,
when actual correlations have been attempted, the correlation has been
poor.[72] There are several reasons for this. The measured UE angles are
affected by two factors other than the stress level in the crystal lattice:

1. The orientation of the grain being measured relative to
its optical axes, affects the angle measured.

2. The size of the crystal also has an effect on the measured
angle, as small crystals yield smaller angles.

These two factors make it difficult to obtain reproducible UE angles.
Although it is generally observed that quartz showing high UE angles is
often alkali-reactive, it is shown that the reactivity is likely due to the
presence of microcrystalline quartz, which is invariably present in rock
containing quartz showing high UE angles rather than stress in large
quartz grains.[73] It is concluded that although observation of high UE
angles is a sign of potential reactivity, it is doubtful if any additional
information concerning the potential reactivity can be obtained by mea-
surement of the UE angles.
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7.0 SHAPE AND SURFACE TEXTURE OF
AGGREGATES

There has been little concern for the shape and texture of aggregates
apart from eliminating elongate particles when making ordinary portland
cement concrete; however, that has changed since high strength, or high
performance concrete came into use. The selection of aggregate particles
with optimum shape and other properties, such as surface roughness and
compressive strength, became important in obtaining the required strength
of the concrete. The shape and surface properties of aggregates are still not
covered in the ASTM specification for concrete aggregates, C 33, yet, as
early as 1943 tests were carried out on the effects of shape and surface
texture of aggregates on the properties of concrete.[74] Mather[75] reported
on the effect of shape, surface texture, and coatings, on the properties of
aggregates. Accurate descriptions of the shape and surface texture, or
roughness, of aggregate particles need to be determined before the effects
of these parameters on the properties of concrete can be evaluated.

The shape of particles is defined in ASTM C 125[76] by the three
major axes of the particle, length, width, and thickness (L, W, and T,
respectively). Zingg[77] developed a similar “sphericity” classification
using the same three axes, which he designated a, b, and c. Particles are
divided into four classes: (i) disks, (ii) spherical particles, (iii) blades, and
(iv) rods. The two systems of classification of particle shape are illustrated
in Fig. 14.

 These two methods of classification of particle shape do not,
however, address the surface roughness of the particles, which may have a
significant effect on the bond to the cement paste in concrete. Mather[75]

evaluated the effect of smooth particles on the flexural strength of con-
crete by mixing various proportions of smooth with rough particles; his
results are shown in Fig. 15. However, he did not attempt to measure the
roughness of the particles.

It is evident from Fig. 15 that there is a small, but not insignificant
increase in flexural strength of concrete when smooth particles are re-
placed by rough ones. This difference would probably be of no signifi-
cance for the production of normal portland cement concrete in the 20 to
30 MPa range, but could be important in the production of high strength
concrete.
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Figure 14. Plot of axial rations b/a versus c/b for variously shaped particles. The four
Zingg classes are also shown on the diagram. Flat or elongated particles occur in the
stippled areas of the diagram. The sphericity curves (ASTM C 125 classes) were plotted
from the equation: (sphericity)3 = bc/a2, where a, b, and c, are the length, width and
thickness of the particle. (Modified after Mather.)[75]

Figure 15. The effect of the percentage of rough particles on the flexural strength of
concrete made with a mixture of smooth and rough aggregate particles. (Drawn from data
from Mather.)[75]
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Before the advent of image analysis, measurement of surface rough-
ness was difficult. A measure of surface roughness can be obtained using
a profilometer, however, it is difficult on small, irregular shaped particles
such as aggregates. Czarnecka and Gillott[78] analyzed the 2-D image of
the particles using a modified Fourier Transform method. They calculated
a number of coefficients: Pn, the gross shape coefficient, which is similar
to the Zingg shape classes, and Pij, which characterizes the surface texture
(roughness). The term Pn represents the average squared deviation of the
grain profile from a circle of equal area. The term Pij is calculated based on
a previously selected set of amplitude harmonics in the Fourier transform
and represents the fine structure or surface roughness. A new term (T), for
total roughness, was introduced, which combines Pn and Pij. Czarnecka
and Gillott[78] calculated Pn, Pij, and T for a number of different shapes, a
few of which are illustrated in Fig. 16.

Figure 16. Results of Fourier computations of selected shaped particle profiles. (Redrawn
from Czarbecka and Gillott),[78] (Fig. 2). Symbols: Ps—modified coefficient representing
particle shape; Pr—modified coefficient representing particle texture; T—coefficient  of
total roughness; B/L—width/length of particle.
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Two additional coefficients were used in calculating the shape
factors from Fig. 16: PS = Pij ( based on the first few harmonics represent-
ing the shape factor) and PR = Pij (based on the higher harmonics repre-
senting surface roughness). The coefficient varies from 0 for a particle
with a smooth circular outline, to ~8 for an angular elongate particle, PS
varies from ~0 to ~0.6 and PR varies from ~0 to ~0.1 for the same shaped
particles. The new term Pij was introduced because the gross shape factor
dominated the term Pn, resulting in the surface texture being under
represented. It was found that the total roughness coefficient, T, gave a
better overall representation of the grain morphology than Pn or Pij.

A somewhat different approach to the measurement of shape and
surface texture of aggregate particles was taken by Hagermanm, Balck,
and Lillieskold.[79] They used an automated image analyzer to measure
length, L, width, B, and surface area, A, of aggregate particles. The factor
B/L provides a measure of the elongation of the particles similar to that of
Zingg, ibid. The factor A/BL measures the roundness or angularity of the
particles. The calculated factors B/L and A/BL of a few shapes are shown
in Fig. 17 and Table 3.

It is evident from Table 3 that using the factor A/BL provides
significantly more information on the shape of the particle than does B/L.
Using an image analyzer, these calculations can be made rapidly by placing
the aggregate particles on a scanner and scanning in the profiles. This
procedure assesses the overall surface roughness of the particles, but does
not evaluate the effect of small holes or cracks in the surface (porosity), or
the surface roughness. This latter factor could be of significance for
aggregates for use in high strength concrete.

An image analytical method, which addresses both the overall shape
and the surface porosity, was recently proposed by Martínez and Rubiera.[44]

They used thin sections and obtained images under varied lighting condi-
tions: normal light, polarized light between crossed polarizers, and light
obtained with varying degrees of crossing of polars to obtain images with
adequate resolution of the surface porosity. They calculated the total
porosity of the sample from the images obtained. They also introduced an
improved method for measuring the shape parameters, length and width.
This procedure is illustrated in Fig. 18.
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Figure 17. Diagram showing variation in A/BL for a variety of geometric figures.
(Redrawn from Hagerman, et al.),[78] Fig. 13. Rectangle—A/BL = 1.0; ellipse—A/BL =
0.79; diamond—A/BL = 0.50; scalloped diamond—A/BL = 0.38.

Particle Shape A/BL B/L

Rectangle 1.0 0.5
Ellipse 0.79 0.5
Diamond 0.50 0.5
Scalloped Diamond 0.39 0.5

Table 3. Roundness of Particles Calculated Using B/L and A/BL

Figure 18. Particle with irregular profile comparing Feret’s Window method for deter-
mining B/L with the new technique. (After Martínez and Rubiera),[44] (Fig. 1).
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The method for calculating B/L using Feret’s Window is shown
graphically in Figure 18a. Calculated in this way, B/L yields a value of
0.50. In the proposed new method, L is segmented and a series of lines (B)
normal to the segments of L, are generated. The shortest line is used for B.
This yields a value of 0.10.

Another technique which may be used to characterize the surface
topography of aggregate particles is confocal microscopy.[80] It is possible
by use of a confocal laser-scanning microscope to capture a series of
digital images at different focal distances. These are combined to form
what is essentially a topographic map of the surface. The surface rough-
ness (RN) is calculated by dividing the estimated surface area by the
nominal geometric surface area, assuming a flat surface. A horizontal
plane would have an RN of 1.0.
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Chemical Methods of
Analysis of Concrete

William G. Hime

1.0 INTRODUCTION

1.1 The Analytical Problems for the Analyses of Hardened
Concrete

Portland cement is made using many of the same rocks, ores, or
minerals that are used as aggregates in concrete. Thus, chemical (elemental)
differentiation between the cement and the aggregates is often difficult.
Further, no component of portland cement is reasonably constant in concen-
tration from one cement manufacturer to another.

Complicating this problem of analyzing concrete is the present-day
practice of including other mineral admixtures in the mix. As contrasted
with industry practices forty years ago when most of the analytical tech-
niques for concrete were developed, much of the concrete produced in the
U.S. now contains fly ash, which itself presents an even greater analytical
challenge: its composition is almost completely uncontrolled by its power
plant producers. Ground granulated blast-furnace slag and silica fume are
also used in increasing amounts in concrete.

The use of organic additives in cement and admixtures in concrete is
now common, and analysis for them is enormously complicated for three
reasons:  they may be effective for their purpose at concentrations as low as
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one-hundredth of 1% by weight of the concrete; their life in their original
form may be short because they degrade in the alkaline (pH values above 13)
portland cement concrete; and, if proprietary, their composition may not be
known to the analyst.

Although modern analytical instruments allow much faster analyses
for the components of concrete, they require a large capital outlay. For
instance, complete analyses of portland cement can now be performed by
atomic absorption, x-ray emission (fluorescence), or plasma spectroscopy,
in a half-hour instead of several days for the classical wet methods, but at
a cost of tens of thousands of dollars for the instrumentation. Further,
instrumentation has resulted in the replacement of chemists by instrumental
technicians who often cannot provide the chemical insight that was the stock
and trade of the wet analytical chemist. Indeed, there has been almost a
complete dearth of published methods of analysis during the last three
decades.

It is the aim of this chapter to outline both the classical (wet) and the
instrumental methods of analysis for usual components of concrete and to
provide some insight into their applicability, limitations, and advantages.
The methods may also be applicable to grouts, mortars, and cement plasters,
since these materials may differ from concrete primarily in the absence of
coarse aggregate. Methods of analysis for cement and other materials in
concrete are also detailed by Figg and Bowden,[1] the Society of Chemical
Industry,[2] and Hime.[3]

1.2 The Components of Concrete

Portland cement concrete is made with, as a minimum, portland
cement, fine aggregate (sand), coarse aggregate (stone or gravel), and water.
The portland cement, in turn, may contain organic components such as
pack-set inhibitors or air-entraining agents. Frequently the concrete may
contain fly ash, slag, silica fume, set-accelerators or retarders, air-entraining
agents, workability aids, and corrosion inhibitors, to name only the more
common ones.

The analytical problem is thus enormous. Further, a definitive analy-
sis usually requires the expertise of a microscopist or petrographer. For
example, the presence of fly ash can seldom be determined by a chemist, but
can quickly be found by a petrographer. Silica fume may not be identifiable
by any technique, chemical or instrumental, although it may be detected by
scanning electron microscopy if it is not completely dispersed.[4]
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Portland Cement. Portland cement is generally produced at a plant
having a readily accessible limestone quarry. Limestone constitutes about
80% of the weight of the raw materials used in cement production. The
remaining components are mainly clays or shales, as chosen to provide the
required amount of silicates. If these materials, in turn, contain an aluminate
concentration that is too high, then iron ore or other high-iron minerals or
by-products must be incorporated in the mix to combine with a portion of
the aluminates to prevent a concentration of tricalcium aluminate (the major
aluminum-containing portland cement mineral) that is too great.

A blend of the raw materials is ground to face-powder fineness and
burned in a rotating kiln having an exit temperature of about 2700°F
(1500°C). The resulting clinker is then mixed with about 5 to 8% gypsum
(or occasionally a mixture of gypsum and anhydrite) and the mix is again
ground so that most particles are less than 20 microns in maximum
dimension. In Canada and elsewhere and as proposed in the United States,
limestone may replace some of the gypsum.

The properties of the raw components and the fineness of the resulting
cement are varied in order to produce the required type of cement, as
designated in the United States by ASTM C150 or AASHTO M85. Due to
the temperature of the kiln and the burning process that uses an excess of
oxygen, the elements of the raw materials are assumed to be present in their
highest valence and as an oxide.

Cement chemists use a shorthand system to report how these oxides
are combined. In this system, calcium oxide is denoted as C, silicon dioxide
as S, aluminum oxide as A, iron oxide (ferric oxide) as F, sodium oxide as
N, potassium oxide as K, H for water, and, since S is used for SiO2, S̄ is used
for sulfur trioxide.

Using this system, portland cement is normally considered to contain
the following major components: tricalcium silicate (C3S), dicalcium
silicate (C2S), tricalcium aluminate (C3A), an aluminoferrite complex
having a formula approximating C4AF, and gypsum (CS̄H2) or a blend of
gypsum and anhydrite (CS̄). Impurities usually include 0.2 to 1.2% K, 0.1
to 0.5% N, and small amounts of manganese, titanium, barium, strontium,
and phosphorus, all present in their oxide forms.

Table 1 provides the approximate compositions of the various types
of cement as produced in 1993 and 1994, based on a survey by Gebhardt.[5]

Portland cement may also contain additives such as air-entraining
agents or processing chemicals such as pack-set inhibitors and grinding
aids.
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Table 1. Average Compositions of U.S. Portland Cements, 1994*

 Oxide or Compound Type 1 Type 2 Type 3 Type 4 Type 5

SiO2 20.55 21.19 20.03 22.16 21.34
Al2O3 5.41 4.60 5.34 4.56 3.60
Fe2O3 2.59 3.50 3.52 4.96 3.98
CaO 63.89 63.81 63.04 62.53 62.78
MgO 2.09 2.15 2.52 1.85 3.19
SO3 3.03 2.69 4.08 2.16 2.42
Na2O 0.21 0.19 0.26   — 0.26
K2O 0.61 0.57 0.87   — 0.68
Loss on ignition 1.37 1.15 1.35 1.18 0.79
C3S 54.46 54.67 52.63 42.2 55.7
C2S 17.79 19.48 17.86 31.7 19.2
C3A 10.29 6.48 10.49 3.7 3.4
C4AF 7.88 10.64 7.00 15.1 12.1

*Not including specialty and low-alkali cements

Aggregates. In most areas of the world, the fine aggregate is siliceous
and is often a relatively pure form of quartz. It is usually a natural sand
although “manufactured” sands made by crushing the coarse aggregate are
also common. The coarse aggregate is also often siliceous, but may instead
be a crushed limestone or dolomite.

Mineral Admixtures. Some siliceous materials can react with hy-
drating portland cement to produce additional strength-producing com-
pounds. This reaction is primarily with the calcium hydroxide product of
portland cement hydration and the material is termed a pozzolan. Fly ash is
now a frequent component of concrete and is sometimes present in amounts
to 30 or 40%, by weight, of the portland cement. This by-product of the
power industry consists of the unburned residue of the coal. It is usually a
“Type F,” consisting primarily of the oxides of aluminum, iron and silicon,
or “Type C,” containing up to 40% calcium oxide. Definitions and specifi-
cations for these types and of natural pozzolans are given in ASTM C618
and methods of analyses for these materials in ASTM C311.

Silica fume is used in amounts to 10% or more, by weight of cement,
to provide higher strength and lower permeability. Ground granulated blast-
furnace slag used widely in Europe is becoming more popular in the U.S.,
either as an admixture to concrete or, as mixed with portland cement, as a
“blended” cement.
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Chemical Admixtures. Admixtures are now in sharp contrast to 50
years ago, components of much, if not most, of the concrete delivered in the
U.S. Admixture components most frequently used include:

• Air-entraining agents such as tall oil soaps, wood
resins, and synthetic surface-active agents.

• Set and strength accelerators, such as calcium chloride,
calcium nitrate, or triethanolamine.

• Set retarders, such as sugars, corn syrups, and salts of
hydroxycarboxylic acid.

• Workability aids, such as lignosulfonates.

• Corrosion inhibitors, such as calcium nitrite.

• Water-repelling or retarding agents, such as stearates.

Admixture types, components and uses are extensively detailed by
Ramachandran.[6]

2.0 HARDENED CONCRETE ANALYSIS PROCEDURES

2.1 General

The analysis of concrete requires a skilled chemist having a good
knowledge of cement and concrete components and properties. Further,
many analyses require the services of a petrographer to ascertain the
components of the sample and thus allow the analyst to determine how to
avoid or make allowance for interferences to a particular analysis. Some-
times avoidance or allowance is impossible and the analyst must then report
not only the result of his analysis, but also the likely direction and magnitude
of the error associated with the result. A statement “portland cement at 8%
or less” may be a quite sufficient answer to a problem relating to low
strength.

It is not the intent of this chapter to present detailed descriptions of all
the procedures for analysis; however, where the analyses require an exten-
sive procedure, reference will be made to published methods. In most cases
these will be the detailed procedures published by the American Society for
Testing and Materials (ASTM). A list of these procedures is given in
Table 2. British Standard 1881 presents similar procedures. The following
sections will provide, where appropriate, both simplified methods and
discussions of the accuracy and usefulness of the analyses.
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Table 2. ASTM Methods of Analysis of Concrete and Mortar*

Material Analyzed ASTM ASTM
Procedure Volume

Concrete
Cement content C1084 4.02
Chloride, acid soluble C1152 4.02
Chloride, water soluble C1218 4.02
Sulfate (cement procedure) C114 4.01
Sulfide (cement procedure) C114 4.01

Mortar (applicable to plasters) C1324 4.05

*Available from ASTM, 100 Barr Harbor Drive, West Conshohocken, PA, 19428, USA.

2.2 Cement Content Analysis

The cement content of concrete is usually determined by assuming
that all of the acid-soluble calcium or silica in a concrete sample is due to
those components in the portland cement. Although calcium oxide and
silicon dioxide concentrations in portland cement vary from type to type,
and from one cement producer to another, an assumption of 63.5% CaO and
21% soluble silica (SiO2) in the cement usually will, in itself, not lead to an
error greater than about 5% in the portland cement calculation.

Obviously, an analysis for portland cement by determination of
calcium content will be erroneously high if the aggregate contains limestone
or dolomite, or if fly ash, especially Type C, is present. Because siliceous
components of most aggregates are not soluble, soluble silica is often
perceived as an accurate method for cement content analysis. What is not
usually recognized is that many aggregates, such as those containing
feldspars, react with alkaline portland cement hydration products to pro-
duce, during service in the concrete, calcium or alkali silicates that are acid
soluble. Overestimations can be almost as great by the soluble silica method
when feldspars are present as they can be by the calcium oxide method when
calcareous aggregates are present. Further, silica fume and fly ash react with
the alkaline cement paste and produce silicates that cause high results.
Portland cement contents determined by either the calcium or soluble silica
procedures are seldom underestimations.
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Aggregate interferences can often be avoided by either of two
methods: sulfate analysis, and maleic acid dissolution. Sulfate analysis
appears at first glance to be attractive because all cements contain sulfate
and very few aggregates do. However, the concentration of sulfate in
portland cement can vary from less than 2% to over 4%, as SO3 (S̄). If the
SO3 content of the cement is not known and SO3 is assumed at 3%, errors
as high as 40% are possible.

Because all fly ashes contain sulfate, the sulfate procedure should not
be used if fly ash is present. Further, many slags contain sulfates and the
sulfate procedure is generally not applicable for concrete made with slag
cement or slag aggregates. If analyses are made for total sulfur rather than
sulfate then aggregates containing sulfides (e.g., pyrite) will cause overes-
timations of cement content.

Maleic acid dissolves hydrated portland cement, but not calcium
carbonate (as calcite or dolomite). Thus it can be used with calcareous
aggregates as well as with most siliceous aggregates.  However, because
calcium hydroxide is about a 20 to 25% component of hydrated portland
cement and will react with carbon dioxide in the air to produce calcium
carbonate, the concrete sample must be carefully chosen to eliminate
carbonated portions. The maleic acid procedure also suffers in that there has
not been an exhaustive study to determine the solubility of siliceous
aggregates that have been exposed to the alkaline cement paste for extended
periods of time. Because carbonation gives an erroneously low result and
aggregate solubility gives a high result, the analyst may not be able to
evaluate the direction or potential magnitude of the error.

2.3 Sample Requirements and Procedure Choice

The concrete sample must be representative of the structure in
question. A concrete core having a diameter of three times the maximum
size of the aggregate,  and full depth, is usually representative for a particular
concrete truck load or mix.

For maximum information, the concrete core should be weighed in air
and in water after immersion for one minute and for twenty-four hours, then
dried for twenty-four hours at 110°C. Unit weights, as is and as placed, and
the cement content in bags per cubic yard or pounds per cubic yard, can then
be calculated. Alternatively, the core can be used directly and reported on
an as-received basis as a percentage of cement by weight. Ignition of the
sample at 550°C will drive off free water and water of hydration
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(e.g., converting calcium hydroxide to calcium oxide) thus allowing
comparison to the mix design before water addition.

It is useful to cut the core lengthwise, perpendicular to the diameter,
at about a third point. The smaller portion is used for the petrographic study.
The remainder is crushed and ground to pass a No. 50 sieve, avoiding the loss
of airborne fines. Very large samples may be ground to pass a No. 4 sieve,
quartered, and a representative portion further ground to pass the No. 50
sieve. The pulverized samples should be well-mixed and duplicate two-
gram samples analyzed for calcium or soluble silica or five-gram samples
for sulfate. For the maleic acid procedure, 20 grams of material are used.

To help calibrate the procedure used, analysis of standard cements
(available from the National Institute of Standards, NIST) at the same time
as the concrete analysis is useful. The weight of the cement sample should
be about 15% of the weight of the concrete sample used.

2.4 Calcium Oxide Content Procedure

Determine calcium oxide by ASTM C114, C1084, or other analytical
procedure (e.g., atomic absorption or plasma spectroscopy), on a 1:4
(acid:water) hydrochloric acid extract of the representative sample. The
filtrate from the soluble silica procedure may be used. The use of ice-cold
hydrochloric acid to dissolve the calcium (and silica) from the concrete
minimizes siliceous and dolomitic aggregate interference. Cement percent-
age by weight is % CaO divided by 0.635.

2.5 Soluble Silica Content

Determine soluble silica by ASTM C 1084 or as follows: digest the
sample in 1:4 ice cold hydrochloric acid solution for 5 minutes, filter
through a retentive paper (e.g., Whatman No. 40), then evaporate the filtrate
to dryness, bake for 1 hour at 110°C, wet with concentrated hydrochloric
acid and again evaporate and bake. Pour in 75 ml of 1:4 HCl, bring to a boil,
then filter through retentive paper, washing with 1:10 HCl. Ignite the paper
and contents carefully in a platinum crucible over a flame, charring the paper
and not inflaming it. Place in a furnace at 1000°C for 1 hour, cool and weigh,
add 3 drops of 1:1 sulfuric acid and 10 ml hydrofluoric acid. Evaporate
without boiling to dryness, heat at 1000°C for 15 minutes, cool and weigh.
The difference represents soluble silica. The percent soluble silica divided
by 0.21 represents percentage of portland cement.
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2.6 Sulfate Content

A cement content determination based on sulfate analysis is appropri-
ate only if the sulfate content of the cement used in the concrete is known
or can be determined. Analysis can be made in accordance with the
procedure of ASTM C 114 or by virtually any sulfate procedure employing
hydrochloric acid dissolution of the sample. Analytical procedures for total
sulfur (e.g., by LECO evolution/titration) are also generally applicable
unless the concrete contains sulfides. If the odor of hydrogen sulfide is not
noticed when acidifying the sample, sulfides are absent. A method is
provided in Sec. 2.11, “Sulfate Procedure.”

2.7 Maleic Acid

The method of ASTM C 1084-97 is appropriate as are the procedures
of Tabikh,[7] Clemena,[8] Pistilli,[9] and Marusin.[10] Before pulverizing the
concrete, spray a freshly broken surface with phenolphthalein. Cut off and
discard any portion (e.g., top or bottom of a core) not turning red or purple.

2.8 Other Procedures

The only other procedure for cement content that has found general
acceptance is petrographic examination and estimation by an experienced
petrographer. A petrographic estimate is useful in any case to compare
results with the chemical procedure and to allow the petrographer and
chemist to ascertain probable reasons for discrepancies.

2.9 Chloride Analyses

A chloride analysis of portland cement is often necessary to determine
if a chloride addition was made to the fresh concrete or if the concrete had
been exposed to chloride salts. The former may explain unusually fast
setting of the concrete and both the former and latter could explain why
metals were corroding when embedded in the usually passivating portland
cement system.

Two types of chloride analysis are most often requested: water-
soluble, for chloride that is immediately capable of promoting corrosion,
and acid-soluble, which includes both water-soluble chloride and that tied
up in the aluminate phase of the concrete. The latter may become water-
soluble if the concrete becomes carbonated or is exposed to sulfate.
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Acid-soluble chloride is usually, but not always, total chloride. Some
organic compounds may contain chloride that is “bound” to the organic
molecule and does not initially promote corrosion. However, continued
exposure to the alkaline concrete may cause it to become water-soluble.
Polyvinylidene chloride latex is an example.

Further complicating a “chloride analysis” request is the fact that
some aggregates may contain chloride that will not be liberated during
service in the concrete, but will be detected in the sample that has been
pulverized for analysis. A recent method employing Soxhlet extraction of
concrete, crushed to about 1/2 to 5/8 in pieces, has been proposed to
determine water-soluble, available chloride.

2.10 Chloride Procedures

Sample. The sample may be chosen to represent the concrete as a
whole or areas of a concrete core (e.g., the top inch). A ½" thick sample
having a diameter three times the maximum aggregate size usually provides
data sufficiently accurate for the purpose. The sample is pulverized to pass
a No. 20 screen.

Quantitative Step. By far the most used, quickest, most accurate
procedure, involves potentiometric titration of an acid solution employing
a glass (pH) reference electrode and silver billet or other silver specific ion
indicating electrode. Titration is with 0.1 M silver nitrate solution,
using 0.2 ml increments. Alternatively, the titration can employ a colori-
metric end point.

Water-Soluble Chloride. Immerse 10 grams of sample in 50 ml of
water and allow to stand for 24 hours. Filter through a coarse paper, acidify
with nitric acid, and titrate. The method of ASTM C1218 is applicable.

Acid-Soluble Chloride.  Mix 10 grams of sample with 50 ml of 1:4
nitric acid solution. Filter through a coarse paper and titrate. The method of
ASTM C1152 is applicable.

Total Chloride. Fuse 2 grams of sample, covered with a layer of
calcium oxide, in a covered crucible. Transfer the melt to a beaker, add
25 ml of water, acidify with 50 ml of 1:4 nitric acid, filter through a coarse
textured paper, and titrate.

Available Chloride.  Crush the concrete sample to provide pieces
about 1/2" to 5/8" in maximum size. Fill an extraction vial of 25 × 80 mm
size or larger with a weighed amount of the crushed concrete and place in
a Soxhlet extractor. Extract for 24 hours, acidify the extract and titrate. The
method of the American Concrete Institute, ACI 222.1-96, is applicable.
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2.11 Sulfate and Sulfide Analyses

A sulfate analysis may be required to determine if sulfate has entered
the concrete from the environment, if sulfate compounds (e.g., calcium
sulfate hemihydrate-plaster) have been added to the concrete as an admix-
ture, to determine cement content, or to determine reasons for unusual
setting times.

Because most cements and aggregates do not contain sulfide sulfur,
analyses for total sulfur are often an accurate measure of sulfate sulfur.
Instrumental methods for sulfur, such as x-ray fluorescence or evolution-
titration, are thus generally acceptable. However, if the result appears too
high for the estimated cement contribution, sulfate analyses should be
performed. The difference between total sulfur and acid-soluble sulfate
determinations, each calculated as SO3, is usually a measure of sulfide
sulfur.  Sulfide sulfur minerals may cause popouts or rust discoloration if
they are close to the surface of a concrete member.

Sulfate Procedure. Digest 5 grams of concrete, pulverized to pass a
No. 30 screen, in 20 ml of 1:4 hydrochloric acid solution. Filter through a
coarse-textured paper inside or over a fine-textured paper into a 400 ml
beaker. Determine sulfate by the procedures of ASTM C114 or as follows:
place a small piece of filter paper in the beaker and hold down with a glass
rod.  Bring the solution to boiling and add drop-wise, through a pipet, 20 ml
of barium chloride solution (10 g per 100 ml water). Boil until the white
precipitate settles, then digest below boiling in the glass-covered beaker.
Filter through a retentive filter paper, wash the paper 10 times with hot
distilled water, place in a tared porcelain crucible, ignite over a flame
without inflaming, then in a muffle furnace at 820°C. Weigh.  Calculate SO3
as 0.343 × weight of precipitate.

Sulfide Procedures. Sulfide may be determined by evolution of
hydrogen sulfide using the procedure of ASTM C114. Alternatively, total
sulfur may be determined by evolution/titration (e.g., LECO furnace) and
sulfate sulfur by Sulfate Procedure. The difference between these values,
both calculated as SO3, multiplied by 0.4, is sulfide sulfur.

2.12 Water Analysis

Discussion. Analyses of hardened concrete for the original water
content of the fresh concrete, in order to calculate water-cement ratio
(w/c), are often requested because w/c is the best single measure of potential
concrete strength. However, there has not been any chemical method
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developed that provides reasonable accuracy unless the original concrete
components are available as standards. If one considers what water is
present originally and what becomes of it, the difficulty of the analysis
becomes clear:

The concrete mix contains sufficient water to render the aggregate
“saturated surface-dry,” plus “free water.” Only the latter is the “w” of the
w/c term. After casting:

• For most mixes, about half of the water evaporates,
leaving holes of various sizes and shapes, some of
which are connected to each other.

• Some of the water becomes loosely bound to the
calcium silicates produced by the cement hydration.

• Some of the water becomes a component of crystalline
compounds such as gypsum, ettringite, and calcium
hydroxide.

• The crystalline water will not be driven off until the
concrete is sufficiently heated, for example, to over
500°C (calcium hydroxide).

• Voids will also be present in the concrete due to
incomplete compaction and to air-entrainment. Even
in very good quality concrete, at least 1% entrapped
voids is assumed in mix design. Concrete having 2 to
5% entrapped voids and 3 to 6% entrained air voids is
not unusual. Free water did not occupy such voids
when the concrete was placed.

• Some of the hydrate compounds, especially near sur-
faces, but to substantial depths in an old concrete
structure, react with carbon dioxide in the air to convert
the hydrates to carbonates. Thus calcium hydroxide
converts to calcium carbonate within a few minutes at
the concrete surface and even completely so over years
or decades, depending upon the porosity of the con-
crete. The water liberated may evaporate from the
concrete. No significant voids are produced (the reac-
tion may involve a small volume change of the solids).
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Therefore, published methods that determine original water content
by resaturating the concrete with water or other liquid and by heating to
drive off free and combined water, do not properly account for aggregate
water, carbonation, and compaction voids, among the major sources of
error.

Experienced petrographers can estimate original water-cement ratio,
at least between w/c values of about 0.35 to 0.75, using such optical and
physical features as color, crystal size, hardness, and porosity. Such values
are usually significantly more accurate than those determined chemically.
Exceptions may occur if the original aggregate is available to determine the
amount of water required to produce a saturated surface-dry condition and,
if correction is made for compaction voids as estimated from petrographic
measurements, such as by using the linear traverse procedure of ASTM C457.

Procedure for Water Content of the As-Is Hardened Concrete.
The free water content of hardened concrete may be determined by drying
in a vacuum, by desiccation, or by heating to 110°C.

The total water content is usually determined by heating to 600°C,
which dehydrates most calcium silicate hydrates and calcium hydroxide,
the major crystalline hydration product of portland cement. Some calcium
silicate hydrates may not be dehydrated at this temperature. Ignition to
950°C will cause loss of carbon dioxide from carbonates and must be
corrected for by determining carbon dioxide.

Sulfide sulfur will interfere by decreasing the ignition loss due to
oxidation to sulfate. Sulfate determinations before and after ignition will
provide a correction. Calculate sulfate in each determination as SO3 and add
the difference to the loss percentage.

Procedure for Water Content of Original Concrete Mix. As
discussed in 2.12, a determination of the free water content of the original
concrete mix, as based on analyses of the hardened concrete, is generally
unadvisable. A petrographic estimate is often useful, especially because it
is recognized as an estimate whereas a chemically determined value is often
assumed, falsely in most cases, to be accurate. Accordingly, a detailed
method will not be given here. If an analysis is decided upon, it should
recognize all of the admonitions given in Sec. 2.12, and will be best made
by trials with the concrete components used in the analytical sample.

2.13 Nitrate and Nitrite Analyses

Calcium nitrate is used as a set accelerator and its determination is
frequently required. Nitrites are used as corrosion inhibitors. Both are best
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determined by water extraction and colorimetric methods, but anion ex-
change chromatography may also be used.

Nitrite Analysis. Water soluble nitrite in concrete usually represents
total nitrite.  A 2 gram sample is ground to 50 mesh and extracted three times
with water, first with 200 ml for 30 minutes, then 200 ml for 10 minutes, and
finally 100 ml for 10 minutes, filtering the decanted liquid through a fine
filter paper into a 500 ml volumetric flask between extractions. An appro-
priate aliquot is taken and diluted to 50 ml in a 100 ml volumetric flask with
water. The solution is pH-adjusted to between 6 and 7 using 1 N hydrochlo-
ric acid with phenolphthalein as an indicator. Sulfanilic acid solution and
N-(1-naphthyl) ethylenediamine dihydrochloride reagent are added to
develop the color. The absorbance of the solution is measured between
520 and 530 nm using visible spectroscopy.

Nitrate Analyses. Water soluble nitrate is determined using a 10 g
sample of concrete and usually represents total nitrate. Extract the sample
for 30 minutes with 75 ml of deionized water. Decant the liquid and filter
through a medium filter paper. Extract the sample a second time with 50 ml
of deionized water for 10 minutes. Filter through the same filter paper.
Dilute to 200 ml. Adjust the pH of a 40 ml aliquot to between pH 6 and 7
using 5.25 N sulfuric acid. Determine nitrate concentration using a cad-
mium reduction method like Hach Nitrate HR or Nitrate MR methods. If
nitrite is present, it will be determined as nitrate by this procedure and its
concentration should be determined by 2.13 and subtracted out.

2.14 Organic Components

Discussion. In contrast to a few decades ago, concrete now usually
contains one or more organic components. The cement may contain grind-
ing aids, pack-set inhibitors, or air-entraining agents; however, the latter are
now usually added to concrete by the ready-mix producer. Other admixtures
added by the concrete producer now include water-repellents (e.g., stearic
acid and stearate salts), set-retarding agents (usually carbohydrates), set-
accelerators (e.g., triethanolamine), and workability aids (e.g., lignosul-
fonates). Recently, workability aids that allow large reductions in mix water
content have been developed. This class of high-range-water-reducers or
superplasticizers includes naphthalene and melamine sulfonate conden-
sates.

Analyses for organic components are complicated by several factors
including their low concentrations (stearates may be effective at concentra-
tions of 0.01%), their breakdown or conversion to salts during exposure to
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the alkaline components of the portland cement paste, and their adherence
to the silicate structure of the hydrated cement.

Further, the identities of the components of admixture may be a trade
secret, although Material Safety Data Sheets (MSDS) may disclose some or
all of their active components.

To determine these organic components, it is first necessary to extract
them from the concrete. This may be done simply with water (e.g.,
carbohydrates), with sodium carbonate solutions (e.g., lignosulfonates),
with organic solvents (e.g., stearates by chloroform) or, after acid-dissolu-
tion (e.g., conversion of stearate salts to stearic acid by digestion in
hydrochloric acid), by extraction with a suitable solvent.

Recovery of the organic matter may be so complete that the analysis
determines the concentration used in the mix. In many other cases, recovery
is not 100% and, therefore, concrete standards must be made, preferably
with the aggregates comparable to those used in the concrete. The concrete
should be cured for a period approximating the life of the unknown concrete
sample to be analyzed. After a period of about a month, recovery is often
relatively constant, however, some admixtures may continue to degrade in
a wet environment. Recognition of possible low recovery must be made.

Analytical procedures (e.g., infrared spectroscopy) may directly
identify the organic components or may simply denote the presence or
probable presence of an identifying characteristic or chemical component
of the admixture (e.g., colorimetric analyses for sugars, or ultraviolet light
spectroscopy for lignosulfonates).

2.15 Procedures

Procedures for determining several organic components in concrete
have been detailed by Connolly, Hime, and Erlin.[11] That publication also
reviews the literature. A summary of the methods is given below to allow
the reader to determine the complexity of the analysis.

Several organic additives and admixtures for which methods have
been developed are listed in Table 3, with literature references. The
indicated methods for these components are given below.

Method 1, Acid-Chloroform Extraction. Dissolve at least 100
grams of the sample in dilute hydrochloric acid and extract with chloroform,
using a separator funnel.

A further extraction of this extraction residue with hexane allows
separation of plasticizers and oils.
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Table 3. Admixture Component Analysis Procedures and References

Component Procedure Ref.*

Acetate Boiling Water Extraction (ethanol soluble)

Acrylate Acid-Chloroform Extraction
and Acid Digestion/Thermogravimetric

Alkyl  aryl polyether Acid-Chloroform Extraction

Alkyl  aryl sulfonate Acid-Chloroform Extraction

Fatty acid Acid-Chloroform Extraction

Fatty acid salts Acid-Chloroform Extraction

Formates Boiling Water Extraction (ethanol soluble)

Glycols Boiling Water Extraction (ethanol and chloroform)

Hydrocarbon oils Acid-Chloroform Extraction (hexane soluble)

Hydroxycarboxylic acids Boiling Water Extraction 12

Hydroxycarboxylic salts Boiling Water Extraction

Lignosulfonates Sodium or Potassium Carbonate Extraction 12, 13, 14, 16
at 340 nm

Phthalate esters Acid-Chloroform Extraction

Resin acids and soaps Acid-Chloroform Extraction

Saccharides and sugars Boiling Water Extraction 12, 15

Stearates 12, 14

Sulfonated melamine Sodium or Potassium Carbonate Extraction
condensates at 220 nm

Sulfonated naphthalene Sodium or Potassium Carbonate Extraction
    formaldehyde condensate at 230 nm

Styrene butadiene Acid-Chloroform Extraction
and Acid Digestion/Thermogravimetric

Triethanolamine Boiling Water Extraction (ethanol & HCl) 10, 12

Vinyl compounds Acid-Chloroform Extraction
and Acid Digestion/Thermogravimetric

*Methods for all listed components are given in the text and are detailed in Ref. 11.

The remaining residue may contain polymer modifiers, air-entrain-
ing agents and water-repellents. It can be analyzed by infrared spectroscopic
methods for solids.

Method 2, Boiling Water Extraction. Extract with boiling water,
evaporate to dryness and extract with ethanol.
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Treat the ethanol-insoluble portion with sulfuric acid and β-naphthol
and digest in a boiling water bath. Measure the absorbance at 595 mm. This
method is effective for some carbohydrate-based materials such as hydroxy
carboxylic acids, corn syrups, and simple sugars.

Dry the ethanol-soluble portion and analyze the solids by infrared
spectroscopy. This technique will detect acetates, formates, and glycols.

Extract a portion of the ethanol-insoluble portion with chloroform.
Evaporate and analyze the residue by infrared spectroscopy.

Dry a portion of the ethanol extract and react with hydrochloric acid
vapor. Analyze the acid-exposed portion by infrared spectroscopy.

Acid Digestion/Thermogravimetric Analysis. React a pulverized
concrete sample with dilute hydrochloric acid. Filter off the solids, wash
with water, and dry at 110°C. Weigh and ignite to 500°C for one hour.
Determine loss on ignition. This technique is useful for polymer (latex
solids) content.

Sodium or Potassium Carbonate Extraction. Extract the concrete
or paste fraction with a 10% solution of sodium or potassium carbonate.
Filter or centrifuge. Determine absorbances by ultraviolet spectroscopy.

Qualitative analyses for the extracted substances may be made by
chromatographic separation with adsorption resins such as Amberlite
XAD-2 or with an anion exchange resin such as DEAE Sephadex A-25. The
chromatographed components are identified by infrared spectroscopy.
This is an effective technique for qualitative analyses of lignosulfonates
and naphthalene sulfonates.

2.16 Elemental Concentrations

The concentrations of most of the elements present in concrete can be
determined by instrumental techniques. X-ray emission (fluorescence)
provides accurate determinations of elements of atomic number above
about 10, depending on the instrument, if good standards are available.
Plasma and arc-spark spectrography generally provide lower accuracy for
major components, but often very acceptable data for minor components.

For these instrumental methods use of NIST (National Institute for
Standards Technology, formerly National Bureau of Standards (NBS)),
standards is necessary for greatest accuracy.  The present cement standards,
Nos. 1880–1889, may be mixed with NIST mineral standards such as
limestone (1c or 886), quartz (1413), or feldspar (70a or 99a), to as closely
as possible match the matrix of the sample as estimated by x-ray diffraction
or petrographic procedures.
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Table 4. Common Concrete Components and Their X-Ray Diffraction
Spacing

Component d-Spacings1 2-theta Angle2

Calcite (calcium carbonate) 3.04, 2.28, 2.10 29.40, 39.40, 43.14

Dolomite (calcium 2.88, 2.19, 1.79 30.94, 41.13, 51.07
magnesium carbonate)

Ettringite (calcium 9.72, 5.61, 3.87 9.09, 15.78, 22.94
sulfoaluminate hydrate)

Feldspars3 3.33, 3.20, 3.22, 3.26 26.70, 27.86, 27.68, 27.33

Gypsum (calcium 2.87, 4.28, 2.68 31.13, 20.74, 33.36
sulfate dihydrate)

Portland cement4 2.78, 2.75, 2.61, 2.19 32.2, 32.6, 34.3, 41.2

Portlandite (calcium 2.63, 4.90, 1.93 34.09, 18.09, 47.12
hydroxide)

Quartz 3.34, 2.56, 1.82 26.65, 20.85, 50.14

1Three spacings of highest intensity
2Copper K-alpha radiation
3Approximate positions for major spacings of most feldspars
4Major spacing regions for unhydrated portland cement in concrete

2.17 Compound and Mineral Compositions

The compound composition of concrete is best revealed by the use of
x-ray diffractometry. Table 4 provides the d-spacings of most of the
common components of portland cement concrete and the equivalent
2-theta angles for instruments using copper K-alpha radiation.

The use of x-ray diffractometry to determine the concentration of
compounds or minerals in concrete is often unadvisable because of the lack
of suitable standards, the impurity of minerals, crystal dislocations, and
embedment of materials in other phases or in gels. The best examples of
such effects are plaster or gypsum in portland cement or ettringite in
concrete. In each of these examples, x-ray diffraction has been found to
often underestimate or even not detect the substances, although they are
shown to be present by other techniques.

For further information, see Ch. 9 on XRD.
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Differential thermal analysis (DTA) has been found to provide
reasonable accuracy for the determinations of hydrated substances such as
plaster and gypsum in cement and gypsum, monosulfoaluminate and
ettringite in concrete. A standard addition technique provides the greatest
accuracy.

Although each DTA instrument provides particular advantages such
as ease of use, qualitative ability, accuracy, and cost, instruments that use
several tenths of a gram of sample usually provide the best results.

Each instrument also provides exotherms and endotherms at different
temperatures, however, the order of their appearance is the same for each
instrument. Table 5 provides the more important thermal events for cement
and concrete, as determined in the author’s laboratory.

For further information, see Ch. 4, and the detailed book by
Ramachandran.[17]

Table 5. DTA Peak Positions for Usual Concrete Components

Component Peak Position1 (°C)

Tobermorite (calcium silicate hydrate)2 130

Ettringite (calcium sulfoaluminate hydrate) 140

Gypsum (calcium sulfate dehydrate) 160

Amorphous hydrates 200–300

Syngenite (potassium calcium sulfate hydrate) 290

Brucite (magnesium hydroxide) 420

Portlandite (calcium hydroxide) 560

1At 10°C per minute by DTA instrumentation used by author.
2Tobermorite (calcium silicate hydrate) - peak appears at about 120 to
130°C, or as a shoulder on the leading edge of an ettringite peak.  Washing
the sample with acetone and drying at 50°C maximum usually eliminates
this peak, which may interfere in qualitative and quantitative analysis of
ettringite.
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Petrographic techniques are also useful in qualitative and semi-
quantitative analyses for concrete components. Petrography can determine
the presence of crystalline components (such as calcium hydroxide and
ettringite) and of minerals such as limestone, as contrasted to calcium
carbonate as produced by carbonation of calcium hydroxide. Petrography is
the only technique that can readily identify such noncrystalline components
as fly ash, and can provide a reasonable estimate of its concentration.

Petrographic methods must be supplemented by other techniques in
some cases. For example, identifications of amorphous materials and of gels
may require scanning electron microscopy (SEM) with its associated
energy-dispersive x-ray analysis accessory. SEM can often allow identifi-
cations not possible by other procedures.

For further information, see chapter on “Petrography,” and chapter on
“Electron Microscopy.”

3.0 MORTARS, GROUTS AND PLASTERS

3.1 Discussion

Analyses of mortars, grouts and plasters are generally made by the
procedures detailed above for portland cement concrete. Although the
absence of coarse aggregate simplifies the determination, component
concentrations or proportions are complicated by the use in these materials
of specialty cements and of additional components such as hydrated lime.
For example, instead of portland cement, mortars are often made with
masonry cements, and plasters with “plastic” cements. The former is often
a mixture of portland cement, finely ground limestone, and an air-entraining
agent, with 50 to 75% by weight being portland cement. The latter may also
contain these components, but less limestone. Plasticizing substances may
be present in either.

Unless cementitious materials are available for analysis or their
components and concentrations known, an acceptable analysis is often not
possible. Components may be identified and estimations of their concentra-
tions may be made by an experienced petrographer and supplemented by
XRD and DTA analyses.

Detailed procedures have been given by Hime and Erlin[18] and are
presented in ASTM C 1324.
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Thermal Analysis

Vangi S. Ramachandran

1.0 INTRODUCTION

An understanding of the complex physicochemical phenomena asso-
ciated with the formation and behavior of cementitious compounds is
facilitated through the application of many different types of investigative
techniques. Techniques such as NMR, XRD, neutron activation analysis,
atomic absorption spectroscopy, IR/UV spectroscopy, electron microscopy,
surface area techniques, pore characterization, zeta potential, viscometry,
thermal analysis, etc., have been used with some success. Of the thermal
analysis techniques, the Differential Thermal Analysis (DTA) and to some
extent, Thermogravimetric Analysis (TG) methods are more popularly used
than others. They are more adaptable, easier to use, and yield important
results in a short span of time. In this chapter the application of DTA will be
highlighted and some work reported utilizing TG, conduction calorimetry, and
other related methods will also be mentioned, with typical examples.

A substance subjected to thermal treatment may undergo physical or
chemical changes as in dimension, magnetic susceptibility, weight, crystal-
line transition, mechanical property, acoustic property, heat effects, etc. In
thermal analysis, these changes are followed as a function of temperature.
It has been suggested that thermal analysis should also be extended to allow
for rapid heating of the sample to some temperature followed by a measurement
of the property with time under an isothermal condition.[1] In the quasi-static
thermal analysis method, a substance is heated at known intervals of
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temperature for a few hours and a particular property is measured. In the
dynamic method, such as DTA or TG, the property of a material is followed
by continuous heating at a uniform rate.

In DTA the difference in temperature, ∆T, between the sample and
a reference material such as αAl2O3 is recorded while both are subjected
to the same heating program.  In an endothermal reaction such as the
decomposition of calcite or melting of a material, the temperature of the
sample, Ts, will lag behind the temperature of the reference, Tr. The
output,  ∆T = Ts -Tr  is recorded as a function of Tr. Figure 1 shows the blocks
containing the specimen, the inert material, and how the thermocouples are
connected. Thermocouples are so connected as to obtain both the temperature
Tr of the inert material and the differential temperature ∆T, which is actually
the difference in temperature between the sample and the inert material.

Generally, the temperature (x-axis) is plotted against the ∆T on the y-
axis.  The exothermal effects are shown upward and the endothermal
effects downward with respect to the base line. In the DTA literature,
thermal effects are reported in terms of the characteristic temperature, peak
temperature, temperature range of the peak, peak width, peak amplitude or
height, and peak area. By determining the nature of the peak (endothermic
or exothermic), the temperature of the characteristic peak, and other general
characteristics, it is possible to utilize DTA for both qualitative and quanti-
tative purposes. By heating the binary or ternary mixtures in the DTA
apparatus, the sequence of reactions during heating may also be followed.
Many factors, such as the type and size of sample holder, furnace,
thermocouple, rate of heating, sensitivity of the recording system, degree of
dryness of the sample, the amount of sample, particle size and crystallinity,
packing density, thermal conductivity, and shrinkage or swelling of the
sample, will affect the results. The usefulness of DTA is further enhanced
with the development of multipurpose types of equipment which incorporate
one or more types of adjunct techniques to DTA. Examples are: DTA-
Effluent Gas Analyzer, DTA-Mass Spectrometer, DTA-DTG-TG, DTA-
TG-Radioactive Emission, DTA-TG-Dilatometer, DTA-XRD, etc.

 Differential Scanning Calorimetry (DSC) has also been used in
cement science investigations to some extent. It is based on a power
compensated system. In this technique, the reference and the sample under
investigation are maintained at a constant temperature throughout the
heating schedule. The heat energy required to maintain the isothermal
condition is recorded as a function of time or temperature. There are some
similarities between DTA and DSC, including the appearance of thermal
curves.  DSC can be used to measure the heat capacities of materials. DSC
measures directly the heat effects involved in a reaction.
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Figure 1. The specimen holder and connections in DTA.

(a)

(b)
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In Thermogravimetric Analysis (TG) the weight changes are deter-
mined as the sample is heated at a uniform rate. It differs from the semi-
static or static method in which the sample is held at a constant temperature
for a required period of time. In concrete investigations, TG is commonly
used with DTA to follow the hydration reactions. The first derivative of
change of mass (DTG) can also be used for identification purposes as it
yields sharp peaks. TG cannot detect crystalline transitions as they do not
involve weight losses.

Conduction calorimetry is another technique that is extensively used
for following the hydration reactions of cement and cement compounds. In
this method, heat evolved during the hydration reactions is followed as a
function of time from the moment water comes into contact with the cement.
The curves are obtained under isothermal conditions. This technique can
also be used to study the rate of hydration at different temperatures.
Conduction calorimetry has been used to determine kinetics of hydration and
for studying the role of admixtures, relative setting times of cement, and for
identification purposes.

A few other thermal techniques, such as thermochemical analysis,
dilatometry, emanation analysis, etc., are only used to a limited extent in
concrete investigations.

2.0 CEMENT CLINKER

The raw mix for the production of cement clinker comprises calcar-
eous and siliceous materials. The siliceous clay raw material may contain
one or more types of clay minerals. The clay mineral kaolinite, containing
mainly alumina and silica, is a desirable material for the production of  white
cement. The montmorillonitic clay may be used provided it satisfies the
chemical requirements. Illitic clays are suitable if they do not have excessive
amounts of alkalis. Nontronitic clays are not suitable because they contain
excessive amounts of iron. DTA can be applied to identify and estimate
various types of clays and calcareous minerals (Fig. 2). These minerals can
be differentiated by determining the temperature at which the endothermic
and exothermic peaks occur. For example, kaolinites exhibit an endothermic
peak at 550°–600°C due to the dehydration effect, followed by an exother-
mic peak at about 980°C associated with the formation of γAl2O3 or
nucleation of mullite. Illites exhibit endothermal effects at 100–200°C,
500–650°C, and at about 900°C, and an exothermic peak immediately
following the third endothermal peak. The first endothermal peak corre-
sponds to the loss of interlayer, the second and the third to expulsion of water
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from the lattice and destruction of illite lattice, respectively. The exothermic
peak is probably associated with the formation of a spinel. Illite differs from
kaolinite in showing additional endothermal peaks at 100°–200° and 900°C.

Figure 2. DTA of some raw materials for the manufacure of cement clinker.

DTA has been used to study the mechanism of the clinkering reaction
and to establish the burnability of the raw mix. High temperature DTA is a
useful tool for comparing the burnability of different raw materials. Figure
3 shows a typical DTA curve of an industrial raw meal.[2]

Figure 3. Typical DTA curve of an industrial portland cement raw mix.



132 Analytical Techniques in Concrete Science and Technology

Four thermal peaks are evident in the curve. The first endothermal
effect below 900°C can be attributed to the decarbonation of calcium
carbonate. A small exothermal peak following this endothermal effect is
ascribed to the formation of C2S. The formation of aluminate and calcium
aluminate ferrite phases is indicated by small heat effects and the liquid
formation is indicated by a high temperature endothermal effect. The
position and the intensity of the peaks are good indicators of the burnablity
of the raw materials. By applying the thermodilatometry, the temperature of
liquid formation and its quantity can be determined. The following clinkerization
processes may be delineated through the application of DTA/TG: (a)
calcination kinetics of raw mixes by calculation of rate constants and
activation energies; (b) quantification of the raw materials in the mix: (c)
determination of the practical heat of clinker formation; and (d) prediction
of material temperature profile in a dolomite kiln.[3]

In the production of sulfo-aluminate cement from raw materials such
as limestone, bauxite, and anhydrite, DTA has been used to monitor the
reactions that take place when these mixes are heated to a temperature of
1025°C. By applying DTA and XRD it was found that the dehydration and
decomposition of bauxite occurs at 530°C. At about 900°C, calcium
carbonate is decomposed to CaO and it reacts with αSiO2 to form C2AS. At
a higher temperature, C2AS reacts with CaSO4 to form calcium sulfo-
aluminate and αC2S4. Thermal analysis has also been applied to investigate
the reactions occurring in the formation of a clinker from calcium carbonate
mixed with CMS2, C3AS3, and NAS6

5.
There has been a continued interest in producing cement clinker at

lower temperatures than what has been the normal practice. A study of
binary and ternary systems containing limestone, alkaline basalt, and fluorite
has been conducted to investigate the possibility of obtaining belite and alite
at lower temperatures.[6] The reaction was followed by DTA, DTG, and
TG. Several endothermal and exothermal peaks were obtained. Decarbon-
ation occurred at about 650°C, a peak at 1145°C was linked to the formation
of C12A7 and gehlenite, and the peak at 1170°C was attributed to the
formation of belite, and that at 1235°C to the formation of alite.

Fluxes are compounds that are added to the raw mix to promote
formation of certain products at lower temperatures. The effect of different
amounts of a mineralizer fluorspar (CaF2) on the temperature of formation
of silicates in the manufacture of white cement has been investigated
utilizing DTA and XRD. Increasing the amount of fluorspar reduced the
temperature of formation of the melt and cement mineral formation. For



Thermal Analysis 133

example, the C3S exotherm occurring at 1206°C was decreased to 1150°C
by the addition of 0.25% fluorspar.[7]

Extensive work has been carried out on the utilization of waste and by-
products in concrete industry. The utilization of cement kiln dust is an
example of a waste material that is also a large source of pollution at the
cement plant. In an investigation, a mix of kiln dust and kaolin were fired up
to 1250°C and the resulting phases were studied by DTA and XRD.[8]

Several peaks (two exothermal and five endothermal) were obtained in
DTA. The DTA examination revealed that the dust consists of dolomitic
limestones with some alkalis and quartz. At 1000°C, βC2S formed as the
main phase with some C12A7 and C4AF and at 1100°C spurrite decompo-
sition occurred. At 1250°C gehlenite was formed. This study was useful in
assessing the temperature to which the dust should be calcined so that the
resultant product could be utilized for making porcelain.

Although most cement clinkers are manufactured utilizing the rotary
kilns, in some countries vertical kilns have been used. In addition to the
mechanism of clinkering, the heating and cooling schedules in these two
types of kilns are different. A study was undertaken to determine the
difference in reactivities of the clinkers produced by these two methods by
applying the DTA technique.[9] By conducting DTA of clinkers hydrated for
various periods, it was concluded that the rate of hydration, as determined
from the peak intensities of Ca(OH)2, was lower for clinkers made in the
rotary kiln.

Portland cement clinker takes up sulfate from the raw materials and
fuel to form solid solutions. The setting properties of the cement are affected
by the amount of substitution and the type of sulfate that reacts with the
clinker minerals. Koo, et al.,[10] prepared clinkers containing 1–6% SO3  by
using sulfates such as ammonium sulfate, potassium sulfate, calcium sulfate,
and sodium sulfate. The resultant clinkers were subjected to hydration
studies involving conduction calorimetry and DTA. The hydration of alite
was accelerated in substituted clinkers made with calcium and ammonium
sulfates, but the hydration of the aluminate phase was unaffected. Potassium
sulfate addition increased the rate of hydration of alite, but decreased the
rate of hydration of the aluminate.

3.0 SYNTHESIS OF CEMENT PHASES

DTA of binary, ternary, and quarternary systems of relevance to
clinkers has been examined. Mixtures containing various proportions of
oxides such as calcium oxide, aluminum oxide, ferric oxide, and silica, are
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heated to high temperatures in the DTA apparatus and the endothermal and
exothermal effects that develop are analyzed.  In the heating of kaolin-lime
mixtures, gehlenite (C2AS) and a small amount of βC2S were detected at
900°C. At 1050oC, formation of C12A7 was reported. At the temperatures
of 1100°C and 1400°C, C3A and C3S were formed, respectively.[11] In the
thermograms of Ca(OH)2-SiO2 mixtures, several endothermal and exother-
mal effects result and that can be attributed to the formation of βC2S, γ C2S,
Ca(OH)2, etc.

DTA has been applied to investigate the efficiency of silicate
materials to form C3S when they are heated with CaO. In Fig. 4, thermo-
grams of mixtures of CaO and siliceous materials such as silica gel, quartz,
silica glass, αCS or βCS (synthetic glass), C3S2 and γC2S are given.[12] The
weak endotherms at about 1175K and 1225K may be attributed to C3S
transition.  The endothermal inflection at about 1700K corresponds to the α’
to αC2S transition. By determining the peak intensities of the endothermal
effects due to C3S transitions, it is possible to assess the relative amounts of
C3S formed in various mixes. The results show that the largest amount of
C3S is formed in the mixture γC2S+CaO and the lowest in the silica gel+CaO
mixture.

Figure 4. DTA curves of CaO heated with various siliceous materials.
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Another application of DTA is the assessment of the influence of
mineralizers such as ZnO, CuO and MnO2 on the formation of alite from a
mixture of calcium carbonate and a silica-bearing material such as the rice
husk ash.[13] Lithium carbonate is used to lower the decomposition tempera-
ture of calcium carbonate in the reaction of CaCO3 with quartz. DTA-DTG
of mixtures of CaCO3 and quartz containing different amounts of lithium
carbonate (equivalent to 0.1–5% Li2O) was examined up to a temperature
of 1450°C.[14] The decomposition temperature of calcium carbonate was
lowered as the amount of lithium carbonate was increased. The CaO formed
from the decomposition of the carbonate combined with SiO2 to form C2S.
At 1% Li2O, βC2S formed, even at a temperature of 750°C, but the reaction
was completed only at 1350°C. At an additional level of 5%, the final reaction
temperature decreased to 1250oC. In terms of the decomposition of CaCO3,
at Li2CO3 contents of 0.5, 1, and 5%, approximately 2, 6, and 80% CaCO3

decomposed at about 600°C.
In the system CaCO3-Al2O3, exothermal effects due to the formation

of CA and C12A7 have been detected. In the system containing CaO and
Fe2O3, independent of the proportion of CaO and Fe2O3, CF forms at about
950°C. Melting occurs at 1150°C, which is reflected as an endothermal
effect. An endothermal effect at 1300°C signifies incongruent melting of the
mix. Some work has also been carried out by Barta on the ternary system
containing calcium oxide-aluminum oxide-ferric oxide mixtures (Fig. 5).[11]

Formation of C4AF with an exothermal peak around 980°–1000°C and of
C2F with an endothermal peak at 1160°C is evident. At higher temperatures,
C12A7 is formed.

Figure 5. Thermograms of ternary mixture containing CaO, Al2O3, and Fe2O3.
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4.0 POLYMORPHISM IN SILICATES

Tricalcium silicate exists in several polymorphic forms. It can be
triclinic, monoclinic, or trigonal. The stability of polymorphs and their
transitions are temperature dependent and not easy to determine because
many forms have small transition enthalpies. The triclinic form, TI, can be
stabilized with chromium oxide, the triclinic form, TII, by ferric oxide, the
monoclinic form, MI, by MgO and monoclinic, MII, form by zinc oxide.[15] The
monoclinic form is present in commercial clinkers and only rarely has the
rhombohedral form been detected.

The earliest studies on the thermograms of tricalcium silicate prepa-
ration and alites were carried out by Jeffery.[11][11a] Figure 6 compares the
DTA curves of alite and a synthetically prepared tricalcium silicate. The C3S
preparation exhibits as many as six endotherms at 464, 622, 750, 923, 980,
and 1465°C. The peak at 464°C is caused by the calcium hydroxide formed
from the hydration of free lime present in the preparation. Dicalcium silicate,
present as an impurity, exhibits three peaks at 622, 750, and 1465°C. The
peaks at 923°C and 980°C are attributed to triclinic-to-monoclinic, and
monoclinic-to-trigonal, or triclinic-to-trigonal and trigonal-to-trigonal transi-
tion plus rotation of ions, respectively. The thermogram of alite differs from
that of the synthetic silicate by having only two endotherms at 825 and
1427°C. The effect at 825°C is ascribed to monoclinic to trigonal transition
and corresponds to a similar effect in synthesized tricalcium silicate. This
effect occurs at a lower temperature owing to the solid solution effect. In the
cooling cycle, the endothermal effects show up as exothermal effects,
indicating reversibility. More recently other investigations have been carried
out on calcium silicates by applying different techniques and the tempera-
tures of transitions may be at some variance from other published data. The
variation in such effects is expected because the behavior of the silicate
depends on the type of stabilizer used.

Figure 6. Thermograms of alite and synthesized tricalcium silicate.
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Several polymorphic forms of dicalcium silicate are reported.  Except
γC2S, all other forms are stable at high temperature. Basically the forms are
α, α´, β, and γ, and typically, compounds such as calcium phosphate,
strontium oxide, boron oxide, and alkalis are capable of stabilizing them,
respectively. Thermal behavior of dicalcium silicate has been studied both
during heating and cooling cycles[11][11b](Fig. 7). Curve A  shows the thermo-
gram of γC2S. The endothermal hump between 780 and 830oC  indicates a
sluggish transition of γ to α´ C2S. At 1447°C the sharp endothermal effect
can be correlated with the conversion of α´ to α  C2S. The thermal effects
are reversible, as indicated by the cooling curve, B. The exothermic peak at
1425°C indicates conversion of α to α´ form and that at 670°C is due to α´
to β transition. In addition, there is an irregular exothermal dent starting at
525°C for the β to γ  inversion and this effect is accompanied by a sudden
increase in volume of the mass. Curve C shows the behavior of βC2S
stabilized by CaO. The endotherms at 705° and 1447°C are, respectively,
due to β to α´ and α´ to α transitions. The transition data of different forms
of C2S reported in the literature show some variation.

Not much work has been carried out on the thermal behavior of
polymorphic forms of other phases in cement utilizing thermal techniques.

Figure 7. Inversions in dicalcium silicate.
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5.0 HYDRATION OF CALCIUM SILICATES

A knowledge of the hydration of individual cement compounds and
their mixtures forms a basis of interpreting the complex reactions that occur
when portland cement is hydrated under various conditions. Tricalcium
silicate and dicalcium silicate together make up 75–80% of portland cement.
In the presence of water the reaction products are calcium silicate hydrate
(endothermal effects below 200°C) and calcium hydroxide, with an endot-
hermal effect in the range 450–550°C. Some calcium carbonate may also
be detected in the range 750–900°C by an endotherm. Under normal
conditions of hydration it is difficult to prevent some carbonation of lime that
is formed. At higher temperatures, some peaks may occur due to crystalline
transformations. The calcium silicate hydrate is poorly crystallized and gives
only weak diffusion lines in XRD. During the course of hydration, the degree
of hydration may be estimated by determining the amount of lime formed, or
non-evaporable water content, or by the amount of tricalcium silicate that
has reacted. Several types of methods have been adopted to determine the
degree of hydration, but each has its limitations. Thermal analysis techniques
such as DTA, DSC, TG, and conduction calorimetry are found to be
convenient, fast, and accurate, and yield results that are not easily obtainable
by some other methods. Thermal techniques have been used to study
kinetics of hydration, mechanism of hydration, the influence of admixtures,
identification of new compounds formed, estimation of products, etc.

Conduction calorimetry of C3S and cement shows five steps during
the hydration process (Fig. 8). In the first stage, as soon as C3S or cement
comes into contact with water Ca and OH ions are released into the solution
phase. This is followed by a rapid release of heat that ceases within 10–12
mins. This is called a preinduction period. In the second stage, the reaction
rate is slow and it is known as the dormant or induction period. This may
be extended or shortened by a few hours by the use of admixtures. In the
third stage, the reaction proceeds rapidly and accelerates with time,
releasing a maximum amount of heat at the end of the acceleratory period.
At this stage, a rapid crystallization of CH and C-S-H occurs. In the fourth
stage, there is a slow deceleration. At the final stage there is only limited
formation of products and, at this stage, the reaction is diffusion-controlled.
Conduction calorimetry permits determination of the rate of hydration as a
function, temperature, water:cement ratio, type of admixture, particle size,
pH, etc.
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Admixtures are added in small amounts to concrete to derive various
beneficial effects. When assessing a number of potential chemicals as
admixtures, it is convenient to apply thermal techniques to investigate the
effect of various concentrations of admixtures and other parameters on the
hydration of silicates and cement. In an example, the relative effects of
various chemicals on the hydration of tricalcium silicate phase were studied
by conduction calorimetry (Fig. 9).[16] The organic compounds, such as para,
meta, and ortho nitrobenzoic acids affect the hydration of C3S differently.
The reference C3S containing no additive (curve a) indicates a peak effect
at about 7½ hrs. By the addition of acids, the peak occurs either earlier or
later, depending on whether the hydration is accelerated or retarded. Of the
additives p-nitrobenzoic acid (curve e)behaves as the best accelerator
because not only does the peak occur earlier, but also its intensity is greater
than that produced by the reference material.

Figure 8. Conduction calorimetric curves of hydrating tricalcium silicate and cement.



140 Analytical Techniques in Concrete Science and Technology

One of the methods of following the degree of hydration as a function
of time is by the determination of the calcium hydroxide content. Figure 10
compares the relative amounts of calcium hydroxide formed at different
times of hydration, using DTA and chemical methods. Although the general
trend of the curves is similar, the values derived from the chemical analysis
are somewhat higher than those from the thermal method. This may be due
to attack of the C-S-H phase by the solvents used in the extraction of lime
that is adopted in the chemical method.[17]

Figure 9. Conduction calorimetric curves of tricalcium silicate hydated in the presence of
nitrobenzoic acids.

Figure 10. Amounts of Ca(OH)2 formed in the hydration of C3S.
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DTA is a convenient method to follow the hydration of C3S as a
function of time. In Fig. 11, the onset of hydration is evident from the small
endothermal effect below 200°C.[18] This effect is caused by the removal of
loosely bound water as well as firmly held water from the C-S-H gel. The
increase in the intensity of this effect with time is indicative of increased
formation of the C-S-H product with time. A very small endothermal effect
at about 480°C appears within a few minutes, becomes more evident at 1 hr
and is attributed to the dehydration of Ca(OH)2. In the first eight hours, the
amount of Ca(OH)2 produced is about 25% of that formed in 30 days.

Figure 11. DTA curves of 3CaO·SiO2 hydrated in water.
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A direct method of determining the degree of hydration of C3S is to
estimate its amount during the progress of hydration. Ramachandran[19] has
provided a method to estimate tricalcium silicate using the DTA method.  In
this method, tricalcium silicate is heated to a temperature of 1000°C, cooled
to 800°C, and reheated. This permits determining the intensity of the
reversible transition of C3S occurring at 915°C and this represents the
amount of C3S present in an unhydrated form. Applying this method,
Mascolo and Ramachandran[20] compared the strength development in C3S,
containing Al, Mg, or Fe substitutes at different degrees of hydration (Fig.
12).  At the same degree of hydration Fe-alite shows the greatest strength.

Figure 12. Kinetics of hydration of alites.

In the determination of the constitutional water associated with the
C-S-H phase, it is important to differentiate the unreacted water from that
which is bound by the gel. Feldman and Ramachandran[21] carried out
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TG/DTA of a bottle-hydrated C3S that was conditioned at several humidities
for lengthy periods, starting from the D-dry, 100%RH, and 11%RH. It was
determined that the stoichiometry of the bottle-hydrated C-S-H gel at
11%RH (approached from 100%RH) is 3.28CaO•2SiO2•3.92H2O.

The DTA technique is convenient for studying the effect of admix-
tures on the hydration of C3S. This can be illustrated by comparing Figs. 11
and 13.[18] Figure 11 pertains to the DTA curves of the reference silicate and
Fig. 13 to the silicate containing 1% CaCl2. In the presence of chloride, the
thermograms show significant differences. The endothermal peaks below
200°C in the presence of chloride are much larger than those obtained in the
hydration of C3S without any addition (Fig. 11). An endotherm appearing at
550°C up to 2 hrs in the presence of the chloride is absent in the reference
material. There is also evidence that the endothermal effect due to Ca(OH)2

is more intense in samples containing calcium chloride than without it. The
onset of an intense exothermal effect at 690°C is always followed by a large
endothermal dip at about 800–840°C. There is suggestion that it may be
related to the chemisorbed chloride on the C-S-H phase and by presence of
the chloride ions in the interlayer positions. The detailed mechanism is not
clear. Many other studies have been reported on the application of DTA to
cement-admixture systems, including two reviews.[22][23]

The DTG method can also be applied with success to estimate calcium
hydroxide in a hydrated silicate system as the dehydration of calcium
hydroxide is attended by a loss of water. DTG technique is also well suited
to study the influence of admixtures on the hydration of cement components.
Lignosulfonates are good retarders for the hydration of silicates. The
lignosulfonates invariably contain some sugars. Since sugars are good
retarders, it is proposed that the main retardation action of lignosulfonates is
caused by the sugars contained in them. In Fig. 14, the DTG of C3S hydrated
with and without sugar-free lignosulfonate (NLS) is given. The curves show
that the sugar-free lignosulfonate almost completely stops hydration up to 14
days, whereas the sample without the admixture exhibits endothermal
effects caused by normal hydration.[25][25a] Ramachandran[24] applied the
DTA technique and found that the sugar-free lignosulfonate is an efficient
retarder.

Some work has been carried out using DTA/TG for identifying the
admixtures directly. Khorami and Aitcin[26] have used these techniques to
classify superplasticizers. They could successfully differentiate six indus-
trial superplasticizers because the thermal stability and behavior of these
superplasticizers showed differences.
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A combination of DTA and TG has been used to determine the CaO/
SiO2  ratio of the C-S-H product obtained in the hydration of tricalcium silicate
in the presence of calcium carbonate.[27] TG was used to determine the
ignited weight and percentage of Ca(OH)2 formed at different periods of
hydration. DTA estimated the amount of unhydrated C3S remaining in the
sample. The CaO/SiO2 ratio was obtained by the applying the equation:
3–3.081 m3/m2-m4, where m2 is the ignited weight, m3 is the percent
calcium hydroxide, and m4 is the percent unhydrated C3S. The C/S ratios are
shown as a function of time in Fig. 15. The ratio increases more significantly
between 1 and 3 days than at later periods. There is evidence that the
paste containing calcium carbonate has a slightly higher C/S ratio than
that without it.

Figure 13. Hydration of 3CaO·SiO2 in the presence of 1% calcium chloride.
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Figure 14. DTG curves for anhydrous and hydrated C3S with and without 0.3% sugar-free
sodium lignosulfonate.

Figure 15. CaO/SiO2 ratios of C-S-H formed during the hydration of C3S.

The DTA/TG may also be used to derive kinetic parameters during the
hydration processes. Chen and Dollimore[28] for example, found that the
activation energy value of CH formation during the hydration of C3S was
increased by the addition of Ca(NO3)2. Calcium nitrite is known to be an
accelerator for the hydration of silicates.



146 Analytical Techniques in Concrete Science and Technology

A mature hydrated silicate paste contains both the C-S-H and CH
phases. Any characterization study of the C-S-H phase is not easy because
of the possible interference due to the presence of calcium hydroxide. A
procedure has been developed by Ramachandran and Polomark for extract-
ing calcium hydroxide from the C3S paste without affecting the C-S-H
phase.[29] It involves exposing a thin disc of the paste to an aqueous solution
of calcium hydroxide in such a way that the concentration of the solution
remains in the range 9–12 m· mol CaO/dm-3 throughout the extraction period.
Calcium hydroxide remaining in the solid is monitored by DSC and further
extraction is stopped when the amount of free lime remaining in the solid is
almost nil.

Thermal analysis data on dicalcium silicate is sparse because it is time-
consuming to follow the reaction of this phase, which is very slow. The
characteristic products obtained during its hydration are not much different
from those formed in C3S hydration. Also, the major strength development
that occurs in cement in the first 28 days (a period of practical significance)
is mainly due to the tricalcium silicate phase. In Fig. 16, the influence of
triethanolamine on the hydration of C2S is given. In the absence of the
admixture, even at 1 day the development of calcium hydroxide is evident by
an endothermal peak just below 500°C. At any stage of hydration, the
intensity of the endothermal peak is much lower in samples containing the
amine, indicating a retardation effect.  Thermograms also reveal a second-
ary endothermic effect in samples containing the amine. This indicates the
possibility of formation of a microcrystalline or amorphous form of calcium
hydroxide in samples with the amine.[22]

6.0 HYDRATION OF C3A AND C4AF

The aluminate phases, although present in small amounts, exert a
significant effect on the setting and early strength development in cement
pastes. In the hydration of tricalcium aluminate, the initial formation of
hexagonal phases is identifiable by the endothermal effects at 150–200°C
and 200–280°C. These are converted to a cubic phase of formula C3AH6.
The cubic phase shows characteristic endothermal effects at 300–350°C
and 450–500°C. Addition of admixtures influences the rate of formation of
these phases and their interconversion. For example, in the presence of
lignosulfonate, retardation of hydration as well as retardation of the
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conversion of the hexagonal phases to the cubic results. The hexagonal
phases may be stabilized at least up to 14 days with lignosulfonate, whereas
in that hydrated without the admixture, the cubic form appears even at 6
hours (a peak in the thermogram at 300°C) (Fig. 17).[22]

The alkali in the clinker is combined as a solid solution with the C3A
phase. The crystalline structure changes from cubic to orthorhombic or
monoclinic structure, depending on the content of Na in the C3A phase. Shin
and Han[29a] studied the effect of different forms of tricalcium aluminate on
the hydration of tricalcium silicate by applying DTA, TG, and conduction
calorimetry. It was concluded that the hydration of tricalcium silicate is
accelerated when orthorhombic, monoclinic, or melt C3A was present in the
mixture. The cubic form of tricalcium aluminate was least effective for
accelerating the hydration of the silicate phase.

Figure 16. Thermograms of C2S hydrated in the presence of triethanolamine.
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Figure 17. Influence of calcium lignosulfonate on the hydration of C3A.

Many cements contain finely divided calcium carbonate as an additive
and it is important to know its influence on the hydration of cement
components. DTA and DTG have been applied to investigate the reactions
occurring between C3A and calcium carbonate.[30] In Fig.18, DTG of the
products formed in C3A samples hydrated with 12.5% calcium carbonate is
shown. At 10 minutes, two peaks below 300°C signify the formation of
carboaluminate.  The hump at about 700–750°C and another at about
850–900°C are caused by the decomposition of calcium carbonate and
calcium carboaluminate, respectively. As the length of hydration increases,
cubic aluminate hydrate seems to form at 7 hours and 2 days with a peak
effect at about 300–315°C. The combined CaCO3 in the carboaluminates is
indicated by the peak areas at 850–900°C. Calculations show that the
combined carbonate amounts are 1.5, 6.0, and 8.2%, respectively, at 10
minutes, 7 hours, and 2 days.
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Figure 18. Differential thermogravimetric curves of tricalcium aluminate hydrated in the
presence of 12.5% calcium carbonate.

When a mixture of C3A and gypsum is hydrated, peaks occur due
to the formation of ettringite and monosulfo-aluminate hydrate. Ettringite
gives an endothermal peak in the vicinity of 100–150oC. The peak
temperature, however, varies depending on the drying and heating
conditions of the mixture. The effect of triethanolamine admixture on the
hydration process of C3A + gypsum mixture as illustrated in Fig. 19.[31]

At 5 minutes, a larger amount of gypsum has disappeared from the sample
containing triethanolamine. Comparison of the curves with and without
gypsum indicates differences. Ettringite peak is more intense between 5 and
10 minutes in the triethanolamine treated samples. In the untreated sample,
it occurs between 10 and 30 minutes. In other words, ettringite formation is
accelerated by the amine. These results have been confirmed by applying
conduction calorimetry.

In the hydration of C4AF, similar thermal peaks to those of C3A are
indicated, but the rate of reaction of the ferrite phase is slower. Hexagonal
and the cubic phases formed from the hydration of the ferrite phase contain
Fe. Ramachandran and Beaudoin,[32] used DSC to investigate the amounts
of the reaction products formed when C4AF was hydrated with different
amounts of gypsum (Fig. 20). Gypsum was estimated by the endothermal
effect at 150–200°C, ettringite by the endothermal effect at 110–125°C, and
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the low sulfo-aluminate by the endothermal effect at 200–210°C. Figure 20
indicates that most of the gypsum has reacted within about 2 days. Its
disappearance gives rise to the formation of ettringite and low sulfo-aluminate
(Fig. 20). All samples in general have decreased amounts of ettringite after
3–7 hours. This decrease was found to result in the formation of increased
amounts of the low sulfo-aluminate hydrate form.

Figure 19. DTA curves of the hydration of C3A + 25% gypsum in the presence of
triethanolamine.
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7.0 HYDRATION OF CEMENT

In the hydration of Portland cement, several products can be detected
by applying DTA and TG techniques. Unreacted gypsum may be identified
by endothermal peaks in the temperature range 140–170°C, the C-S-H gel

Figure 20. Relative amounts of gypsum and ettringite present in the system C4AF-
CaSO4·2H2O.
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at temperatures below 150°C, ettringite at temperatures 120–130°C, cal-
cium hydroxide by an endotherm in the range 450–550°C, and calcium
carbonate at 750–850°C. It has to be recognized there are interference
effects at low temperatures, depending on the drying procedures and the
state of the material. In some instances, a small additional endotherm
appears before the onset of the calcium hydroxide endotherm and this is
attributed to the dehydration effect of the chemisorbed water on lime or to
the finely divided form of lime. The amount of lime formed may be estimated
by determining the endothermal area of the lime peak or weight loss.[33] The
amount of lime is nearly proportional the degree of hydration of cement.

The sequence of hydration products formed in the hydration of
cement at different periods has been followed by DTA (Fig. 21).[11][34]

The endothermal effects at 140 and 170°C characterize gypsum and the
endothermal peaks below 500°C and 800°C are due, respectively, to the
decomposition of Ca(OH)2 and CaCO3. Within 5 minutes, an endothermic
effect at 130°C is caused by the dehydration of ettringite. Gypsum is partly
consumed at this period as evident from the reduced intensity of the peaks
at 140°C and 170°C. At 1 hour, there is an increase in the intensity of the
ettringite peak at the expense of the gypsum peak. The onset of an
endotherm at about 500°C after 4 hours of hydration is due to the Ca(OH)2

formed from the hydration of the C3S phase. A small endotherm registered
below 500°C may be due to the chemisorbed water on free lime or to the
finely divided Ca(OH)2. The endothermal effect at 800°C is caused by the
decomposition of calcium carbonate.

The rate of hydration of cements can be determined through the heat
development characteristics using a conduction calorimeter. In Fig. 8, the
heat effect in the first few minutes is attributable to the heat of wetting and
ettringite formation. Within a few hours another strong exotherm appears
due to the hydration of C3S.  In some cases, depending on the composition
of the cement, an additional peak is observed after the C3S peak. This is
related to the reaction of C3A to form the low sulfo-aluminate hydrate.

The isothermal conduction calorimetry offers a method to follow the
rate of hydration of cement at different temperatures of curing. Calorimetric
curves of cement hydrated at 25, 30, 40, 50, and 60°C have been analyzed.[35]

It was found that as the temperature increased the C3S hydration peak
appeared at earlier times. The shape of the curves also underwent changes.
The apparent activation energy of hydration could be calculated.

In cement pastes the calcium silicate hydrate phase contains adsorbed
as well as interlayer water. In order to differentiate and estimate these two
types of water, Feldman and Ramachandran[36] carried out DTA/TG of
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cement pastes under controlled humidity conditions. Two endothermal
peaks emerged in samples exposed to different humidities, one due to the
adsorbed water at 90–110°C and the other, at 120–150°C, caused by the
interlayer water.

Figure 21. DTA of cement hydrated at different peaks.

The mechanism of setting of cement pastes is of considerable interest.
It is generally thought the ettringite formation is a prerequisite for the setting
of the paste. Some studies have suggested that some hydration of C3S should
take place before setting can occur. The evidence is based on the existence
of an endothermal peak due to the dehydration of calcium hydroxide present
at the time of setting. This was observed for several cement pastes
containing various types of admixtures.[37]

The techniques of DTA, DSC, conduction calorimetry, and TG, are
increasingly applied to evaluate the role of concrete admixtures in cement
hydration. Studies have included determination of kinetics of hydration,
identification of compounds, relative effects of newly developed admixtures,
estimation of products, mechanism of the effect of admixtures, crystallinity
of compounds, etc.
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Table 1. Minimum Concentration of Various Retarders (%) Required to
Achieve Desired Induction Period

Induction Period (Hrs.)
Retarding Agent 10 20 30 40

Ca Gluconate 0.10 0.12 0.13 0.14
Glucose <0.10 0.15 0.23 >0.30
Glycolic Acid <0.50 0.55 0.64 0.79
Na Borate 0.51 0.63 >0.70 <1.00
Na Citrate 0.21 0.32 0.39 <0.50
Ne Heptonate <0.10 0.12 0.14 ~0.15
Sucrose 0.04 0.06 0.07 >0.075
Na Pyrophosphate <0.20 0.38 1.00 >1.20

The conduction calorimeter is capable of following the hydration of six
cement samples simultaneously. Ramachandran and Lowery[38] followed
the effect of eleven retarders on the induction periods during cement
hydration. Several dosages of retarders were included in the study. Some
typical results are summarized in Table 1. The results indicate the minimum
concentration of a retarder that is needed to achieve different induction
periods. The most efficient retarders were found to be Ca gluconate, Na
heptonate, and sucrose, which need about 0.15% or less to extend the
induction period to 40 hours. The least effective retarders that require more
than 0.5% for an induction period of 40 hours are sugar-free lignosulfonate,
Na pyrophosphate, Na hexametaphosphate, Na borate, and glycolic acid.

Superplasticizers influence the rate of hydration of cement and the
relative effect depends on the type of cement. In Type I cement, the
exothermal peak occurring at about 5.5 hours in the reference sample is
progressively decreased in intensity as the dosage of sulfonated melamine
formaldehyde superplasticizer (SMF) is increased from 0 to 2%. At a 4%
level, the rate of heat development at 5 hours for the sample containing the
admixture is 25% of what is observed for the reference, indicating a
retardation effect.  Superplasticizers retard the hydration of Type V cement
even more efficiently. The conduction calorimetric curves of Type I and
Type V cement hydrated in the presence of 0.6% superplasticizer are shown
in Fig. 22.[25] A more efficient retardation occurs with Type V cement, as
can be judged by comparing the differences in the time of appearance of
peaks between the reference and that containing the superplasticizer.
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Figure 22. Conduction calorimetric curves for cements containing an SMF superplasticizer.

The relative effects of admixtures on the hydration of cements can be
obtained by estimating lime through the application of DTA or TG. In
conduction calorimetry the total heat generated at different times forms the
basis for comparison of the degree of hydration. The relative acceleration
effects of Ca chloride, Ca nitrite, and Ca formate, can be compared on the
basis of heat evolution (Fig. 23).[25] The results show that calcium chloride
is the best accelerator of the three admixtures studied.

Many of the mechanisms involving accelerators, water reducers,
retarders, and superplasticizers, are related to surface chemical interactions
occurring between the hydrating cement and the admixtures. Thermal
methods have been applied with success to study these interactions.[39]
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Figure 23. Effect of some accelerators on the hydration of type V cement.

In cold weather concreting, the rate of hydration of cement is very
slow. Attempts have been made to develop the so-called “antifreezing
admixtures” in which an accelerator and a freezing point depressant are
used. Thiocyanates are potential accelerators that may be used in these
formulations. A systematic work has been carried out to determine the
effect of various thiocyanates such as Na, K, NH4, Ca, and Li thiocyanates,
at dosages of 1.5 and 3%, on the hydration of cement cured at 20, 0, and -5°C.
Both conduction calorimetry and TG techniques were used.[40] All the
thiocyanates increased the rate of hydration of cement at all temperatures.
The most efficient early acceleration as well as strength development occurs
with 3% Ca thiocyanate. A linear relationship exists between the amount of
lime formed and strength, within a range of values (Fig. 24). The lines for the
paste cured at -5°C can be broadly divided into three groups. Pastes
containing 1.5% Na, Li, and K thiocyanate exhibit better strengths than the
reference material at lime contents greater than 3%. Best strengths are
obtained with 1.5–3.0% Ca thiocyanate and 3% Na,K, or Li thiocyanates.
These data imply that the differences in the microstructure are responsible
for the variation in the intrinsic strengths of the pastes, when compared  at
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Figure 24. Relationship between strength and calcium hydroxide content in cement paste
hydrated at -5°C.

equal degrees of hydration.  Similar studies have been carried out to compare
the strengths of pastes at equal degrees of hydration by hydrating cement
with calcium chloride. In Fig. 25 the compressive strengths of cement pastes
(containing 0, 1, 2, and 3.5% calcium chloride) are plotted as a function of
the degree of hydration.[40a] The non-evaporable water content (an indicator
of the degree of hydration) was obtained by applying the TG technique. At
any particular degree of hydration, samples with 3.5% calcium chloride have
the lowest strength. At lower degrees of hydration the sample with 1–2%
chloride forms stronger bodies than others. These studies not only indicate
how the addition of calcium chloride affects the rate of hydration, but also
demonstrates the changes in the intrinsic nature of the hydration products.

The possibility of using evolved gas analysis to identify commercial
superplasticizers was considered by Gal, et al.[41] The total area under the
curve was used to estimate the amount of the admixture in a mix.
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Autoclaving of cements is employed to produce products of high early
strength or reduced shrinkage. Many additives are mixed with cement for
this purpose. DTA has been employed to identify the products that are
formed under autoclaving conditions. The possible compounds formed are:
CSH gel, αC2SH hydrate, tricalcium silicate hydrate, calcium hydroxide,
γC2SH hydrate, etc. Kalousek pioneered the application of DTA to auto-
claved cement systems.[11] By using DTA, the results of Menzel, showing
variation of strength of cement-quartz mixes as a function of  quartz, were
explained. It was also demonstrated that the highest strengths were
associated with the formation of 1.13 nm tobermorite/CSH, and the lowest
with the formation of αC2SH.

Several other applications of thermal techniques that pertain to
concrete science are briefly described below. The effect of silica fume on
the hydration of Portland cement has been investigated by DTA, TG, and
conduction calorimetry.[42] Conduction calorimetry generated two peaks
attributable to the hydration of C3S and Ca(OH)2–silica-fume interaction,
respectively. In a DTA investigation of phospho-gypsum–fly-ash–cement–
water system, the increased formation of ettringite and tobermorite with time
could be monitored.[43] The DTA method was also used with success to

Figure 25. Strength vs. non-evaporable water relationship for cement paste containing
calcium chloride.
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determine the relative activation effects of slag by additives such as CaO,
phospho-gypsum and CaCl2.[44] The nature of the transition zone is an
important factor that determines the strength of concrete. TG has been
applied to identify products such as AFt and AH3 phases in the transitional
zone of a sulfo-aluminate cement.[45] The estimation of glass content in slags
has been carried out by DTA. The exothermic devitrification peak effect at
a temperature of about 800–900°C is used for this estimation. The
interconversion effects of the hexagonal aluminates to the cubic aluminate
form in the alumina cement are conveniently studied by DTA. Hydration
reactions occurring in pozzolanic cements, oil well cement, hydraulic limes,
expanding cements, acid-proof cement, magnesium oxychloride and
oxysulfate cements, gypsum plaster, and calcium silicate products, have also
been investigated by thermal analysis.

8.0 DURABILITY

Concrete may deteriorate if adequate precautions are not exercised
to protect it from adverse effects that could result from exposure to natural
or artificial conditions. Several physical, chemical, and electrochemical
processes are known to induce cracking of concrete. Concrete can have
durability problems as a consequence of its exposure to sea water, sulfates,
chlorides, freeze-thaw action, carbon dioxide, etc., or when it is attacked by
artificially induced processes such as exposure to acids and salts in chemical
plants. If the raw materials in concrete are not carefully controlled, there
may be an eventual failure of concrete elements. One typical example is the
presence of excess alkali in concrete that promotes alkali-aggregate
expansion reaction. Thermal techniques, in combination with others, have
been employed with success to examine the raw materials as well as the
failed concrete. The knowledge gained from such work has been applied to
produce more durable concrete.

Some organic and inorganic compounds present in small amounts in
aggregates may affect concrete strength and durability. Figure 26 gives the
thermograms of some of the harmful impurities that may be present in
concrete.[11] Pyrite exhibits two exothermic peaks between 400 and 500°C
caused by oxidation. Gypsum shows two characteristic effects at 180 and
220°C for dehydration effects. Montmorillonitic clay mineral is characterized
by three endothermal effects at 160, 660, and 900°C, due respectively, to the
release of interlayer, dehydroxylation, and destruction of lattice. An
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exothermal effect at about 950°C is attributed to the formation of a spinel.
Humus gives strong exothermal peaks over a wide range of temperature
(200–600°C) and lignite exhibits three exothermal peaks caused by oxida-
tion. Opal shows an endothermic peak at 80°C for the loss of water and
another at 170°C due to a structural transformation. Marcasite manifests
three exothermal peaks at 450, 470, and 520°C.

Figure 26. DTA of harmful constituents in aggregates.

The causes leading to the failure of concrete near the construction
joints have been evaluated by TG.[46] The concrete sample exhibited peaks
at 705–745°C and 905–940°C caused by the decomposition of calcite and
dolomite, respectively. The slopes of the weight loss plot prior to the dolomite
and calcite decompositions correlated with the field performance. In
general, it was found that in durable dolomite aggregate, carbon dioxide loss
occurs at 570°C and continues up to 705°C when the magnesium carbonate
decomposes. Carbon dioxide from calcium carbonate is driven off at
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temperatures greater than 905°C. Poor durability dolomite showed very little
weight loss until 700°C at which temperature CO2 was expelled.

Magnesium oxide in cement exists mainly in a free state and its content
does not exceed 6%. At the clinkering temperature of 1400–1500°C, free
MgO is in a dead burnt state in the form of periclase. Under normal
conditions of exposure it may take years for periclase to hydrate. The
conversion of MgO to Mg(OH)2  is attended by an expansion volume and,
hence, there is a possibility of concrete to crack. Most specifications place
a limit on the amount of MgO in cements and also a limit on the volume
expansion of cements exposed to an autoclave treatment.  Ramachandran[47]

examined by thermal techniques the effect of curing conditions, viz., 50°C,
boiling in water and autoclaving, on expansion and degree of hydration in
cements containing different amounts of dead burnt MgO. It was found that
at MgO contents <2% the expansion was lower and then there was steep
increase at higher concentrations (Fig. 27). At any particular concentration
of MgO, cement B showed higher expansion than cement A. Cement A
contained higher amounts of C3S, had better strength and, hence, was able
to resist expansive forces.[47]

Figure 27. Effect of different amounts of MgO on the autoclave expansion of cements.
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Under exceptional situations the aggregates may be contaminated
with MgO. A contaminated coarse aggregate containing dead burnt CaO
and MgO was inadvertently added to concrete. After a few years the
concrete exhibited large pop outs. DTA could be used to estimate the amount
of Mg(OH)2 present in the samples.[48] In another example, DTA[49] was
applied to estimate the amount of unhydrated MgO present in a 15 year old
concrete. The amount of Mg(OH)2 was determined by the endothermic
peak at 400°C. By estimating the amount of Mg(OH)2 before and after
autoclave treatment, the amount of unhydrated MgO present in the sample
could be computed.

In field concrete, quick setting problems result in the production of
concrete with poor durability. Thermal analysis has been used to explain
certain abnormal phenomena occurring in cementitious materials. One
example pertains to a flash set in an oil cement slurry containing lignosul-
fonate admixture.[50] Conduction calorimetry was one of the techniques used
to study the hydration reactions of the systems such as Portland cement,
C3A-gypsum-lime, and C4AF-lime-gypsum systems containing refined or
unrefined lignosulfonate. The results showed that unrefined lignosulfonate
destabilizes the hydration process of C4AF-gypsum-lime mixture causing a
flash set.  In conduction calorimetry the C4AF-10%gypsum-5% lime with 1–2%
unrefined lignosulfonate (UL) dramatically increases the intensity of the
very early ettringite peak and reduces the peak intensity (C3S hydration
peak) at about 9–10 hrs. (Fig. 28). Induction period is practically absent.  It
was concluded that xylose present in lignosulfonate was responsible for the
flash set. Greene[51] investigated a quick setting problem involving a white
cement that was used with a particular type of water reducing agent.
Several combinations of cements were subjected to DTA examination.
DTA peaks indicated the rate of formation of gypsum, ettringite, calcium
monosulfate hydrate, and calcium hydroxide. Based on XRD and DTA, it
was concluded that in the presence of the water reducer, consumption of
SO3 was accelerated with problem cements, and also insufficient amount of
SO3 remained in the solution in the period immediately following mixing.

Concrete undergoes expansion when exposed to higher temperatures,
pressures, and humidities, and this may cause it to exhibit cracks. A new
equipment has been devised to monitor thermal expansion of cementitious
materials as a function of temperature.[52] Higher temperatures also chemi-
cally alter the concrete performance. Accidental fire causes damage to
structural concrete elements. Assessment of the condition after a fire is
important for recommendations for rehabilitation of concrete. DTA/TG
techniques are useful to assess the temperature ranges to which the elements
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could have been exposed.[53] Damaged concrete (at different depths) has
been analyzed by DTA/TG. The damaged concrete did not exhibit
dehydroxylation peak of Ca(OH)2, indicating that such concrete was
exposed to temperatures above 500°C. The undamaged concrete contained
Ca(OH)2, as evidenced by the endothermal peak.

Figure 28. Effect of unrefined lignosulfonate on the hydration of C4AF-10% gypsum-5%
lime system.

Concrete is vulnerable to cracking when subjected to increasing
numbers of freezing-thawing cycles. The influence of low temperatures
(freeze-thaw cycles) on the rate of formation of AFm and AFt phases in
cements containing low C3A (1.7%) or high C3A (10.7%) has been examined
by DTG.[54] At 150 freeze-thaw cycles, cement with a low C3A content was
found to contain 53% AFm phase and 17% AFt phase and the corresponding
figures for the C3A rich cement was 34% and 38%, respectively. The
increased damage that occurs when concrete is exposed to the freeze-thaw
cycles and salts has been investigated by many workers.[55][56] Experiments
involving measurements of length changes and heat changes  that occur
when the cement paste is exposed to temperatures between 15 and -70°C
have yielded information on the mechanism of salt scaling.[55][56] Figures 29
and 30 present results of length changes and DTA of cement pastes saturated
with NaCl (brine) of different concentrations  (0, 5, 9, 13, 18, and 26%).
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During cooling cycles (Fig. 29), especially at lower concentrations, there is
an expansion of 0.5% at 5% concentration compared to 0.08% in water and
0.01% at 26% concentration. On warming, a significant contraction occurs
with highly concentrated salts at about -21°C, the melting point of the
eutectic. In the cooling cycle (Fig. 30) the first exothermic peak is attributed
to the commencement of formation of ice on the external surface. According
to Litvan[55][56] this represents a freezing of the disordered liquid from the
pores of the cement paste. The second exothermal effect at -22°C is
ascribed to the freezing of the solution of eutectic composition. On warming,
two processes occur; one at about -21°C and another a at higher tempera-
ture increasing in magnitude with increasing salt concentration. The peak at
lower temperature represents melting of eutectic mixture and that at higher
temperature the melting of pure ice. In addition to the physical mechanism
of increased volume at low temperatures due to the presence of salts,
chemical reactions may also occur, especially at higher temperatures. For
example, at a calcium chloride concentration of above 22% the strength of
concrete is reduced and salt scaling is increased.[57] The DTA method has
been used to determine the reduction in Ca(OH)2 content and increase in the
content of complex C3A•CaCl2•10H2O, depending on the exposure condi-
tions and severity of attack. The existence of a complex salt
CaCl2•Ca(OH)2•10H2O with a characteristic peak at 580°C was also
confirmed.

Carbonation involves the reaction of CO2 with the hydrated cement
components, which will result in shrinkage. In addition, carbonation also
decreases the pH of the system making the reinforcing bars more prone to
corrosion. It is not easy to assess the extent to which the C-S-H phase
undergoes carbonation and shrinkage on exposure to CO2. In a method
involving continuous leaching and monitoring of the lime remaining in a
hydrated tricalcium silicate paste by DTA, the time to terminate extraction
was determined. Ramachandran[58] was thus able to prepare lime-free
C-S-H. The resultant C-S-H exhibited a much higher shrinkage than calcium
hydroxide (Fig. 31). The carbonation effect of synthesized tobermorite has
been examined by XRD/DTA.[59] An endothermal effect at about 180°C
indicated the dehydration of tobermorite and an exothermal effect at about
800°C was caused by the formation of wollastonite. The carbonated samples
exhibited a broad endothermal effect in the range 450–600°C and a sharp
peak at about 600–650°C. The former indicated the presence of vaterite and
the latter, calcite. The carbonation decreased the peak due to wollastonite.
Thermal methods can also be used to estimate the amount of carbonation that
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has occurred at different depths in concrete. These techniques estimate the
amount of calcium carbonate formed and also the amount of calcium
hydroxide remaining in an uncarbonated form.

Figure 29.  Length changes of air-entrained cement paste saturated with brine of various
concentrations.
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Figure 30. DTA of air-entrained 0.5 w/c cement paste saturated with brine of various
concentrations.
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Figure 31. Carbonation shrinkage of C-S-H and hydrated C3S paste.
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Several complex reactions occur when concrete is exposed to sea
water. Compounds such aragonite, calcium bicarbonate, calcium monosulfate
hydrate, ettringite, Ca-Mg silicate hydrates, magnesium silicate, thaumasite,
etc., have been identified by the application of thermal analysis in conjunction
with other techniques. Thus, the factors leading to the deterioration of
concrete can be established.

In many chemical industries, the chemicals produced may react with
concrete that is used as a construction material. In an example, the influence
of formic acid on concrete was studied.[60] DTA curves of samples showed
that as the exposure of concrete to the acid is increased, the peaks due to
lime and calcium carbonate are decreased.  This gave an indication of the
severity of attack by acids. Another example pertains to a fertilizer plant.
Ammonium nitrate fertilizer contained 75% NH4NO3 and 25% CaCO3 as
a filler.  Concrete used in this plant was attacked by nitrate. The lime was
found converted to calcium nitrate. Also, there was a reaction between
calcium aluminate hydrate and ammonium nitrate resulting in the formation
of calcium nitrate and calcium aluminate nitrate complex. These compounds
could be identified by endothermal effects appearing in DTA.[61]

Many studies have been carried out on old concretes to determine the
reactions that are responsible for deterioration. Sarkar, et al.,[62] examined
a 75 year old stone building containing mortar that had shown signs of
distress. The presence of gypsum (endothermic effect at 133°C), quartz
(endothermal peak 578°C), and calcium carbonate (endothermal effect at
900°C), and tharndite (endotherm at 880°C), could be identified. It was
concluded that one of the main causes of deterioration was the interaction
of SO2  from the atmosphere with mortar and sandstone. In another study,[63]

a 50 year old concrete was subjected to examination by DTA, TG,
SEM(EDX), porosimetry, and chemical analysis. TG showed a loss in weight
at 60oC for the loss of adsorbed water, and other losses occurred due to the
dissociation of C-S-H, Mg(OH)2, Ca(OH)2, and CaCO3. The w/c ratio that
was used to make concrete did not influence the total amount of combined
water. Higher amounts of carbonate were found in concretes made at lower
w/c ratios. It was also concluded that the transition zone contained C-S-H
and Ca(OH)2, the relative ratios depending on the type of cement and
cement:aggregate:water ratio.

Thermal techniques have also been used to examine the properties
and durability phenomena in non-Portland cements. In an investigation,
structural concrete made from high alumina cement had shown failure after
twenty-seven years of service.[64] The deteriorated samples were investi-
gated by DTA and XRD. The compounds that were identified included AH3,
C3AH6, CAH10, and CaCO3. The failure was attributed to the conversion of
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CAH10 to the cubic form of C3AH6 and to the carbonation of the hydrated
products that produced gibbsite and calcite of low binding properties.
Thermal techniques are applicable to examine failed white coat plasters.
Application of DTA and TG techniques permitted determination of the
quantities of various ingredients such as gypsum, magnesium hydroxide,
calcium hydroxide, magnesium oxide, and calcium carbonate, in such
plasters.[65]
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IR Spectroscopy

S. N. Ghosh

1.0 INTRODUCTION

Infrared spectroscopy (IR) is used in the areas of determination of
molecular structure, identification of chemical species, quantitative/quali-
tative determination of chemical species, and in a host of other applications.
This technique is used in the investigation of matter in the solid, liquid, and
gaseous states. The application of IR is well known in the fields of
chemistry, physics, materials science, etc. The application of this technique
in the field of cement and concrete dates back to the Tokyo Symposium
(1968). Though comparatively new in cement and concrete, IR study is
gaining much importance with the advent of user-friendly equipment and
continuing research on identification and characterization of reaction
products, new materials, etc. Raman spectroscopy, a complementary to IR
technique, is briefly described in this chapter.

2.0 THEORY

If a molecule is placed in an electromagnetic field (e.g., light), a
transfer of energy from the field to the molecule will occur only when
Bohr’s frequency condition is satisfied.
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E = hν

where h = Planck’s constant
ν = frequency of light

In the case of a diatomic molecule, it can be proven from mechanical
considerations that the vibrations of the two nuclei in a diatomic molecule
are equivalent to the motion of a single particle of mass, µ, whose
displacement from its equilibrium position is equal to the change of the
internuclear distance. The term µ  is called the reduced mass and is given by:

1/µ  = 1/m1 + 1/m2

where m1 and m2 are masses of the two nuclei.

The kinetic energy, T, is then:

T = ½µq•2 = ½ µP2

where P is the conjugate momentum µq•2.
In the case of a harmonic oscillator, the potential energy φ is given

by:  φ = ½ kq2, where k  is the force constant for the vibration. The Schrodinger
wave equation becomes:
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If this equation is solved with the condition that ψ is a well-behaved
function, the eigen values are:

Ev = hν (φ  + ½) = hc ν (φ  + ½)

)/(   =   )/(    = µkcµk πνπν 2
1

2
1 or

where values of φ  are vibrational quantum numbers, k is the force constant
and c is the velocity of light.

According to the above equation, the frequency of the vibration in a
diatomic molecule is proportional to the square root of k/µ If k is taken to
be constant for a series of diatomic molecules, the frequency is inversely
proportional to the square root of the reduced mass. In the case of a poly-
atomic molecule, the situation is more complicated because all the nuclei
perform their own harmonic oscillation. Generally these complicated
vibrations of the poly-atomic molecule are represented as the superposition
of a number of normal vibrations. Poly-atomic molecules have 3N-6 or, if
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linear, 3N-5 normal vibrations. For any given molecule, however, only
those vibrations which are permitted by the selection rules for that molecule
appear in the infrared and Raman spectra. The selection rules are deter-
mined by the symmetry of the molecule.

The infrared vibrational spectrum of a molecule consists of a series
of bands, each of which results from a transition between pairs of vibra-
tional levels associated with the ground electronic state.

With the help of quantum mechanics, the probability of a vibrational
transition of a molecule can be obtained. The variation of the dipole
moment vector can be expanded in a series in terms of the normal
coordinates.  Herzberg’s treatise on this subject is a good reference.[1]

2.1 Experimental Methods

An analyst has to carefully go through IR instrument manuals for
obtaining information about the capability of equipment which is commer-
cially available. Proper precaution has to be taken for sample preparation
and when KBr/Nujol mull techniques are to be used. For gas phase/liquid
phase analysis of any sample, a similar approach has to be adopted so that
one can get a good spectrum of a sample. One major problem to solve for
routine operation of IR analysis is the avoidance of water and CO2

absorption from the atmosphere in the range of a normal study. With the
help of a double-beam instrument and humidity controlled room condi-
tions, this problem is somewhat avoided, but the absorption of the water/
CO2 from atmosphere during sample preparation sometimes leads to
erroneous conclusions. Standard analytical textbooks are available for
further guidance.

3.0 THE SPECTRA OF ROCKS, MINERALS, CLAYS, ETC.

The major raw materials used for cement manufacture are limestone,
shale and siliceous materials, laterite, bauxite, sandstone, etc. These
materials contain a variety of minerals in different forms. IR spectroscopy
has been found to be very useful in identifying most of these minerals. The
fundamental modes of vibration which lead to absorption bands in the
region 400–4000 cm-1 are, in general, the stretching and bending modes.
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The vibrational frequencies of these modes for the species under study vary
considerably, depending on parameters such as molecular structure, chemi-
cal bonds, crystal forms, impurities in solid solution, etc. The presence of
several phases of nearly similar absorption characteristics makes the study
more complex. The salient features of each set of minerals are discussed.

3.1 Calcite, Aragonite, and Magnesite

The carbonate rocks have three to four intense bands in the IR region
(Figs. 1–3).[2] The 1420 and 876 cm-1 region bands are more or less
unaltered in the spectra of these materials. The 700 cm-1 region band is
characteristic for identification even in a mixture of these rocks because
magnesite, calcite, and aragonite absorb at 748, 711, and 700 cm-1,
respectively. The aragonite sample is not pure and contains calcite. Further,
aragonite has an extra band at 1083 cm-1.

3.2 Estimation of Dolomite Content in Limestone

The spectrum of dolomite is similar to that of calcite except for the 700
cm-1 region band which appears at 727 cm-1 in dolomite. This band has been
used for the estimation of dolomite in limestone.[2][3] The spectrum of
kankar (limestone in the form of nodules used as a raw material for the
manufacture of cement in India) shows characteristic calcite and clay
(1020 cm-1) bands. Dolomite, CaMg(CO3)2, occurring as an impurity in
limestone mineral, is observed to be the major contributor to the ultimate
MgO content in cement clinker. Further, the investigation[2] on the high
magnesia clinker, up to at least 10% MgO, makes it necessary to assess the
mineral forms in which MgO occurs in limestone. The detection and
estimation of dolomite in limestone is very important in cement manufac-
ture. An infrared spectral technique for rapid estimation of dolomite has
been developed and the results of the analysis have been compared with other
existing data.

The infrared spectra of calcite and dolomite are characterized by
bands at 711 and 727 cm-1, respectively. These bands appear unperturbed
and sharp, with varying intensity, depending on the concentration of these
minerals (Fig. 4).

The carbonate rocks (a dolomite stone and a pure limestone) chosen
for preparing the standard mixes are given in Table 1.
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Figure 1. IR spectrum of  calcite.

Figure 2. IR spectrum of aragonite.
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Figure 3. IR spectrum of magnesite.

Figure 4. Infrared spectra of standard mixes.
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The standards were found to be free from each other (from x-ray
diffraction study), i.e., no dolomite in the limestone and no calcite in the
dolomite stone.  The actual dolomite content was 97.46% (recalculated
from the chemical analysis). A satisfactory homogeneous mixing of the
standards was carried out in a Perkin-Elmer vertical tube vibrator. Three
milligrams of the standard mix or unknown sample were mixed with 250
mg of spectral grade KBr for making pellets for infrared studies. Both the
absolute intensity (dolomite peak intensity at 727 cm-1) and relative
intensities (ratio of the intensities, dolomite/calcite, bands) of the standard
mixes were plotted against concentration of dolomite. The regression line
obtained is shown in Fig. 5.

The results of the analysis of two limestone samples (L1 = 43.9%
CaO and 16.79% SiO2; L2 = 54.15% CaO and 1.60% SiO2; to each of which
30%, by weight, of the dolomite standard sample was added) are presented
in Table 2.

The absolute intensity method gives one kind of measure of impuri-
ties (here SiO2 in L1). The higher value of dolomite content (33.50%) in L1
is caused by the lower calcite content as evident from the high percentage
of compensating SiO2. The results of three unknown samples are presented
in Table 3 and are verified by DTA and chemical analysis.

Table 1.  Chemical Analysis of Standard Mix Components

Constituents % Limestone Dolomitic rock

SiO2  4.92 1.20
Fe2O3 0.75 0.28
Al2O3 1.12  0.19
TiO2 0.046 0.02
MnO 0.20 0.03
CaO 50.90 30.10
SrO 0.14 0.01
MgO 0.36 21.30
Na2O 0.04 0.01
K2O  0.25 0.12
P2O3 0.08 0.01
CO2 40.40 46.60
LOI 41.10 46.70
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Figure 5. Infrared calibration curve based on the absolute intensity of dolomite band.

Table 2. Comparative Analysis of Limestones by Absolute and Relative
Intensity Methods

The absolute intensity method

Samples Infrared Actual Determined Difference
absorption dolomite dolomite obtained in
intensity content content dolomite
at 727 cm-1 (%) (%)

Mix L1 8.4 29.25 27.25 2.00
Mix L2 9.2 29.25 28.50 0.75

 The relative intensity method

Samples Relative inten- Actual Determined Difference
sity ratio of dolomite dolomite obtained
727 & 711 content content (%)
cm-1 bands (%) (%)

Mix L1 0.41 29.25 33.50 4.25
Mix L2 0.34 29.25 28.25 1.00

* Measured in arbitrary units.
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It is noted that the results obtained by the infrared spectrometric
method are the mean values of those obtained by DTA and chemical
analysis. The experimental error of the method has been calculated by
running three separate mixes of two samples (70% L1 + 30% reference
dolomite stone) and is presented in Table 4.

Table 3.  Analysis of Unknown Limestones

Sample Chemically determined Dolomite Dolomite content determined by:
No. percentage

recalculated Infrared Thermal
CaO MgO spectra Method

RS 727 41.10 10.17 46.43 42.5 41.4
BMLS 8 34.63 5.0 22.88 20.5 17.5
RM 353 49.65 3.43 15.78 14.8 15.8

*Absolute intensity method

Table 4.  Reproducibility of Results by the Absolute Intensity Method

Sample Absolute Mean Standard Coeff. of Standard Coeff. of
No. intensity deviation variation deviation variation

 of 717cm-1 for the for the
mean mean values

L1-1 8.5 8.43 0.16 1.9%

8.2

8.6

L1-2 8.0 8.20 0.17 2.1% 0.011 1.33%

8.2

8.4

L1-3 8.3 8.23 0.05 0.61%

8.2

8.6

*Measured in arbitrary units
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Based on the above investigation the following conclusions can be
drawn:

1. The infrared spectroscopic method of quantitative estima-
tion of dolomite-containing limestone is direct and de-
pendable. It takes about 30 minutes to analyze a sample, the
results of which compare favorably with thermal and x-ray
methods.

2. The relative intensity method is useful for a check of other
impurities (SiO2, etc.) besides being complementary to the
absolute intensity method.

3. Only a conventional infrared spectrometer is required for
this analysis and the range studied (400 to 700 cm-1) is free
from atmospheric interference.

4. The estimation of calcite can also be carried out
simultaneously.

3.3 Argillaceous and Siliceous Limestones

The spectrum of argillaceous limestone has the usual calcite bands
besides the bands at 1000, 799, 510 and 462 cm-1. The presence of clay is
indicated. The spectrum of coral limestone indicates very little clay or
silica.  The spectra of siliceous limestone and limestone with jasper show
a high percentage of quartz, as is evident from the strong bands at 1165,
1090, 798, 775, 692, 515 and 465 cm-1. The quartz bands in the spectrum
of jaspar are broader, especially at 1090 cm-1, indicating the cryptocrystal-
line nature of jasper.

3.4 Feldspar, Orthoclase, Quartz, and Jaspar

The spectrum of orthoclase is characterized by several bands at 1138,
1050, 1010, 772, 725, 645, 603, 584, 538, 468 and 425 cm-1. The spectrum
of feldspar is quite similar to that of orthoclase except that the 1000 cm-1

band is unresolved and the main peak head in this region shifts down to 980
cm-1 with slight shifting of other bands. The spectra of quartz and jaspar are
almost identical except for some differences in band positions; for example,
jaspar has a band at 1165 cm-1 while quartz has this band at 1175 cm-1.
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3.5 Tourmaline, Kyanite, Topaz, and Talc

The spectra of topaz and talc consist of a few absorption bands. The
spectrum of topaz has a characteristic medium intensity band at 1162
cm-1, a shoulder at 1000 cm-1, and the main band head in this region
is at 865 cm-1, while the spectrum of talc has a weak shoulder at 1050
cm-1. The other characteristic bands are at 670 and 615 cm-1. The hydroxyl
stretching band appears at 3636 cm-1 in the spectrum of topaz.  Kyanite,
being a nesosilicate (same as topaz), has a complex spectrum below 750
cm-1, unlike that of topaz. The spectrum of tourmaline (cyclosilicate) has
a characteristic doublet at 1300 and 1000 cm-1. The spectrum has some
similarity with that of kaolinite below 800 cm-1.

3.6 Rhyolite, Granite, and Basalt

The spectrum of granite indicates the presence of quartz (sharp band
at 697 cm-1) and orthoclase (at 650 cm-1). The other regions are overlapped.
The spectrum of basalt is simple since the principal constituents, albite and
anorthite, have Si3O8 units and overlap in the same region. The spectrum
of rhyolite shows the presence of quartz (bands at 800 and 780 cm-1), but
the presence of feldspar cannot be detected in its spectrum because of the
amorphous nature of feldspar.

3.7 Kaolin, Red Clay, Black Cotton Soil, and White Clay

The spectrum of kaolin is characterized by bands in the 3600 cm-1

region (hydroxyl stretching), at 1150 to 960 cm-1 (Si-O stretching region),
and below 960 cm-1 (bending and lattice modes) (Fig. 6). The spectrum of
white clay shows a broad and unresolved band in the Si-O, stretching band
appears at 1025 cm-1 (red clay) and at 1070 cm-1 (white clay). The spectrum
of black cotton soil is diffused and the soil sample is very poorly crystalline.
Neyveli clay and fire clay are principally kaolinitic. The spectrum of
bentonite indicates the presence of the montmorillonite mineral, with bands
at 1102, 1030, 915, 521, and 467 cm-1. The spectrum of laterite closely
resembles that of kaolinite, goethite, gibbsite, etc., which are the constitu-
ents of laterite.
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3.8 Chrysotile, Tremolite, and Asbestos

The spectra of chrysotile and tremolite are different. The former
consists of Si2O5 double-layer while the latter has Si4O11 units in the
structure. The 1000 cm-1 Si-O stretching region has multiple bands in the
spectrum of tremolite.  The presence of carbonate in tremolite is shown by
the weak band at 1400 cm-1. The spectrum of asbestos shows some bands
(800 to 600 cm-1) common to tremolite, but the bands near 900 cm-1 are not
present in chrysotile or tremolite.

Figure 6. Spectra of kaolin and white clay.
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3.9 Biotite, Muscovite, Mica Schist, and Phlogophite Mica

The mica group belongs to phyllosilicate. Each SiO4 unit is linked to
three other SiO4 groups, similar to that in talc. The spectrum of biotite mica
is characterized by strong bands at 1018 and 465 cm-1 and two weak bands
at 728 and 685 cm-1. The spectra of mica schist and muscovite are similar;
the band in the 1000 cm-1 region is fairly broad. The spectrum of phlogophite
is different to that of muscovite in the 800 to 600 cm-1 region.

3.10 Apatite, Phosphatic Rocks, and Gypsum

The spectrum of apatite rock is characterized by strong bands at 1040,
610, and 570 cm-1, while that of gypsum (Fig. 7) is identified by the bands
at 1140, 668, and 602 cm-1.

Figure 7. IR spectrum of gypsum.
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4.0 SPECTRA OF FLY ASH AND SLAG

The spectrum of the fly ash sample is not well defined (Fig. 8). The
presence of bands in the region 800 to 600 cm-1 can arise from the presence
of sillimanite and mullite. Recent study by Vempati, et al.,[5] on Texas
lignite Class-F fly ash is more elaborate in respect of IR band assignments.
The bands at 1137, 625 and 476 cm-1 are assigned to mullite and the strong
band at 800 cm-1 is related to an amorphous aluminosilicate phase. The
occurrence of ν3 band at 1080 cm-1 is explained by a high degree of
polymerization.

Figure 8. IR spectrum of fly ash.

The spectrum ( Fig. 9) of blast furnace slag indicates the amorphous
nature of the material (broad bands), while the same slag, crystallized in the
laboratory, shows the presence of melilite.[6] The bands in the spectrum
closely resemble those of melilite. The spectrum of the ferrochrome slag is
reported to have the presence of β-Ca2SiO4.[7][8]

5.0 ANHYDROUS CEMENT AND ITS PHASES

Earlier studies on IR spectra of portland cement and its phases were
reported by Launer,[9] Roy,[10] Hunt,[11] and Midgley.[12] The spectrum of
β-C2S from 620–1500 cm-1 has been measured by Launer. Roy reported
spectra of C3S and β-C2S and found C2S to give an altered spectrum of KBr
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pellets.  Hunt presented IR absorption spectra of C2S (α and β), C3S and
other compounds. Apparently, the attempts were directed towards the
identification of all minerals, individually and in combination,  in order to
make use of this technique in quantitative estimation of phases in
portland cement. Ghosh and Chatterjee[13] presented absorption and reflec-
tance spectra (ATR) of portland cement and its phases (Fig. 10) and of a
number of NBS cement samples. The spectral regions of interest are the 500
cm-1 and 900 cm-1 regions.  The spectrum of portland cement is the resultant
of all the phases. An attempt has been made to correlate the band
intensity ratio (bands around 925 and 805 cm-1) for quantitative estimation
of the silicate phases in cement. It appears that a semi-quantitative estima-
tion of the silicate phases is possible in certain cement samples. Butt, et
al.,[14] have observed that IR absorption spectra of cements are basically
similar, consisting of the absorption bands of alite at 925, 895–885, 520,
and 465 cm-1.

Figure 9. IR spectra of blast furnace slags.
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The IR bands of belite at 965–985 cm-1 and 845–850 cm-1 are also
present in the spectra of cement. The band at 1080–1100 cm-1 in the spectra
of clinker is due to the presence of sulfate. The band at 770 cm-1 in the
spectrum of high alumina cement could be assigned to (A1-O) vibrations
of aluminate mineral components. Ghosh and Hando[15] observed that with
the help of IR spectroscopy the presence of a particular mineral component
or an individual compound, even if present in very small amounts in
portland cement, can be determined.

Spectra of pure phases are still a matter of much interest for identi-
fication, structure determination (coordination number, etc.), polymor-
phism, etc. The spectral investigations on C3A for obtaining structural
information were reported by several investigators.[14][16]–[18] Qualitative
interpretations of the spectra of C3A have also been made.  Bensted and

Figure 10. IR reflection spectra of cement minerals and cement.
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Varma,[19] in their studies, tabulated the spectral data of the cement phases
with tentative assignments. Substitution of various ions in the C3S lattice
reduces the sharpness or even causes disappearance of some silicate bands
and broadening of bands. Alite contains discrete SiO4

4- tetrahedra which
are very much affected by the proximity of other ions present in the lattice;
however, such effects are weaker in belite. C3A shows discrete bands in its
spectrum, in contrast to that of the ferrite phase (C4AF), which is somewhat
glass-like.

Boikova, et al.,[20] reported IR spectra of the different crystal forms
of C3A.  The band positions are given in Table 5.

Considerable differences in band position and in band number have
been observed for different crystal forms of C3A.  Factor group analysis was
performed to explain the spectra of the different crystal forms of C3A. The
spectral data of C3A had earlier been reported by Bensted and Varma,[19]

and others.[14][17][18]

Bensted and Varma[21] also studied the polymorphs of C2S. The
spectral data are listed in Table 6.  The spectra (Fig. 11) are characteristic.
The spectra of the high temperature polymorphs are quite similar.

The IR study of all polymorphs of C3S appears to be not reported so
far. Conjeand and Boyer[22] observed an extra band at 832 cm-1 in the
Raman spectra of monoclinic alite, but this band was found to be absent in
the IR spectrum of synthetic monoclinic alite.

Table 5.  IR Bands of Different Crystal Forms of C3A

Chemical Composition (%)
 C3A CaO Al2O Na2O 900-700 cm-1 Below 700 cm-1

Cubic 60.57 37.40 2.42 894, 862, 842, 816 626, 593, 525, 512
804, 788, 742, 710 460, 431, 415

Orthor- 59.04 37.50 3.80 904, 861, 824, 801 592, 540, 510
  hombic 745, 716 473, 431, 417

Tetra- 57.52 37.22 4.83 879, 862, 790, 732 597, 537, 523, 494
  gonal 723 430, 416

Mono- 56.30 37.38 5.70 870, 794, 733, 724 610, 596, 537, 523
 clinic 493, 432, 416

C3A 62.50 37.23 — 922, 874, 794, 735 609, 598, 537
  (Cubic) 724 522, 492, 432, 416
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Figure 11. IR spectra of C2S polymorphs in KBr discs.

Table 6.  IR Spectral Data of C2S

440 m
455 sh

510 s 500 sh 500 sh 495 s
550 sh 515 s 520 s 515 s

550 m 540 sh 565 s
815 w

840 sh 850 sh 845 vs 855 vs
870 sh

930 vs, b 935 vs, b 890 vs 920 w
920 sh 930 sh

1000 sh 980 s 1000 s 950 s
1150 w 1150 w 1170 vw 1150 vw

s = strong sh = shoulder vs = very strong
b = broad w = weak vw = very weak
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Bonen, et al.,[23] published FT Raman spectra of commercial and
synthetic C3S, C2S and synthetic C3A and C4AF phases.  According to these
authors, the main band of the synthetic C3S polymorph corresponds to the
out-of-plane Si-O bending ν4 and it is shifted to higher frequency for the
commercial C3S. The main band for the C3S mineral, however, corresponds
to the asymmetric Si-O stretching ν3. The analysis for synthetic C3A
polymorphs and C4AF conforms with the earlier published data (Table 7).

6.0 SOLID SOLUTION

Tarte,[24][25] while studying IR spectra of solid solution (C2ApF1-p),
observed an increase in wave number, but above C2A0.7 F0.3 no change in
spectra until at higher alumina contents up to C2A8.85 F0.15. The position of
certain lines changes, due, apparently, to the appearance of new phases such
as C3A and C12A7. An interesting comparison of spectral absorption
characteristics was made for the C2F solid solution (vitreous and crystalline
phases) and of the C4AF phase. The isomorphous replacement of Al-Fe was
also studied by Tarte[26] and this was accompanied by a change of position

Table 7.  Main FT Raman Bands of Commercial and Synthetic Cement
Phases

Phase Wave numbers cm-1

 C3S Triclinic 541 714 798 925 1340

Monoclinic 593 — — 938 1361

Oxidizing 663 1040 1464

(657–668) (101 1–1058) (1456–1471)

 C2S β-C2S 722 799 1016 1116 1389

Oxidizing 671 1013 1112 1459

                       (659-682) (1019-1040) (1442-1470)

Reducing 679 980 1125 1462

                       (670-688)  (951-1020)

 C3A Cubic 504 753 1083 1525

Ortho  493 521 763 1078

C4AF 581 1064

Quartz 128  206 265  355 465 809 1081
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of bands and the appearance of a new band which was assigned to the
tetrahedral FeO4 group. Sakurai, et al.,[27] reported IR spectra of Cr
substituted ferrite phase in the C2F-C2Cr system and observed that the
absorption peaks at 1160, 950, and 710 cm-1 became stronger with increas-
ing substitution while the bands in the 640–580 cm-1 region became weaker.
A similar phenomenon was observed in the C4AF-C2Cr system, i.e., the
1160 and 720 cm-1 became stronger with increasing substitution of Cr2O3

whereas the strong absorption spectra at 780 and 430 cm-1 became weaker.
The bands in 720–780 cm-1 and at 430 cm-1 belong to AlO4 tetrahedra
and the 610–660 cm-1 to FeO4 tetrahedra.

Toropov[28] reported the IR spectra of solid solution of Ca3SiO5-
Ca3GeO5 in the range 700–1200 cm-1 and observed differences in intensity
and positions of 930 and 780 cm-1 bands. Singh[29] observed no change of
C3S spectrum when C3S was doped with NiO and concluded that Ni might
not replace Si. Also, the liberation of free lime was found to increase with
the addition of NiO, which could indicate that Ni substitutes for Ca.
Shchetkina, et al.,[30] also failed to notice any change in the band position
in the IR spectra of C3S doped with Cr2O3 (0.8%); however, they observed
a drop in intensity of the absorption bands at 825, 450, and 410 cm-1.

Between the IR spectra of the cubic C3A (pure) and cubic C3A
(2.4% Na2O), some shifts of frequencies and redistribution of intensities
in the 460 cm-1 region occur, which have been assigned to the structural
disordering as a result of Ca-Na substitution.[20]

7.0 HYDRATION STUDIES

Studies on hydrated products of cement phases reveal[11] that spectral
details in the 700 to 1200 cm-1 are lost when C3S is hydrated. Lehman &
Dutz[31] discussed the IR spectral characteristics during the progress of
hydration, fixation of water and absorption of carbon dioxide, and nature
of the hydration products of cement minerals. They also reported the
spectra of hydrated γ-C2S and β-C2S and observed spectral changes in
1000–800 cm-1. They referred to the rapid changes in spectral lines
(lowering of intensity, etc.) for C3S (one day hydrated) and C12A7 (one hour
hydrated).  The spectral changes for hydrated CA, C3A, etc., were also
noted. Midgley[12] reported the spectrum of C4AH13 and ettringite. An
attempt was made to assign bands in the spectrum of portland cement.
Bensted[32] studied the IR spectra of hydrated α-, α -́, β-, and γ-C2S samples.
It was observed that the 930 cm-1 band in the spectrum of the anhydrous
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phase shifted to higher frequency. Slow hydraulic behavior of the phases
was also observed in the IR study.

7.1 C-S-H and Other Hydrates

A number of researchers have reported the spectra of C-S-H.[10]–[13]

The IR spectra of plombierite, C-S-H (I), techaranite, and tobermorite are
all similar to one another, but different from those of fairly closely related
phases, such as xonotlite.[33] It has been inferred that a fair degree of
structural similarity exists in these four phases, though the x-ray diffraction
evidence indicates that techaranite and plombierite differ from tobermorite
and C-S-H (I) in more than the relative degree of crystalline order. Spectra
of okinite, gyrolite, lock enort, tobermorite, afwillite, hillebrandite, and a
synthetic xontlite have been obtained.[11] Midgley[12] reported spectra of
C3SH2, tobermorite and afwillite as well as those of flints, CSH(A),
γC2S H2, βC2SH and αC2SH.  These spectra, in general, can be used for
identification purposes.

Raman studies of C-S-H and other hydrated products were reported
by Bensted.[32]  For identification of C-S-H in a hydrating cement material,
the band at 970 cm-1 is designated as ν3 SiO4. Conjeand and Boyer[22]

reported the Raman spectra of C-S-H (I) and found only one characteristic
broad line, at 670 cm-1 in the spectrum. The main products of hydration,
calcium hydroxysilicate of the C2SH2 and CSH (β) types were detected in
the IR spectra from the ν3 (Si-O) absorption band at 965–975 cm-1 and
calcium hydroxide from the νOH absorption band at 3640 cm-1.
Progressive hydration of portland cement is accompanied by the increase
of the intensities of these absorption bands and simultaneous decrease of
the intensities of the absorption bands of the constituent mineral phases in
portland cement.  In the case of amorphous hydration products (especially
formed at lower temperatures), an IR spectrum is useful for identification.
Butt, et al.,[14] conducted IR studies of forms in which water is bound in
hydrated binders. They discussed the possibility of using IR spectroscopy
in determining the presence of water in absorbed and capillary liquid form
as well as bound H2O in the hydrated clinker minerals as water of
crystallization or bound OH.

Puertas, et al.,[34] reported the use of IR spectroscopy in studying
hydration of 4CaO·Al2O3·Mn2O3 and 4CaO·Al2O3·Fe2O3 in the presence
and absence of gypsum. In the high frequency region, i.e., 4000–2600 cm-1,
the bands at 3695, 3555, and 3490 cm-1 of one day hydrated sample of C4AF
were assigned to the OH- groups of the metallic hydroxide and also water
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molecules. The band at 2990 cm-1 was assigned to a hydrate of the
hexagonal type and a monocarbonate phase. In the low frequency region,
the IR bands at 600, 530, 420, 350, and 250 cm-1 were assigned to hexagonal
hydrate and that at 375 cm-1 to cubic hydrate. The IR spectra of the seven
day and 28 day samples indicated the presence of cubic hydrate (sharp
bands near 3670–75 cm-1 and at 524, 400, and 375 cm-1). These latter bands
were assigned to Al-O and Ca-O vibrations.

In the case of C4AMn hydration, the IR spectra confirmed the
mineralogical composition as determined by XRD. The IR spectra of the
one day and seven day pastes are practically identical with absorptions
assignable to hexagonal hydrates and carbo-aluminates. The bands at
3685–90 and 3540–45 cm-1 were assigned to the CH-group vibration of a
tetracalcium aluminate hydrate of the type C4AH9. The absorption band at
2990–3000 cm-1 is characteristic of highly hydrated carbo-aluminates. The
bands at 780, 600, 530, 425, 420, 305 and 250 cm-1 confirmed the presence
of a hydrate of the hexagonal type. The IR spectrum of the 28 day sample
differs notably from the previous ones. The sharp band at 3645 cm-1 can be
taken as characteristic of OH-group vibrations in hydrated calcium
aluminates of the cubic type. Another band at 3540 cm-1 indicates the
presence of hexagonal hydrates. The presence of cubic hydrates (bands at
527, 400, and 325 cm-1) and hexagonal hydrates (bands at 420 and 300
cm-1) has been indicated. The ettringite bands in the spectra of paste
hydrated (in presence of gypsum) (up to 28d) C4AF and C4AMn indicate
that the formation of this compound is continuous in C4AF while it is
completed in early age (~7 days) in C4AMn.

The effects of sodium lignosulfonate superplasticizer on the hydra-
tion of portland Type-V cement were investigated by XRD and FTIR
techniques.[35] A comparison of IR bands between dry cement clinker,
hydrated OPC (V), and superplasticizer-added OPC (V), was carried out.
The data are given in Table 8.

The explanation given for the shifting to higher frequency of Si-O
vibration bands in hydrated cement is due to polymerization; however, the
effect is less in superplasticized cement paste. Stevula, et al.,[36] studied the
hydration product at the interface between blast furnace slag aggregate and
hydrated cement paste using IR, SEM, and XRD Methods. The hydrated
OPC paste showed a band at 970 cm-1 (Si-O stretching) and the bands at
1426, 873, and 712 cm-1 were assigned to carbonate bands. The IR spectrum
of BFS was found to change after one year of hydration. The Si-O stretching
vibration at 1015 cm-1 shifted to 985 cm-1 and acquired higher intensity.
The absorption band of hydrated cement paste from the interface appeared
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at 974 cm-1; the band due to melilite slag being at 1000 cm-1). A broad
shoulder near 1110 cm-1 was assigned to SO4 vibration of ettringite and the
3636 cm-1 band to Ca(OH)2 vibration.

 Hanna, et al.,[37] reported the use of IR spectroscopy in cement
hydration of cement-based solidification of hazardous wastes. They
observed a cyanide peak at 2108 cm-1 in the spectrum of the solidified
material.  Sodium cyanide is known to retard the normal hydration of
cement. The ν3 SO4

4- band shifted to a lower frequency and it was
interpreted by a lower degree of polymerization.

Sakai and Sugita[38] studied the IR spectra of the material at the
surface and interface of cement or aggregate in a polymer modified cement
(PMC). A copolymer of ethylene vinyl acetate (EVA) was used in this
study. The spectra indicated the presence of EVA in a polymeric form. The
films formed on the surface of the PMC and in the interface, improved the
adhesive property of PMC.

Table 8. IR Spectral Data of Hydrated OPC with a Superplasticizer

Band Dry OPC paste SP/OPC 1.0%  SP/OPC 1.5 SP/OPC 1.0
Assignment Clinker W/C = 0.35 W/C = 0.35 W/C = 0.35 W/C = 0.25

ν3) 925 980 947 936 937
ν4)SiO4 525 536 530 521 522
ν2) 455 467

ν3) 1100 – 1112  1114 1115
   )SO4

2- 1160
ν4 ) 667  667 665  664 665

ν1+  ν2/H2O 3325 3340 3330 3330
3450 3420 3425 3425

ν2 H2O 1630 1666 1673 1673

ν OH
 - 3645 3640 3640 3640

ν3 ) 1425 1425 1430 1425
ν2) CO3

2- 1497 1483 1485 1490
ν 4) 876 877 876 878

732 732 730 730
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Kurbus and Marin Kovic[39] studied hydrothermal metastability and
structural disorder of the 0.301 nm phase. The IR spectra of scawtite and
0.301 nm phase are closely related, especially in the region of the deforma-
tion vibration of carbonate group, ν2 and ν4, while in the ν3 region, there is
some difference in the splitting pattern.  The 0.301 nm phase spectrum is
more diffuse.  The authors concluded that the 0.30 nm phase has a structure
that is basically that of scawtite, but somewhat disordered, and probably
with some replacement of CO3 by OH ions.

7.2 Ettringite and Other Compounds

The study of ettringite and monosulfate by IR has received much
attention.[19][40]  Raman study of ettringite is reported by Bensted.[32]  There
is little difference among the spectra of substituted ettringites (T1, Cr,
Mn, or Fe) as reported by Bensted and Varma;[41] however, there is
considerable difference between the spectra (Fig. 12) of monosulfate and
ettringite (Table 9).[42]

Figure 12.  IR spectra of (1) monosulfate and (2) ettringite in nujol mull; X = bands due
to nujol.
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The various forms of calcium sulfate can be clearly identified by IR
spectroscopy.[43] The useful IR range for their characterization is
1000–1300, 1550–1750, and 3100–700 cm-1. This qualitative demonstra-
tion of different forms of calcium sulfate has been used for characterization
of oil well cements. The quantitative estimation is not possible due to
extensive overlap of bands. While IR spectroscopy may not be a substitute
for other usual quality evaluation techniques, it can be indicated whether a
detailed examination of a sample is necessary or not.

7.3 Hydration Studies under Different Conditions

Gouda and Roy[44] used IR spectroscopy for studying hot-pressed
cement materials. They observed that anhydrous C2S is present in the hot-
pressed compound.  It was also observed that the bands due to A1-O and Fe-
O show stretching shift. An absorption peak at 3500 cm-1, due to free
hydroxyl stretch, was found in all hot-pressed and water cured materials.
The presence of CO2 (1440 cm-1) was observed in some of the compounds.
It was also noted that all the standard and hot-pressed Ca-silicate or cement
paste studied had absorption maximum more similar to one another (in the
1025 to 775 cm-1 region). Arizumi[45] reported the spectral characteristics
of gehlenite (C2ASH8) at different temperatures (200–1000°C and room
temperature). Baird, et al.,[46] studied the effect of carbonation on C-S-H
produced by refluxing slurries of Ca(OH)2 and silica gel.

The influence of alkali carbonates on the hydration of cement by
using IR spectroscopic method was reported by Neil[47] and extinction
values were used for obtaining a quantitative result. IR spectroscopy was

Table 9.  IR spectral Data of Monosulfate and Ettringite

Monosulfate Ettringite

850 vw 855 vw
1100 vs 1120 vs
1170 s.sh 1640 b, m
1600 w 1675 b, s
3100–3500 vs, b 2190 vw
3540 vs 3420 b, vs
3675 s 3635 m

s = strong sh = shoulder vs = very strong
b = broad w = weak vw = very weak
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applied for studying hydration of OPC in the presence of CaCl2 and Ca-
formate and it was observed[48] that more C-S-H gel was formed with the
CaCl2 additive.  Turriziani and Rio[49] used IR spectroscopy in high
chemical resistance pozzolanic cements. The effect of various gypsum set-
retarders (by-product gypsum, ferrogypsum and phosphogypsum) on the
hydration of cement was also studied.[50] McCall and Mannone[51] used IR
spectroscopy to determine the concentration of triethanolamine in cement
hydration. The bands at 1030 and 900 cm-1 were used for this purpose.
Connally and Hime[52] confirmed this observation. Singh, et al.,[53] con-
cluded, from IR study of the mixes of C3A and sulfanilic acid, that strong
bonding exists between them.  Ben-Dor and Rubinstein[54] observed a
lowering of the intensity of the OH band with increasing amount of P2O5

in a hydrated C3S sample.

8.0 STUDIES ON CONCRETE

Sugama and Kukacka[55] studied the effect of C2S and C3S on the
thermal stability of vinyl-type polymer concrete. The most significant
changes in the spectra are in the absorption band of the CH2 group vibration
in the region 3020 to 2900 cm-1 of PMMA containing the C-S system and
cement. These absorption bands were found to be much weaker in intensity
than that of the bulk PMMA. It was inferred that the reaction occurs
between the calcium oxide in the filler and the CH2 groups in the polymer.
Berry, et al.,[56] made use of Raman spectroscopy in their study of a sulfur
infiltrated concrete sample and postulated the presence of Sr2+ species from
the band positions of its spectrum with that of Na2SO4 in aqueous solution.
Hirche[57] observed from the studies of reactive aggregates that cement
aggregates with high infrared absorption bands in 3800 and 2800 cm-1

regions are alkali reactive. It was suggested that all alkali aggregates with
total absorption greater than 8 × 10.5 cm/mol would be detrimental to the
durability of concrete.

9.0 MISCELLANEOUS  STUDIES

Iob, et al.,[58] used IR for the identification of constituents in a
commercial concrete waterproofing material. The constituents identi-
fied are cement, carbonates, (Na/NH4) fumarate, and melamine form-
aldehyde polymer.

Way and Shayan[59] presented spectra of crystalline analogues of
alkali-aggregate reaction products.
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Studies[60] have been carried out on the ancient gypsum mortars from
St. Engracia, with the help of IR spectroscopy. Three broad groups of repair
materials were identified.  Spectral lines corresponding to gypsum, carbon-
ates (dolomite), silicate, and nitrates (in some samples) were observed. The
presence of wax with oil or resin, or egg yolk, was also identified.

Sugama and Carciello[61] studied the sodium phosphate-derived
calcium phosphate cements. In the IR spectrum, the appearance of a new
peak at 1110 cm-1 and the disappearance of peaks due to P-O and P-O-H
have been accounted for by the formation of sodium calcium phosphate.
Similarly, the formation of orthophosphate hydrate salt was identified by
a peak at 3430 cm-1. They were able to correlate the higher strength of
sodium polybasic (Na-P) salt-derived calcium phosphate cements.
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Nuclear Magnetic Resonance
Spectroscopy

R. James Kirkpatrick

1.0 INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is one of the most
effective probes of the atomic-scale structure and dynamical behavior
available for many materials, and during the past twenty years it has found
wide application in cement science. This chapter reviews the basic theory
of NMR and briefly describes examples of applications to atomic-scale
structural and dynamical studies of cement materials. Space limitations
prevent detailed review of the now-large literature. Despite this large and
growing literature, the range of potential applications has only barely been
touched, and future work is likely to be even more varied. NMR methods
are also useful for probing pore structure and transport properties in cement
and concrete via relaxation and imaging methods. These applications are
discussed in the appropriate chapters in this volume. General introductions
and specific applications of NMR to cement science are available in the
proceedings of the 1992 and 1996 conferences on this subject.[1][2]

1.1 Theory

NMR observes radio frequency signals from atomic nuclei occupy-
ing excited spin states, and understanding the observations is best accom-
plished though a combination of the quantum mechanical and classical
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descriptions of the phenomena. There are a number of effective introduc-
tory descriptions of the theory[3]–[7] as well as standard advanced texts.[8][9]

This chapter presents without support only a simple introduction adequate
to understand spectral interpretation and experimental operation.

Quantum Description. In the quantum description, NMR active
nuclei are considered to have a quantized property called spin, which can
usefully be thought of as being caused by physical spinning of the nucleus.
The angular momentum, J, of such a nucleus is given by

Eq. (1) J =  � [I(I + 1)]½

where �  is Planck’s constant/2π and I is the spin quantum number which
can be either an integer or half-integer. Nuclei with even mass number and
even charge (e.g., 12C, 16O) have zero spin and are of no interest to NMR
spectroscopy.  Nuclei with odd mass numbers (e.g., 17O, 27Al, 29Si) have
half-integer spins and are of most interest here. Nuclei with even mass
numbers and odd charge (e.g., 2H, 14N) have integer spins and can be more
difficult to examine, but can also be of considerable importance. Most
nuclei have spins between 0 and 9/2. The magnetic moment, µ

→
, of a nucleus

is a fundamental property and is given by:

Eq. (2) µ
→

 = γJ
→

where γ  is the gyromagnetic ratio which is defined by Eq. 2 and is a constant
for each nucleus.

Each nucleus has 2I + 1 spin energy levels which take on the values
I, I - 1, I - 2, ..., -I.  In the absence of a magnetic field, these energy levels
are degenerate (have the same energy), but when a magnetic field is present
this degeneracy is lifted (Fig. 1). The energy difference between these
states, ∆E, is given by:

Eq. (3) ∆E =  γ � H

where H is the magnitude of the magnetic field at the nucleus. The relative
populations of the higher and lower energy levels, Na and Nb, respectively,
is given by the Boltzmann distribution (Eq.  4).

Eq. (4) 




 ∆=

kT

E

N

N

b

a exp



Nuclear Magnetic Resonance Spectroscopy 207

Figure 1. Nuclear spin energy level diagrams for: (A) a spin I = ½ nucleus such as 29Si and
1H, and (B) a spin I = 5/2 nucleus such as 27Al and 17O. For an I = ½ nucleus the only nuclear
spin transition is between the ½ and -½ energy states. For nuclei with a quadrupole moment
the presence of an electric field gradient at the nucleus causes additional changes in the
energy levels. In many cases when the central (½, -½) transition is observed, the line shape
is modified by unaveraged second-order quadrupole effects.
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An individual nucleus can increase or decrease its energy only by absorbing
or emitting a photon with a frequency given by

Eq. (5) H
H

π
γν

2
0=

It is the frequency of this radiation which is measured in the NMR experiment
and, because ∆E is quite small, these are in the radio frequency range.

One of the most useful aspects of the NMR phenomenon is that the
electrons in the vicinity of the observed nucleus shield it from the applied
magnetic field, H0, a small amount. Nuclei in different structural environ-
ments, then, have slightly different frequencies. This shielding is
commonly anisotropic and is described by the tensor, σij. The isotropic
shielding, σij , is 1/3Trσij and the chemical shift anisotropy (CSA, ∆σ) is

Eq. (6) ∆σ  = σ33 − 1/2(σ11 + σ22)

Due to this shielding the magnetic field at the nucleus is given by

Eq. (7) H = H0 (1−σ)

Similarly,

Eq. (8) ( )σ
π

γν −= 1
2

0H

The absolute values of H0 and thus the NMR frequencies are difficult
to measure accurately and the frequencies are normally reported as chemi-
cal shifts, δ, relative to an experimentally useful standard.

Eq. (9)
610×




 −
=

std

stdsample

ν
νν

δ

The chemical shift corresponding to the isotropic shielding is called the
isotropic chemical shift, δi , and has units of ppm. More negative or less positive
chemical shifts correspond to larger shieldings. In many cases, the isotropic
chemical shift is the most useful NMR parameter for structural investiga-
tions and many NMR investigations of cement materials are based on it.
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Classical Description. Understanding the signal observed in an
NMR experiment is often easier in the context of either the classical
description or a combination of the quantum and classical descriptions. In
the classical description (Fig. 2) the spin of the nucleus causes the magnetic
moment of the nucleus to precess about the magnetic field, taken to be the
Z-axis, in the same way a spinning gyroscope precesses about a gravita-
tional field. The frequency of this precision, the Larmor frequency, is
identical to the frequency of the quantum description. The magnetic
moments of all the individual nuclei in the sample, called the spin system,
can be viewed as forming a cone about the Z-axis yielding a net magnetization,
M, parallel to H0

Figure 2.  Diagrams illustrating the classical description of NMR. (A) A precessing nuclear
moment, m, and the net magnetization (thick arrow) parallel to a static applied magnetic
field. (B) A system of individual magnetic moments and the net magnetization, M, in the
rotating frame of reference.  (C) The rotation of the net magnetization in the Z´-Y´ plane due
to the small H1 field caused by irradiating the sample at the Larmor frequency.  (D) Dephasing
of the spin system in the X´- Y´ plane of the rotating frame with a time constant, T2.
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The simplest NMR experiment (a 1-pulse experiment) is done by
irradiating the sample with plane-polarized radio frequency radiation such
that a small magnetic field, H1, is generated parallel to the X-axis of a
reference frame. This H1 field rotates with the magnetization and causes the
spin system to tip with respect to the Ho field in the Y-direction of a
reference frame which rotates about H0 at the Larmor frequency (the
rotating frame). In the simplest experiment, the tip angle is 90° (corre-
sponding to equal populations of the two spin energy levels involved). The
net magnetization is now in the X-Y plane, but is still precessing about Ho

at the Larmor frequency (the resonance frequency). It is this fluctuating
field in the X-Y plane that is actually detected by the spectrometer. For the
signal to be detected, the H1 field is turned off and at this point two things
happen to the spin system. The number of nuclei in the excited state begins
to decrease causing the orientation of M to return to its equilibrium
orientation parallel to Z.  Ideally, this relaxation is exponential and the time
constant describing it is called T1. In addition, the individual nuclei have
slightly different Larmor frequencies or, through various processes, lose
phase coherence.  Thus, with time, the individual spins become out of phase
with each other. The time constant for this process is called T2. For many
solids at room temperature, T2 is much less than T1 and the net magnetiza-
tion in the X-Y plane decreases to 0 before the spin system relaxes to its
equilibrium energy. The T1 and T2 relaxation times can both be useful
parameters in studying the atomic-scale dynamical behavior in materials.

In modern spectrometers, the signal emitted by the sample as the spin
system precesses is detected as a function of time (the time domain) to yield
a free induction decay (FID, Fig. 3). The signals resulting from many H1
pulses are added together to increase the signal/noise ratio [proportional to
(number of pulses)½]. The total FID is then Fourier-transformed into the
frequency domain to give the usual NMR spectrum. These spectra contain
one or more peaks, each corresponding to structural sites for the observed
nucleus, with different chemical shifts.

Quadrupolar Interaction. Nuclei with spin I > 0 can be classified
into two types, those with I = ½ and those with I  ≥ 1. The spin ½ nuclei (e.g.,
1H, 29Si) have only two spin energy levels (Fig. 1) and a spherical
distribution of charge. Those with spin  ≥ 1 (quadrupolar nuclei; e.g., 17O,
27Al) have three or more spin energy levels and a non-spherical distribution
of charge. Thus, their magnetic fields are more complicated and have, in
addition to a magnetic dipole moment, a magnetic quadrupole moment.
Interaction of this quadrupole moment with an electric field gradient (EFG)
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at the nucleus causes changes in the differences between the spin energy
levels (e.g., Fig. 1), giving rise to different resonance frequencies for the
2I + 1 different transitions. If the EFG is large (often the case in solids), only
the central (½, -½) transition is excited and observed. To first order, ∆E for
this transition is not affected by the EFG, but to second order it is. The result
of this effect is that the observed peaks are often broad and not symmetrical.
The quadrupole interaction is described by its magnitude (the quadrupole
coupling constant, QCC, proportional to the magnitude of the EFG) and its
deviation from axial symmetry (the asymmetry parameter, η). Both of
these parameters can sometimes be useful structural parameters because
they are related to the symmetry of the electronic environment at the
nucleus, which is a property of the material.

Figure 3. A typical NMR free induction decay.

Magic-Angle Spinning (MAS) NMR. MAS is an experimental
technique commonly used for solids to overcome peak broadening caused
by a number of important nuclear interactions. These interactions cause
either a range of magnetic fields at individual nuclei or anisotropic effects
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which cause nuclei in sites oriented differently with respect to Ho to have
different resonance frequencies. The most important interactions for solids
include (1) the interactions of the dipole moment of the observed nuclei
with the dipole moments of other individual nuclei of the same or other
species (homonuclear and heteronuclear dipole interaction), (2) the anisot-
ropy of the shielding (CSA) described above, and (3) the anisotropy of the
electrical field gradient causing the quadrupole interaction. Other interac-
tions, such as the indirect nuclear interaction (J-coupling) are usually less
significant for solids, but can be important for liquids.

In low viscosity liquids and gases, rapid isotropic molecular tum-
bling causes time averaging of these interactions resulting in a narrow range
of resonance frequencies and thus very sharp peaks. This effect is the origin
of the very high resolution routinely available in spectra of, for example,
organic molecules in solution. In solids, however, such motion rarely
occurs.  Magic angle spinning reduces the peak broadening caused by these
interactions by spinning the sample at frequencies of from ~1 – 35 kHz
around an axis oriented 54.7° to Ho. This rotation mimics the effect of
rapid molecular tumbling for the dipolar and CSA interactions by making
the time-averaged orientation of the observed sites = 54.7°. At this
orientation, these interactions have a value of 0. The effect of MAS for
I = ½ (non-quadrupolar) nuclei is dramatic and often makes the difference
between a useful spectrum and an unresolved hump (e.g., Fig. 4). Unfortu-
nately, for quadrupolar nuclei under simple MAS, the line narrowing is only
a factor of about 3 and the peaks often remain broad and have non-
symmetrical shapes.

Decoupling and CPMAS.  In many cases, the simple MAS
experiment just described is adequate to provide the information required;
in other cases peak overlap or unaveraged nuclear interactions prevent
optimal resolution and other more complicated experiments are needed.
Indeed, the ability of modern spectrometers to accurately control the
number, timing, phase, and amplitude of the RF pulses has lead to an
extraordinary array of NMR experiments (pulse sequences) that involve
complex manipulation of spin systems. In many cases these experiments
provide information, such as bond connectivities, not contained in simple
MAS experiments.
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Because many cement materials are hydrous, one often desires to
either eliminate the strong dipolar interaction between protons (1H) and
an observed nucleus (e.g., 29Si) or use this interaction to enhance
observed signal or understand the structural relationships between
hydrogen atoms and atoms of the observed nucleus. Elimination of the
heteronuclear dipolar interaction which is often so strong that it is not
completely eliminated by MAS and causes unwanted peak broadening,
requires strong continuous or pulsed RF at the 1H resonance frequency
arranged in such a way that the 1H and observed spin systems do not
interact (are decoupled). For some cement materials, decoupling appears
to be useful, but for others rapid motion of the 1H-containing species causes
self-decoupling and there is no peak-width decrease in the MAS spectra due
to decoupling. The 1H coupling to an observed nucleus can be used to
enhance the observed signal (at the loss normally of quantitative signal
intensity) via cross polarization with MAS (CPMAS). This experiment

Figure 4. 29Si MAS NMR spectra of (a) monoclinic MI alite, (b) monoclinic MIII alite, (c)
triclinic C3S.  The alite samples contain substitutional impurities. The � peak for C3S is
due to minor impurity C2S. (From Ref. 14.)
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works by bringing the 1H and observed spin systems into the Hartmann-
Hahn condition

Eq. (10) γHHH = γiH i,

where the H’s are the H1 fields for 1H (HH) and the observed nucleus (H i).
Under these conditions the two spin systems precess about their respective
H1 fields (but not Ho) at the same frequency, allowing magnetization
transfer from the 1H spin system to the observed spin system. If the
hydrogens are within a few Å of the  observed nucleus, these conditions can
increase the signal/noise (S/N) ratio of the spectrum and reduce the
acquisition time. Perhaps most importantly, the spectrum contains essen-
tially only signals from observed nuclei located near the hydrogens,
effectively discriminating hydrous from anhydrous materials. As for
decoupling, if the 1H-containing species are in rapid motion independently
of the observed nucleus, the two spin systems are self-decoupled and CP is
ineffective. Many spectra of cement materials are taken under CPMAS
conditions.

Two-Dimensional (2-D) Experiments. The spectra obtained using
the techniques described above (e.g., Fig. 4) can be thought of as 1-
dimensional spectra in the sense that signal intensity is presented as a
function of only one parameter (resonance frequency/chemical shift). Two-
dimensional (2-D) NMR spectroscopy takes advantage of the large number
of nuclear interactions to correlate nuclei of atoms related to each other in
some way (e.g., in space, via chemical exchange, or with similar NMR
parameters). The spectra consist of two frequency axes with intensity
plotted in the third dimension. Two-dimensional techniques have prolifer-
ated in the past two decades[4] and a complete compilation is beyond the
scope of this chapter. Briefly, they work by use of multiple-pulse sequences
which include a time period between pulses that is varied. Multiple spectra
are collected with different values of this time period and Fourier transfor-
mation is done over both this time period and the usual acquisition time.
Among the various 2-D methods, dynamic-angle spinning (DAS)[10] and
multiple quantum (MQ)[11][12] methods are potentially the most impor-
tant for cement science. Both significantly increase the resolution and
information available for quadrupolar nuclei. MQ may become the most
useful of these techniques because it requires no special equipment beyond
an MAS NMR spectrometer and can provide independent chemical shift,
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quadrupole coupling constant, and asymmetry parameter data for multiple
sites in the same sample. At the time of writing (late 1996) there have been
no published applications of MQ NMR to cement materials, and, indeed,
the methods are still under development. (See note added in proof at the end
of this chapter.)

1.2 Experimental Methods

The Spectrometer. NMR spectrometers consist of electronics for
generating and receiving radio frequency pulses, a computer to control the
system and collect and process data, a magnet to generate the Ho field, and
a sample probe to place the sample in the magnet, spin it as desired, irradiate
it with the RF radiation, and allow precise tuning.  Most modern spectrom-
eters are based on powerful superconducting magnets and are categorized
by their Ho field strength, typically from ~ 2.3 to 17.5 tesla (T), correspond-
ing to 1H resonance frequencies of from 100 to 750 MHz.

The Sample. Samples used for solid state NMR range in size from
a few mg to more than a gram, but are typically 50 to 300 mg. For static
spectra, the sample can be held in a wide variety of closed or open
capsules that are chemically compatible with the sample and that have
a low background for the observed element. For MAS, the sample
container is typically a hollow cylinder (a rotor) made of a material of
adequate strength, typically plastic for low spinning speeds or a ceramic for
higher spinning speeds. There are flutes either cut into the cylinder or
onto end caps on which compressed air blows to drive the spinning.
Samples can be powders, large pieces, or mixtures of solid and liquid,
but if sample spinning is desired the sample must be mechanically stable
in the rotor.

Capabilities and Limitations. For situations to which it can be
applied, NMR often provides the greatest resolution of any spectroscopic
structural probe (e.g., IR, Raman, and x-ray absorption spectroscopies). It
is also element-specific, an important advantage over vibrational spectros-
copy. Unfortunately, the presence of paramagnetic impurities (primarily
Fe, but also other transition metals) can destroy the signal, significantly
limiting applications. In addition, not every potentially interesting element
has an abundant NMR-active nuclide. For cement and concrete science, the
absence of a naturally occurring Ca isotope is especially limiting. Nonethe-
less, there are many issues to which NMR is readily applicable.
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2.0 STRUCTURAL INVESTIGATIONS OF ANHYDROUS
CEMENT PHASES

2.1 Silicates

     NMR investigation of the structure of silicate phases of interest to
cement science has been undertaken using primarily 29Si, and crystalline
Ca-silicates, which were among the first phases to be examined after the
experimental methods were developed. The data for them provide a
reference from which to interpret the data for materials with less well
understood structures.  The following are the major points. The 29Si NMR
chemical shifts for all silicates become more negative (more shielded) with
increasing polymerization.[13]–[16] The polymerization is characterized by
the Qn nomenclature where Q indicates an Si atom on a tetrahedrally
coordinated site and n indicates the number of bridging oxygens per
tetrahedron. Thus, the Si sites of the primary cement phases alite and belite
have Q0 polymerization, and quartz has Q4 polymerization.The nine
crystallographically distinct Si sites of high-purity C3S resonate between
about -68.9 and -74.5 ppm (Fig. 4),[14] and the Q0 sites of the various C2S
phases resonate between -70.1 and -73.5 ppm, well within the range for
such sites. Pure silica phases, on the other hand, resonate between about
-107 and -114 ppm.

Figure 5.  29Si MAS NMR spectra of (a) and (b) two Portland cements; (c) and (d) are
optimized simulations of the line shapes with the components of (e) and (f) belite, and (g)
and (h) MIII alite. (From Ref. 14.)
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The 29Si peaks for the high-purity phases are quite narrow (<1 ppm)
if they are well crystallized (e.g., C3S, Fig. 4), and the spectra are well
resolved. The alite and belite of real portland cement, however, are quite
impure and, because of distortion of the electronic environments of the Si
due to these impurities, their spectra are quite broad and poorly resolved
(Figs. 4 and 5). A significant amount of the 29Si signal is probably lost due
to paramagnetic interactions.

Despite the possibility of such signal loss, recent work has shown that
quantitative spectral deconvolution of the 29Si MAS NMR spectra of
production portland cements with a wide range of compositions provide
quite accurate alite/belite ratios (Fig. 5).[14] Thus, this method has the
potential to be an accurate, partial measure of the phase composition of
production cements.

2.2 Aluminates

The most useful nucleus for aluminates has been 27Al , but because
it is quadrupolar, its spectra are less well resolved than those of 29Si. It
effectively distinguishes Al with different nearest neighbor coordination
by oxygen, tetrahedral Al,[4] octahedral Al,[6] and the rare pentahedral
Al.[5][14]–[17] The chemical shifts for Al[4] distinguish Al in aluminates
(isotropic chemical shifts from ~ 75 to 85 ppm) from that in aluminosili-
cates (isotropic chemical shifts from ~ 50 to 70 ppm). For structurally well
ordered materials, it also provides information about the Al site symmetry
via the quadrupole coupling constant and asymmetry parameter. The very
high field magnets now available (Ho  > 17.5 T) yield significantly increased
resolution for 27Al.

2.3 Glasses and Melts

There is a large body of literature describing NMR investigations of
aluminosilicate glasses potentially relevant to cement manufacture. Depending
on the spectral resolution, it is sometimes possible to determine Si polymer-
ization and often Al coordination. There has been no comprehensive review
of this literature.[16]

In addition to studies of glasses at room temperature, it is possible to
use in-situ high-temperature NMR methods to study silicate and aluminate
melt structure and dynamics.[18][19] These techniques are difficult and still
evolving, but in-situ 27Al results for laser heated CaAl2O4 melt samples
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show that the Al is essentially all Al[4] near the glass transition temperature,
but that some Al  enters 5- and/ or 6-coordination at high temperature. The
data also show that the NMR correlation times for Al reorientation correlate
reasonably well with those for shear viscosity.[19] Such in-situ experiments
have significant potential for studying the processes occurring in the melt
phase during cement production and laser heating is likely to be necessary
to achieve the required temperatures of ~ 1500°C.

3.0 STRUCTURAL INVESTIGATIONS OF CALCIUM
SILICATE HYDRATE (C-S-H) AND RELATED
CRYSTALLINE PHASES

NMR methods have found their widest application to cement and
concrete science in structural studies of Ca-silicate hydration products
(C-S-H) and their hydrous crystalline model compounds, and in studies of
portland cement hydration. This section first describes the results for
relevant hydrous model compounds, then calcium silicate hydrate (C-S-H),
and finally hydration studies.

3.1 Tobermorite, Jennite, and Other Ca-Silicates

Tobermorite and jennite have long been considered relevant model
compounds for the C-S-H structure,[20] and 29Si MAS NMR provides a
direct probe of their structures and reference chemical shifts for Si-sites of
different polymerizations for comparison to C-S-H. Ideal tobermorite has
a layer structure with a  sheet of Ca-polyhedra sandwiched between two
sheets of chains of silicate tetrahedra (Q2) polymerization.[21] Several
published 29Si MAS NMR spectra show the situation to be more compli-
cated than this.[22]–[26] Many samples of 1.1 nm tobermorite show a
dominant peak for Q2 (chain) tetrahedra at ~ -85 to -86 ppm with a smaller
peak for Q1 tetrahedra (broken chain ends) near -79 to -80 ppm, and Q3

tetrahedra (tetrahedra which cross-link chains) near -96 ppm (Fig. 6). A few
samples yield primarily signal for Q2 tetrahedra.  Clearly, different samples
have significantly different states of structural order. Studies of Al-
substituted tobermorites using 27Al MAS NMR show that Al occurs in
tetrahedral coordination in a number of different configurations.[27][28]

The structure of jennite has not been solved by diffraction methods,
but the 29Si MAS NMR spectrum of a reasonably well crystallized sample
contains a single peak near -86 ppm for Q2 tetrahedra, confirming a
proposal based on powder x-ray diffraction data (Fig. 6).[20][25]
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There have been many 29Si MAS NMR studies of  hydrous crystalline
Ca-silicates, including, e.g., xonotlite, hillebrandite, tricalcium silicate
hydrate and others.[24][25][29]–[31] These studies confirm the chemical shift
assignments for tobermorite and jennite and provide important new struc-
tural information concerning these phases.

Important structural information concerning hydrous Ca-silicates
can also be provided by 1H NMR. In some cases, it is possible to distinguish
hydrogens in CaOH linkages, water molecules, and SiOH linkages.[32][33]

The 1H chemical shift becomes less shielded (more positive) with increas-
ing hydrogen bond strength of the hydrogen.

Figure 6. 29Si MAS NMR spectra of the following crystalline Ca-silicate hydrates. (A) 1.1
nm tobermorite; (B) 1.4 nm tobermorite; (C) 1.1 nm tobermorite made from the 1.4 nm
tobermorite by dehydration at 105°C; (D) jennite; (E)xonotlite; (F) hillebrandite; and (G)
calciochondrodite. (From Ref. 25.)
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3.2 C-S-H

C-S-H is the dominant strength-forming phase in portland cement
paste, and determination of its structure and behavior has been a central
topic in cement science for many decades. NMR spectroscopy has contrib-
uted significantly to this effort in recent years. Most importantly, it has
provided both a confirmation of the long-standing idea[34]–[41] that the
C-S-H structure is similar to those of tobermorite and jennite and information
about how the compositional variation of C-S-H is accommodated structurally.
The 29Si MAS NMR spectra of most C-S-H samples contain peaks for only
Q1 and Q2 sites, with the Q1/Q2 ratio increasing with increasing C/S ratio
up to ~ 1.2 (e.g., Fig. 7). At C/S ratios less than ~ 0.9, some samples yield
a peak for Q3 sites, but significant intensity for Q0  peaks are never observed
for single phase samples. At C/S ratios greater than ~ 1.2, the Q1/Q2 ratio
does not change systematically with C/S ratio.

Figure 7. 29Si MAS NMR spectra of synthetic C-S-H samples with the indicated bulk
C/S ratios determined by x-ray fluorescence analysis.  Samples with C/S ratios from 0.79
to 1.45 are single phase, as determined by x-ray diffraction.  (From Ref. 38)
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These observations can be explained by a structural model based on
tobermorite in which compositional variation at C/S less than ~ 0.9 is
accommodated by cross-linking of tetrahedral chains (as in many
tobermorites), compositional variation between C/S = 0.9 to 1.2 is accom-
modated primarily by omission of bridging tetrahedra, and compositional
variation at C/S greater than ~ 1.2 is accommodated primarily by omission
of silicate chains or chain segments (giving jennite-like regions). The
results of 17O MAS NMR support this model, with the compositional
variation of the relative abundance of non-bridging oxygens (NBOs) being
in accord with the model.[39] NMR is a local structural probe, however, and
does not address well the spatial distribution of these different structural
components.

Recent high-resolution TEM observation of C-S-H from hydrated
cement paste shows the presence of crystalline mesoscale regions 5 to 10
nm across surrounded by amorphous appearing regions.[42] The crystalline
regions have lattice spacings varying between those of tobermorite and
jennite, confirming the presence of structural elements of these types.
These results are also consistent with solid solution of tobermorite, jennite,
and Ca-hydroxide. There is continuing controversy about the number of
thermodynamically distinct C-S-H phases (1, 2, or 3)[(36][37][38]  and a
quantitative and comprehensive structural model for C-S-H and its varia-
tion with composition and mode of formation awaits development.

A study of C-S-H using 27Al MAS NMR shows that, as for
tobermorite, Al enters the structure as Al[4] and Al[6].[43][44] (See note
added in proof at end of this chapter.)

4.0 INVESTIGATIONS OF PORTLAND CEMENT
HYDRATION

Over the past decade, 29Si MAS NMR has developed into an
important probe of the hydration of portland cement complimentary to
thermal, microscopic and x-ray diffraction methods. Because the 29Si peaks
for the C-S-H reaction product are well separated from those of the
anhydrous reactants, as described above, the data provide a well resolved
and quantitative probe of both the extent of reaction and the structure of the
products. There have been a large number of published NMR studies of the
hydration of various portland cements and individual phases such as C3S
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and C2S.[45]–[50] In many cases, the initial hydrous product contains many
Qo sites which are perhaps not in C-S-H, but in a surface-product on the
anhydrous grains. The Qo sites are sometimes detectable above noise only
in CPMAS spectra. The abundance of Q0 sites usually decreases with
reaction time while the abundance of Q1 and Q2 sites increases. The Q1/Q2

ratio decreases with time and reaches a constant value. The Q1/Q2 ratio of
well aged samples often decreases with increasing temperature.

NMR spectroscopy (29Si NMR) also effectively characterizes the
extent of reaction and C-S-H structure in cement formulations containing
pozzolans, including DSP and RCP cements.[51]–[55] In general, the C-S-H
in these materials is more polymerized than C-S-H in OPC and may contain
significant concentrations of Q3 sites. The reaction rate increases with
increasing temperature and is greater in the presence of pozzolans. Studies
using samples containing 29Si-enriched SiO2 show that the silicon of the
pozzolan first enters the C-S-H primarily in Q1 sites and later moves into
Q2 and Q3 sites.[52]

The molecular scale processes occurring during portland cement
hydration can also be effectively studied using 1H relaxation rate measure-
ments with both the spin-spin relaxation time, T2, and the spin-lattice
relaxation time, T1, providing useful information.[56]–[59] After the dormant
period, five different groups of protons with different T1 values can be
identified and some of these can be further subdivided into two components
with different T2 values. These components include the following: (i)
Protons in structural water and OH in crystalline phases such as ettringite
and Ca-monosulfate (T1 ≈ 50 ms). (ii) Protons in adsorbed water molecules
in pores (T1 ≈ 10 ms). (iii) Protons in the C-S-H gel (T1 ≈ 1 ms). (iv) Protons
in portlandite (T1 ≈ 1 s). (v) Undifferentiated protons near paramagnetic
impurities (T1 ≈ 2 ms). Based on slightly different T2 values, the first three
groups include liquid-like and solid-like components which are in homo-
nuclear dipolar contact. The abundances of these various components can
be readily followed with hydration time, and the changes are typically as
expected, with the relative abundance of protons in C-S-H and portlandite
increasing with time. The total amount of water uptake into hydrated phases
can also be monitored. The advent of very high field magnets and MAS
spinning frequencies of > 20 kHz open the possibility of combining high-
resolution spectra and relaxation measurements to better understand the
molecular level roles of protons in hydrating cements.
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5.0 INVESTIGATIONS OF ALUMINATE CEMENT
HYDRATION

NMR study of Ca-aluminate-based cement similar to those just
described for portland cement systems have been undertaken using 27Al
and 1H methods, although the work has been less extensive.[60]–[64] 27Al
MAS NMR shows the conversion of the Al[4] of the Ca and CA2 reactants
to the Al[6] of the product phases (CAH10, C2AH8, C3AH6, and gibbsite,
depending on temperature (Fig. 8).[60]–[63] It also shows the presence of
Al[4] and Al[6] in an amorphous initial reaction product and at least Al[4] in
a reaction intermediate.[63] 1H  T1 measurements can be used to characterize
the phases present during hydration at room temperature and elevated
temperatures (Fig. 8).

Figure 8. 27Al MAS NMR spectra of CaA12O4 and commercial Secar 71 aluminate cement
hydrated at 50°C for the indicated times. (From Ref. 63.)
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6.0 WASTE SOLIDIFICATION AND STABILIZATION

The use of cement-based waste forms to solidify and stabilize
chemical and nuclear hazardous waste has become a significant topic in
recent years, but there has been little direct NMR investigation related to it.
Janusa, et al.,[65] have used deuterium (2H) NMR methods to study the
behavior of phenol in white portland cement and showed that the minimum
bond strength is of the order of 5.5 kcal/mol. Other studies have found 29Si
and 27Al MAS NMR useful in studying the effects of organic and inorganic
waste components on the rate and extent of hydration.[66][67] The wide range
of NMR methods now available for studying solids and solid/solution
composites are likely to find significant application in this regard.

7.0 ALKALI SILICA GEL

NMR methods have the potential to usefully probe the structure and
formation of alkali silica reaction gels, but there have been few studies.
Cong, et al.,[68] have shown that in hydration experiments containing
reactive silica and portlandite, Si-sites identical to those in C-S-H were
formed as well as more polymerized sites associated with K.

8.0 STRUCTURAL INVESTIGATIONS OF RAW
MATERIALS

There is an extensive literature describing NMR studies of rocks and
minerals, but there are no studies specifically directed at cement feed
stocks. Review of this literature is beyond the scope of this chapter.

9.0 NOTE ADDED IN PROOF

Since this chapter was written in 1996, there has been significant
advance in the use of multiple quantum methods and very high H0 field
strengths to study 27Al NMR of Al in C-S-H. Faucon et al.[69] used 27Al
multiple quantum methods to characterize several Al[4] and Al[6] sites, and
Sun et al.[70] used 27Al MAS at Ho = 17.5 T to characterize three Al[4] sites,
Al[5] sites and Al[6] sites. They assigned the Al[4] sites to the tetrahedral
chains and the Al[5] and Al[6] to the interlayer space. Faucon et al.[69]

provide recent references to the multiple quantum technique.
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1.0 INTRODUCTION

Not many methods of “visual” evaluation of concrete are available to
the concrete technologist except possibly optical microscopy. Most of the
properties of concrete are evaluated, that is, tested and analyzed, according
to standard procedures. For example, the ASTM C 856 method is used for
petrographic analysis of hardened concrete, the ASTM C 39 method for
testing compressive strength of concrete, the AASTHO T 227 for chloride
ion permeability, and the ASTM C 133 method for chemical analysis. In this
respect, scanning electron microscopy (SEM) and its adjunct microanalyti-
cal unit, commonly known as the energy dispersive x-ray analyzer (EDXA),
do not fall under the realm of any standard procedure. It is a relatively new
technique which is yet to be universally accepted by the concrete technolo-
gist as an investigative tool. One of the first applications of SEM in cement
hydration study was by Gupta, Chatterji, and Jeffery, in the early 1970s.[1]

Following the development of EDXA, Diamond[2] brought to our attention
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the advantages of this SEM attachment in the microanalysis of concrete.
Since then several researchers have practiced, and even improved the
technique of concrete evaluation using SEM-EDXA.[2]–[4]

It appears that transmission electron microscopy (TEM) had been in
use before the potential of scanning electron microscopy in the study of
concrete began to be recognized. Despite its higher resolution, the TEM
suffers from an inherent drawback in that in-situ samples cannot be
observed. In fact, the sample must be reduced to a very thin film so that the
beam can transmit through it before it can be examined under the TEM. This
thinning process, which is either done by ion-thinning or grinding, is known
to destroy some very important integral characteristics such as the paste-
aggregate interface, interparticle bonding, etc. Though it is not possible to
examine massive samples under the SEM, in the TEM  the sample size must
be reduced still further, to only about 1–2 mm. Nonetheless, the TEM still
remains a powerful electron-optical instrument for studying early hydra-
tion products and ultra fine particles such as silica fume.[6]

To appreciate the functional utility of SEM-EDXA, it is necessary to
understand the important principles governing this combined visual and
microanalytical technique.

2.0 SCANNING ELECTRON MICROSCOPY, X-RAY
MICROANALYSIS

2.1 Optical Microscopy-Electron Microscopy Transition

A microscope is a device that reveals details of an object finer than
what can be seen by the naked eye. Certainly the development of the optical
microscope, ever since its discovery in the late 16th century, brought a new
era in scientific instrumental examination. The performance of a micro-
scope, and, therefore, the quality of examination, depends on the resolution
of the microscope and its ability to provide an image which has sufficient
contrast to distinguish the observed phases against the background.

The resolution or the resolving power of a microscope to reproduce
the object is defined as the smallest separation of two points in the object
that can be distinctly shown by the image. A resolution of 210 nm was
already achieved by optical microscopes built 100 years ago.
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Two discoveries in the 1920s, namely, the wave nature of particle
streams by L. de Broglie, and that electrons can be focused by a magnetic
field, demonstrated by H. Busch, heralded the development of electron
microscopes.[7] Owing to the much shorter wavelength of the incident
electron beam, the electron microscope is capable of producing distinctly
higher resolution images compared to optical microscopes. The first
commercial SEMs became available in the 1960s and today’s SEM has
achieved a resolution better than 10 nm, that is an improvement by a factor
about 103 relative to light microscope.

2.2 Scanning Electron Microscope

When a beam of primary electrons strikes a bulk solid, the electrons
are either reflected (scattered) or absorbed, producing various signals, Fig.
1. The incident electrons disperse into a “pear shaped” volume in the solid.
Besides secondary electrons, backscattered electrons (BSE), x-rays, Auger
electrons, and other responses, are also produced. Different modes of
observation and/or microanalysis can  thus be employed on the object under
examination. The most frequent modes in the SEM involve the capture of
secondary and backscattered electrons, while the most commonly used
microanalytical techniques, based on the detection of x-rays, are energy
dispersive x-ray analysis and wavelength dispersive (WD) analysis. Mod-
ern SEMs are usually equipped with the EDX detector while the WD
analyzer unit remains an option for the expensive models.

Figure 1. Different interactions of an electron beam (PE) with a solid target. BSE =
backscattered electron, SE = secondary electron, X = x-ray, AE = auger electron.
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The intensity of the reflected electrons is proportional to the atomic
number of the substances in the object and the density of the material. The
energy level of primary electrons (PE) is up to about 50 eV and so are the
scattered electrons. One distinctive feature of the BSE is its relatively high
energy. It is important to note that all these responses are produced in a
shallow zone of the target.

The principle of SEM can be explained with the help of the illustra-
tion shown in Fig. 2. The electron beam is formed by the electron gun which
is successively condensed by the projecting lens and the objective (mag-
netic) lens to a spot about 5–100 nm in diameter at the specimen plane. The
entire system is tightly sealed so that when it is in an operational state the
microscope column can be evacuated to about 106 torr (1.33 × 10-4 Pa). A
scan generator simultaneously drives the X- and Y-scan coils in the
microscope column and in the cathode ray tube (CRT). Among the different
types of responses produced, the secondary electrons (SE) and x-rays are
collected by the photomultiplier to form an image and provide chemical
compositional data.

A conventional collector is illustrated in Fig. 3. The secondary
electrons at the specimen surface are accelerated under a potential differ-
ence of 10 kV towards the scintillator where light is created and passed
down a light pipe to a photomultiplier. The function of the photomultiplier
is to convert light into an electric current ready for further amplification by
an amplifier and eventual display on a CRT screen.

Any object can be microscopically examined as long as it is electri-
cally conductive. The contrast formed by the collected signals originate
from the difference in surface topography and composition. Both SE and
BSE modes provide imaging facility; the SE mode, however, is dominated
by topographic contrast, whereas the BSE mode is much more oriented to
detecting atomic density which can be related  to the atomic number and
density of the grains forming the object.

Acceleration Voltage. An appropriate voltage must be chosen
subject to the composition of the specimen. With most modern SEMs it is
possible to select a voltage from as low as 0.2 kV to as high as 30 kV. While
a higher voltage provides a stronger contrast it may lead to increased
surface charging and, thus, deterioration in the quality of the image.
Typically, 15 to 20 kV is suitable for studying ordinary concrete specimens,
but 15 kV is desirable for specimens containing a high volume of fly ash.
For materials more vulnerable under the electron beam, e.g., polymers, a
lower voltage of  about 5 kV is preferred.
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Figure 2. Schematic of a scanning electron microscope.

Figure 3. A conventional collector for secondary electrons (SE) and backscattered
electrons (BSE). PE = primary electron beam.
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Depth of Focus. The small aperture(s) defining the electron beam
(the same as in the case of an ordinary camera) results in a large depth of
focus, which is much higher than that of the optical microscope. For
example, a rough surface will remain in focus and usually one area can be
clearly examined by SEM in a single view without changing the focus,
though the depth of focus reduces at very high magnifications. Surface
irregularities, however, do influence SE emission and signal collection.
The signal yield is poor from flat areas while it is much stronger from
inclined areas; areas with a rough surface may hinder some signals, leading
to a better morphological image at the cost of details.

Backscattered Electron Imaging. Reflection of primary electrons
by the specimen is higher when the atomic density of the specimen is
higher, i.e., a material having a high atomic number results in more efficient
reflection. Cement provides some good examples in this respect. The
aluminoferrite phase (C4AF) in cement appears brighter than tricalcium
aluminate (C3A) due to the presence of iron whose atomic number, Z = 26,
is higher than that of calcium[20] or aluminum,[13] and unhydrated cement
grains are brighter while the C-S-H is darker in the BSE mode (Fig. 4).

Contrary to the SE mode, the specimen for BSE examination,
preferably, should be flat in order to reduce the noise produced by an uneven
surface. Compared to SE, BSE has a much higher energy, thus, only those
features that are in direct line of sight of the collector are detected and the
resultant micrograph does not show much detail for deeper layers, e.g., in
a hole.

2.3 X-Ray Microanalysis

The process of using the scanning electron microscope and energy
dispersive x-ray analyzer to simultaneously examine the morphology of an
object and analyze its elemental composition is called SEM/EDXA. The x-
ray microanalysis can be done (a) in the spot mode, i.e., for analyzing a
small spot in a constituent for its elemental composition; (b) in the area
mode, to analyze the bulk composition of an area; (c) in dot mapping mode,
to scan a particular area of interest for elemental mapping to study the
distribution density of different elements in a particular phase or region; or,
(d) in linear traverse mode, to determine variation in concentration of one
or several elements along a line.
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Figure 4. Backscattered electron image of interficial transition zone along dolomite
aggregate (D) and noncontinuous calcium hydroxide deposit (C) along aggregate bound-
aries and air voids (V). A = partly hydrated cement grains, B = C-S-H, and m = calcium
monosulfate. (Courtesy of Dr. David Bonen, US Gypsum Corporation.)

EDXA is based on the detection of x-rays emitted by the specimen
under investigation and that every element has a characteristic emission.
Conventional EDX detector which is maintained under cryogenic condi-
tions, is made of  lithium (Li) drifted silicon (Si); a beryllium (Be) window
often separates the spectrometer and the microscope. The x-ray photons
that originate from the specimen are collected by the Si-Li detector. After
undergoing a conversion process to voltage pulse output, it is then trans-
formed into counts/channel. These counts are displayed on the cathode ray
tube screen. Since each element has its characteristic energy position,
different elements can be readily identified by means of a cursor. For
example, aluminum Kα is at 1.5 keV, silicon Kα at 1.74 keV, sulfur Kα at
2.34 keV, and calcium Kα at 3.7 keV. In practice, the accelerating voltage
exceeds the critical excitation potential of the characteristic x-rays, e.g. for
K radiation of atoms up to Z = 40, a 30 kV voltage is commonly used. The
high voltage used for microanalysis indicates that the sampled volume is
comparatively large. The total number of counts for a particular element is
proportional to the amount of that element present in the object. An example
of EDXA applied to concrete is shown in Fig. 5.
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Most EDX systems are equipped with software for quantitative
analysis, also known as ZAF for the three major corrections that are applied,
namely atomic number (Z), absorption (A), and fluorescence (F). Quanti-
tative analysis, however, must be carried out on flat polished surfaces, or
errors are bound to occur. Phase delineation of concrete specimens can be
a major problem which is overcome by using the backscattered electron
imaging technique. For practical purposes, however, the concrete technolo-
gist is rarely interested in phase quantification. To study the effects of
deterioration of concrete or its performance characteristics, qualitative
phase identification, grain morphology, distribution pattern, and associa-
tion with other phases, are some of the chief interests one has in studying
concrete under the SEM.

The EDX system can simultaneously detect elements with energy
higher than 1 keV (elements with Z = 11, i.e., sodium); lower-energy
elements are absorbed by the Be window. Modern EDX detectors are
windowless, therefore it is possible to detect lower atomic number elements
such as carbon (C) and oxygen (O). The advantage is that discrete differ-
ences between certain minerals that may be present in concrete can be
readily made despite very similar morphologies. This is well demonstrated
in the analysis of ettringite and thaumasite, Figs. 6a and 6b.

Figure 5. EDX spectrum of C-S-H in the hydrated paste of a concrete. Calcium and Si are
the principal peaks. Trace amounts of Na, Mg, Al, and S, are present as impurities.
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Figure 6. EDX spectrum of (a) ettringite, showing Ca, Al, S, and O peaks; (b) thaumasite,
showing Ca, Si, S, O, and C peaks.

Caution. Since EDXA is not restricted to a small volume, contributions
from the surrounding regions and from below the object being analyzed
may jeopardize the analysis results. It is possible for the electron beam to
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pass through the object if it is either a fine fibrous or a thin platy type.
Additional elemental peaks may appear during analysis; for example,
silicon from neighboring or underlying C-S-H is a very common occur-
rence in ettringite analysis because of ettringite’s fibrous morphology
which permits beam penetration through the crystals. This, however, does
not imply that the fibrous crystals are composed of thaumasite and ettringite.
To positively distinguish one from the other, the presence or absence of
carbon must be verified using a windowless detector.

Specimen Preparation. One of SEMs great advantages lies in the
possibility of examining a fractured concrete specimen which is first
mounted either on a metal or a graphite stub using a rapid drying glue. A
powder sample can be mounted by spraying the powder on the stub topped
with glue or a double sided tape. Pressing the sample with a piece of clean
Al-film helps to reduce the number of loose grains. Since cement paste and
concrete tend to be nonconductive they need to be coated with a thin layer
of electrically conductive material.

The commonly used methods of coating are high voltage sputtering
and evaporation. For cold sputtering, a range of coating materials such as
gold (Au), gold-palladium (Au-Pd), chromium (Cr), silver (Ag), etc., may
be used, while carbon is used for evaporation. The selection of coating
material depends on the requirement of the compositional analysis. For
example, to analyze concrete which has undergone sulfate attack, Au
coating is not appropriate, because the L-line of Au interferes with the K
line of sulfur (S). Similarly, the interference of the M-line of Pd with the K-
line of chloride (Cl) must be taken into consideration when the presence of
additional Cl in concrete is to be evaluated, such as reinforced concrete in
a marine environment. Silver or chromium sputtering or carbon evapora-
tion can be used in these cases. Once a coating of suitable material and
thickness has been applied on the specimen surface it is ready to be inserted
in the SEMs specimen chamber for examination. Actually, concrete speci-
men preparation for SEM and qualitative EDXA requires minimal effort.

Specimen Size. The size of the specimen that can be accommodated
inside the microscope depends on the model of the SEM being used. In
some SEMs, it is possible to insert specimens that are several square inches
in size, while others are capable of accepting relatively small-size speci-
mens. It must be remembered that the larger the size of the specimen, the
longer it takes for the SEM to pump down. Compared to the TEM and
optical microscope, the thickness of the specimen for SEM is much  larger.
A regular criticism addressed towards this type of microanalysis is that the
results are based on examination of much too small areas. Thus, it is
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preferable to examine a relatively large area in a specimen for the study to
be representative.

Specimen Pre-Conditioning. Examination of a freshly exposed
concrete surface is desirable in order to avoid carbonation and other
spurious surfacial effects. Specimens for BSE imaging should be flat and
smooth, which helps to provide more reproducible results.

The sample must be sufficiently dry otherwise moisture in the sample
begins to evaporate under the high vacuum in the microscope, thus
deteriorating the vacuum in the SEM column and affecting the efficiency
of the electron beam.

It has been noted that drying of the concrete specimen at a high
temperature results in additional cracks. If the drying time is long, some
water-sensitive crystals exhibit a tendency to change form. For example,
gypsum (CaSO4·2H2O) can transform to hemihydrate (CaSO4·0.5H2O) at
a fairly low temperature, around 100°C, though in a dynamic condition this
normally occurs at about 150°C. Even a relatively short drying time can
decompose ettringite crystals.

Recent progress in SEM enables us to use an “environmental cell,”
which allows the examination to be performed under a weak vacuum,
e.g., 5 × 10-3 torr (0.67 Pa). This permits retention of moisture in the
specimen and wet specimen imagery at the same high level of resolution as
the conventional SEM. Thus, cement hydration can be recorded in real-time
and for routine examination the specimen does not suffer from the micro-
shrinkage or crystallization due to the moisture evaporation.[8]

3.0 CONCRETE UNDER THE SEM

Having described the principle and instrumentation of scanning
electron microscopy-x-ray microanalysis at some length sets the stage for
examining the applications of SEM/EDXA in concrete science and technol-
ogy. The very first item that one needs to become familiar with is the basic
microstructure of concrete.

3.1 Basic Microstructure of Concrete

The term basic microstructure indicates the structure which develops
in concrete at a micro-level when water is added to cement and aggregates.
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Whether it is to understand the cause, extent and mechanism of deteriora-
tion, or how to improve some of the properties of concrete, a thorough
awareness of the basic microstructure of hardened concrete is required.
Mechanical properties of concrete more than often depend on its intrinsic
microstructure. The high resolution capability of SEM coupled with the
possibility of instantaneous microanalysis using EDXA has opened a world
of opportunities in the field of concrete technology which otherwise would
have been impossible by the standard petrographic technique using an
optical microscope.

The microstructure of concrete is described as an integrated system
consisting of (i) hydrated cement paste (HCP); (ii) coarse and fine
aggregates; and (iii) the interface between aggregate and hydrated cement
paste (HCP), also known as the interfacial transition zone (ITZ) or paste-
aggregate interface.

Hydrated Cement Paste (HCP). The hydrated cement paste in a
normal concrete with a water/cement ratio (W/C) in the range of 0.50 to
0.55 consists of cement hydration products that include (i) calcium silicate
hydrate (C-S-H) which forms 50–60% of the solid volume in HCP; (ii)
calcium hydroxide (CH) crystals contributing another 20–25% to the solid
volume; and (iii) the remainder is occupied by calcium sulfoaluminate
hydrates AFt (ettringite) and AFm (monosulfate), incompletely hydrated
cement particles (IHCP), and paste porosity, (small 5–20 mm gel pores
accounting for the porosity in solid C-S-H and large capillary pores in the
paste matrix) Fig. 7. The amount of IHCP in a concrete depends on cement
fineness, water/cement ratio, and the degree of cement hydration.

C-S-H Phase. The C-S-H phase is the most important component in
concrete since it provides the necessary cementitious or binding property
to the final product (by Van der Waals force of attraction) and, hence,
contributes to the strength of concrete. Scanning electron microscopy has
been extremely useful in characterizing the morphology and chemical
composition of the C-S-H phase which can vary somewhat within limits.
The C-S-H phase in concrete produced at normal temperature is repre-
sented by gel structure whereas, at elevated temperatures, it can range from
poorly-crystalline to crystalline. Under the SEM, the overall morphology
of normal temperature C-S-H can actually vary from the common fibrous
type to irregular grains forming a reticular network, Figs. 8a and 8b.
Microanalysis of C-S-H phase has shown that the Ca/Si molar ratio can vary
depending on the water/cement ratio or the presence of mineral admixtures
in concrete.
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Calcium Hydroxide (CH) Crystals. Calcium hydroxide crystals
appear in many different shapes and sizes, starting from massive, platy
crystals often tens of microns across with distinctive hexagonal prism
morphology, large thin elongated crystals, blocky masses to finely dissemi-
nated crystals. Calcium hydroxide crystals tend to develop a preferred
orientation along the paste-aggregate interface with their c-crystallo-
graphic axis parallel to the interface (Fig. 9).

Calcium Sulfoaluminate Hydrates (AFt and AFm Phases). The
scanning electron microscope identifies the two distinct morphologies of
calcium sulfoaluminate hydrates, that is, ettringite phase (AFt) and
monosulfate (AFm) in concrete. Usually ettringite forms needlelike crys-
tals in vacant spaces during early hydration (Fig. 10). Those formed later
are known to cause disruption; agglomerates of these crystals formed in a
confined space absorb water and expand. Monosulfate appears as hexago-
nal platy crystals. Early-formed monosulfate tends to crystallize in clusters,
rosettes of irregular plates, whereas those formed later grow into well-
developed, but very thin hexagonal plates.

Figure 7. Hydrated cement paste of 0.55 W/C concrete, where A = CH, B = C-S-H, and
C = ettringite needles.
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Figure 8. (a) Fibrous C-S-H forming a porous and permeable HCP in a high W/C concrete.
(b) Denser HCP in a low W/C (0.40) concrete. Pores (A) are small and permeability is low.

(a)

(b)
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Incompletely Hydrated Cement Particles (IHCP). These can be
very easily identified by their characteristic brightness in the BSE image
(see Fig. 4) and from their morphology in the secondary electron mode (Fig.
11). These particles have a tendency to attract each other and form flocs
which can entrap a large amount of mixing water. The undesirable variation
in local water/cement ratio thus created results in a heterogeneous pore
structure. Scanning electron microscopy can be extremely helpful in
studying the ultimate distribution of pores in the HCP.

Porosity of Hydrated Cement Paste. The hydrated cement paste
contains two types of pores, (a) large “capillary pores” representing areas
which were originally occupied by water in between the unhydrated cement
grains, but now appear as vacant spaces between the hydrated C-S-H gel.
These are distinctly visible, both in the secondary and backscattered
electron imaging mode of the SEM, and (b) smaller “gel pores” inside the
C-S-H gel itself. Gel pores, however, are too small to be resolved by SEM.

Figure 9. Paste-aggregate interface showing increased paste porosity and oriented growth
of CH crystals (CH) on the aggregate face. AG  = aggregate.
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Figure 10. Ettringite needles (A) growing in a vacant area in the HCP of a concrete.

Figure 11. An incompletely hydrated cement grain (c) in the HCP. (→→) shows the
hydration rim.
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Aggregates. Although petrography still remains an invaluable tool
for mineralogical identification of constituents, their shape, size, surface
texture, and potential alkali reactivity, SEM usually serves as a useful
companion to (a) determine the nature and chemical composition of
deleterious constituents in aggregates (fine particles, clay lumps, organic
matter, iron sulfides, sulfate contaminants, etc.); (b) identify the products
of deleterious reaction of aggregates with cement (like alkali-aggregate
reaction gel precipitated along cracks or rims around aggregates); and (c)
the porosity and pore connectivity (permeability) of aggregates.

Paste-Aggregate (P-A) Interface. The paste-aggregate interface is
claimed to be the weakest microstructural component in concrete.[9] An
important application of SEM in concrete microstructure has been the
numerous studies on the properties of interfacial transition zone.[10][11]

Micromorphological investigations have demonstrated the presence of a
thin layer of hydration product on the aggregate surface. Barnes, et al.,[12]

identified this layer as a “duplex film” consisting of calcium hydroxide
crystals with their c-axis oriented perpendicular to the aggregate surface,
surrounded by a layer of C-S-H. Beyond this thin film of hydration is the
main transition zone, about 50 mm thick with pronounced high porosity,
which makes the interface the weakest zone in concrete. Important micro-
structural features observed in this zone are (a) preferred orientation of
large platy CH crystals (with the c-axis parallel to the aggregate surface);
(b) lack of anhydrous cement particles; (c) higher porosity than the bulk
paste; and (d) increased concentration of ettringite.  The complete hydra-
tion of cement in this zone indicates that the water/cement ratio at the
interface is higher than elsewhere.

The paste-aggregate interface in lightweight aggregate concrete
represents a different type of bonding easily distinguishable under the
SEM. Lightweight aggregates usually have a porous outer layer which
encourages the migration of mobile ions towards the periphery, leading to
the formation of a more dense interfacial zone. Additionally, the rough
surface texture also improves mechanical interlocking of the aggregate
with HCP, as illustrated in Fig. 12.[13][14]

The strength and durability of concrete can be greatly enhanced by
refining the P-A interface. One way to achieve this improvement is by
reducing the W/C of the concrete, so that the amount of CH along the
interface diminishes. Examination of the interface under the SEM can
readily determine the effect of W/C reduction on the increase in P-A
bonding. Since CH also forms in vacant spaces in the paste, its formation
is directly related to availability of space and higher water content; thus,
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reducing the W/C results in a corresponding decrease in CH crystallization.
The other alternative is to incorporate mineral admixtures such as silica
fume, fly ash or slag, in the concrete; consumption of CH by pozzolanic
reaction helps to refine the P-A interface.

Figure 12. Mechanical bonding at the paste-aggregate interface of a lightweight aggregate
concrete, where A = aggregate, B = HCP.

3.2 Admixtures in Concrete

Traditionally, and actually since historical times, the purpose of
adding mineral and/or chemical admixtures in concrete has been to improve
its properties, either in the fresh state, hardened state, or both. The
combined use of these admixtures has resulted in a new generation of
concrete called high-performance concrete (HPC). These admixtures change
the basic microstructure of concrete; for example, whereas silica fume and
fly ash are pozzolanic, slag is strictly cementitious. Enhancing our under-
standing on the role of admixtures depends on in-depth microstructural
investigation using SEM as a function of hydration time and in terms of the
final product.[15]
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Mineral Admixtures. Mineral admixtures bring about two impor-
tant modifications in the concrete microstructure. First, its addition creates
a dense, highly impermeable HCP (Fig. 13) and a strong P-A interface with
a distinctly lower amount of CH crystals forming in this zone (Fig. 14). The
resultant concrete acquires greater resistance to penetration of external
aggressive chemicals. Microanalysis of the principal hydration product,
C-S-H, shows a close compositional resemblance to the C-S-H produced in
normal concrete, but with lower Ca/Si ratio. Second, the size and volume
of CH crystals is lower.[16] All these features, such as matrix densification,
refined paste-aggregate interface, increased impermeability, and reduced
porosity, can be recognized under the SEM.

Furthermore, SEM/EDXA can be very useful in studying the reaction
kinetics of  different mineral admixtures which are quite different. It is in
this light that a description of the hydration products of the common mineral
admixtures and the corresponding microstructures under the SEM are
presented below.

Figure 13. Dense HCP in a low W/C silica flume concrete. A = C-S-H, B = tiny crystals
of CH.
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Fly Ash in Concrete. Fly ash particles mostly occur as solid glassy
spheres (Fig. 15), but hollow spheres, called cenospheres (completely
empty), and plerospheres (packed with several small spheres), may some-
times be present. Usually the surface of low-Ca (Class F) ash particles
appear cleaner than their counterpart, high-Ca (Class C) particles. Deposits
of alkali-sulfates on the particle surface can be identified from EDX
analysis just as the hydration product of fly ash, which closely resembles
C-S-H produced from normal hydration of portland cement, with the
exception of higher aluminum in the fly ash hydrate (C-A-S-H, Fig. 16).
Precipitation of a similar gel as C-S-H results in a reduction in the capillary
porosity and, consequently, a denser paste with finer pore structure is
produced in fly ash concrete (Fig. 17).[17]

Figure 14. Paste-aggregate interface of a low W/C silica fume concrete. Note the absence
of CH crystals at the interface. AGG = aggregate, P = HCP.
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Figure 15. Spherical fly ash particles under the SEM.

Figure 16. EDX analysis of a fly ash particle showing CA, Al, and Si as the principal
elements.
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Ground Granulated Blast-Furnace Slag (GGBS) in Concrete.
GGBS is a finely ground, nonmetallic, rapidly chilled, blast-furnace slag
consisting essentially of silicates and aluminosilicates of calcium and other
bases that are developed in a molten condition simultaneously with iron in
the blast furnace. Slag forms shard-like particles, that are usually larger
than cement grains. Rapid chilling results in a preponderance of amorphous
or glassy phase in slag (Fig. 18). The total glass content (which determines
its reactivity) can be estimated from SEM examination. SEM or BSE
imaging can be applied to estimate the amount and distribution of slag in
a hardened cement paste of any age. A distinct reaction rim begins to appear
around slag particles as they hydrate (Fig. 19). These become more vivid
as hydration progresses. Hydration of GGBS produces  a higher amount of
C-S-H gel and lower amount of CH than normal concrete at any given
hydration age, together with a significant densification of the microstruc-
ture.[18] Like fly ash, the initial hydration of GGBS is very slow and depends
on the alkali-concentration of pore water.

Figure 17. Dense HCP in a low W/C fly ash concrete. The pores are distinctly smaller and
the permeability is extremely low.
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Figure 18. Slag particles where A = glass component and B = crystalline component.

Figure 19. A slag particle undergoing hydration in a concrete. It is covered with hydration
product.
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Silica Fume (SF) in Concrete. Ultra-fine silica fume, shown in Fig.
20 (0.1 µm), being almost an order of magnitude finer in grain size than that
of portland cement or fly ash, makes it impossible to identify silica fume
particles under the optical microscope. In this respect, SEM proves a better
tool, although TEM with its still higher resolution power is ideal for
studying hydration characteristics of silica fume (Fig. 21). Silica fume in
concrete, either as a replacement of cement or as an addition, promptly
reduces the amount of CH generation, and helps to fill the pores. Additional
C-S-H is formed due to the pozzolanic reaction of silica fume. The overall
microstructure becomes much more dense and compact than a normal
concrete (Fig. 13). Numerous studies of silica fume concrete have also
shown significant improvement in P-A bonding (see Fig. 14) which is said
to occur fairly early and is directly responsible for high early strength of
silica fume concrete.[19]

Figure 20. Ultra-fine silica fume particles under the TEM.  Majority of the particles are less
than 0.5 µm.



Scanning Electron Microscopy, X-Ray Microanalysis 255

Figure 21. A silica fume particle in a state of dissolution, as seen under the TEM.

Chemical Admixtures. Although SEM is mostly used to examine
the microstructural changes in concrete containing mineral admixtures, it
has also been utilized to study the effects of addition of chemical admix-
tures on the microstructure of concrete. A large overdose of set-retarding
chemical admixture can be determined from the unusual abundance of
incompletely hydrated cement particles. The scanning electron microscope
can be very helpful in determining the action of the two most commonly
used corrosion inhibiting admixtures, (a) the calcium nitrite-based admix-
ture which inhibits corrosion by reacting with ferrous ions to form a
protective ferric oxide film; and (b) the water-based organic admixtures
(amines and esters) which function by reducing chloride ion ingress into
concrete and by forming a coating on the surface of the embedded steel.
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4.0 INTERPRETATION OF CONCRETE
DETERIORATION FROM SEM/EDXA

Correlation of concrete microstructure and durability has received
rather scant attention because concrete technologists continue to rely on
engineering tests to determine concrete deterioration. Though these meth-
ods will remain valuable tools for investigating the soundness of concrete,
SEM has been very productively used to ascertain the cause and extent
of deterioration in concrete due to different internal and external
deleterious agents.

4.1 Types of Attack

Types of chemical attack that involve external agents include efflo-
rescence, paste carbonation, sulfate attack, and corrosion of reinforcing
steel, while alkali-aggregate reactions and delayed ettringite formation are
classified as chemical deterioration by internal agents. Freeze-thaw, salt
weathering, fire damage, and cracking due to structural loading or thermal
shock are commonly described as physical deteriorations. Concrete exposed to
a marine environment experiences both chemical and physical deterioration.

4.2 Chemical Deterioration from External Agents

Efflorescence. The term efflorescence or salification, in general,
refers to salt crystallization on the exposed surface of building materials.
The salt-laden solution from the interior rises to the drier exterior part where
it evaporates, leaving the salt to precipitate. The pore characteristics
determine the passage of such solutions and efflorescence obviously is
associated not only with availability of salts, but also with moisture.
Seasonal variations, from drier to wetter atmospheric condition and vice
versa, extend the process still further.[20]21]

The most commonly occurring salts are different types of sulfates,
such as gypsum (CaSO4·2H2O, Fig. 22), thenardite (Na2SO4), mirabelite
(Na2SO4·10H2O, Fig. 23), hydroglauberite (CaO·Na2SO4·6H2O), and
apthitalite ((Na,K)2SO4). The efflorescent mechanism appears to be
related to the saturation level of the solution and dissolution capacity of
these salts.  In any case, disintegration due to salt crystallization arises from
a pressure differential. Under thermodynamic equilibrium conditions,
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Figure 22. (a) Gypsum crystals formed due to efflorescence and (b) EDX spectrum
showing the principal peaks, Ca and S.

pressure builds up in the saturated salt solution due to crystal growth. The
volume change associated with crystallization exerts  pressure against the
pore wall, which eventually collapses.
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Paste Carbonation.  A very common reaction is the cation exchange
between the calcium-bearing constituents of concrete and CO2 in the moist
atmosphere to form calcium carbonate (CaCO3). In fact, CO2 attack is
possibly the most common form of attack.[22] Carbonation can start
instantaneously when the cement is mixed with water in which atmospheric
CO2 has dissolved, but a well cured concrete may show only a thin (5–10
mm) carbonated layer at the top. Formation of insoluble calcite crystals on
this latent layer effectively blocks the pore spaces, reduces the permeabil-
ity, and provides a protective capping against penetration of aggressive
chemicals from outside. In a poorly cured concrete with high W/C, the
depth of carbonation, however, can proceed significantly deeper with
abundant prismatic or framboid CaCO3 crystals (see Figs. 24a–24d for
different morphologies). Concrete exposed to excessive dissolved CO2
develops a porous microstructure which is distinguishable under the SEM;
CO2 not only converts CH crystals into calcite, decalcification of C-S-H
also occurs at a later stage:

C-S-H + HCO3 → CaCO3 + SiO2 + H2O

Figure 23. Dehydrated mirabelite crystals.
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(a)

Figure 24. CaCO3 morphologies, (a) granular crystals, (b) stacked, prismatic crystals,
(c) globular crystals, and (d) dogtooth crystals.

(b)
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Figure 24. (Cont’d.)

(c)

(d)
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 Sulfate Attack. Sulfates of sodium, calcium, and magnesium ions
in soil or groundwater can react with almost all hydrated cement phases,
starting from CH to calcium aluminate hydrate and eventually attacking the
C-S-H gel at a more advanced stage. The reaction products usually are
gypsum (Fig. 25), secondary ettringite (Fig. 26), and sodium or magnesium
hydroxides. Formation of these mineral phases results in a significant
increase in volume which may lead to disruptive expansion and cracking in
the concrete.[23][24]

A calcium silicosulfate-carbonate mineral known as thaumasite
closely resembles the ettringite needle structure. It is an analog of ettringite.
Although it can form by itself, carbonation of ettringite also results in the
formation of thaumasite which is more pernicious than secondary ettringite
because it affects the C-S-H phase. As a consequence, besides expansion
and cracking, softening, and eventual disintegration of  paste is known to
occur (Fig. 27).[25] Thaumasite, however, crystallizes only at low tempera-
tures in the presence of continuous moisture and where sources of sulfate
and carbonate ions are available. Though thaumasite closely resembles the
ettringite needle structure it can be distinguished from EDX analysis by its
characteristic Ca, Si, C, and S peaks (see EDX spectra of ettringite and
thaumasite in Fig. 6a and 6b).

Figure 25. BEI micrograph of mortar which has undergone magnesium sulfate attack.  A
gypsum layer (A) 20 to 60 µm thick was deposited around a quartz grain, (B) resulting in
expansion and cracking. (Courtesy of Dr. David Bonen, US Gypsum Corp.)
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Figure 26. Secondary ettringite crystals causing the surrounding HCP to crack.

Figure 27. A spherical pore (A) completely filled with fibrous thaumasite. (Courtesy of Dr.
Norah Crammond, Bldg. Research Establ., England.)
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Deicing Salt Attack. In addition to the common deicing salt-related
deteriorations that affect concrete, like salt scaling and corrosion of
reinforcing steel (discussed below), chloride-based deicing salts produce
different types of deterioration products which require SEM examination
for precise identification.[26] First, deicing salts react with aluminous
phases and CH crystals in the HCP to form hexagonal tabular or platy
crystals of calcium chloroaluminate, often 10–20 µm in size. It has still not
been well established whether chloroaluminate has the potential to expand,
or its formation in reinforced concrete is beneficial in the sense that it arrests
migration of chloride ions to the rebar.[12] Simultaneous sulfate attack,
however, converts chloroaluminate into ettringite. Reaction of sodium
chloride deicing salt and sulfate ions (either from outside or sulfoaluminate
phase in the HCP) deposits thenardite crystals in the HCP at the P-A
interface or rebar-paste interface (Fig. 28). Breakdown of NaCl followed by
reaction of Na ions with CO2 often results in the formation of trona (Fig.
29). Additionally, chloride solution causes CH to leach from the HCP due
to enhanced solubility of CH in saline solution.

Figure 28. Thenardite (Na2SO4) crystallization (*) at a paste-aggregate interface due to
deicer salt penetration.
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Corrosion of Reinforcing Steel. Penetration of chloride ions into
reinforced concrete of relatively high permeability and absorptivity or
severe carbonation of paste which reduces concrete’s pH can destroy the
protective ferric oxide film which is stable in the alkaline (high pH)
environment around the steel rebar. This induces corrosion of steel,
expansion in volume due to corrosion products and subsequent cracking
and spalling of concrete from the reinforcement. Though not very many
microstructural investigations on rebar corrosion have been reported, SEM
studies on corroded paste-rebar interface have revealed that the reaction
products consist of a host of iron oxides and oxychloride complexes.[27][28]

Furthermore, the exfoliated lamellar crystals (Fig. 30) appear to be respon-
sible for expansion rather than the delicate, globular, and whiskery minerals
(Fig. 31).

Figure 29. Crystals of trona (+) formed due to deicer salt penetration.
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4.3 Chemical Deterioration from Internal Agents

Alkali-Aggregate Reactions (AAR). Reactive aggregates in the
presence of high alkali and hydroxyl ion concentrations exude gels of
varying compositions.  Absorption of moisture by the gel causes expansion
which is often the primary cause of cracking in concrete affected by AAR.
SEM not only provides highly magnified image of the reaction gel, which
can be both amorphous and crystalline (Figs. 32 and 33), its composition
can also be reasonably accurately determined. In fact, instantaneous
microanalytical capability of in-situ samples by EDX analyzer has been a
major breakthrough in furthering our knowledge of alkali-aggregate reac-
tions. Regourd and Hornain[29] presented some outstanding scanning
electron micrographs of morphologically distinct varieties of AAR gel
ranging from massive (dense) and isotropic gel to spongy, textured, grainy,
or foliated gel. Ahmad Shayan's[30] contributions over the years underscore
the importance of microstructure in the field of AAR.

Delayed Ettringite Formation (DEF). Contrary to external attack
of concrete by sulfate ions from water or soil, which destroy the inherent
cementitious properties of concrete by forming secondary and expansive
gypsum and ettringite, another type of attack can occur from the internal
sulfate ions. Very similar to external sulfate attack,  it forms ettringite (Fig.
34), and causes expansion and cracking. Primary ettringite, formed at the
early stages of cement hydration by reaction of gypsum or alkali sulfates in
clinker with C3A in the cement, can decompose at a higher temperature (for
example, during heat curing), remain lodged in the C-S-H gel, and reappear
much later (at high relative humidities) as ettringite needles, the process
being known as delayed ettringite formation (DEF). Controversy still rages
as to whether the cracking observed in concrete is consequential to
expansion associated with ettringite formation or due to some other
unrelated mechanism (e.g., freeze-thaw, ASR, etc.) which opens up spaces
for the ettringite to precipitate. Sufficient moisture, inadequate air voids,
high sulfate content in cement, and high permeability of concrete, are
known to enhance ettringite-related distress. Microstructural evaluation of
a large number of deteriorated precast (heat cured) concrete members has
revealed a propensity of delayed ettringite needles along the aggregate-
paste interface and in cracks in the HCP.[31]
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4.4 Concrete Exposed to Marine Environment

Concrete exposed to a marine environment shows several types of
chemical as well as physical deterioration which can be readily observed
under the SEM. Sea water contains dissolved ions, such as Cl-, CO3

2-,
SO4

2-, Mg2+, that are deleterious for concrete. Brucite (Mg(OH)2), arago-
nite, and calcite (CaCO3), resulting from reaction of dissolved magnesium
ion, or CO2 in sea water and CH in paste, have been reported. Carbonation
of CH crystals and C-S-H gel by dissolved carbonate in seawater (as
carbonic acid) reduces the cementitious properties of paste and eventually
creates a porous paste (Fig. 35). Concrete exposed to the splash zone shows
a profusion of scalenohedral or dogtooth CaCO3 crystals in the HCP (shown
in Fig. 24d). Corrosion of reinforcing steel by penetration of seawater
dissolved chloride has also been noted from SEM studies. SEM/EDXA
investigation of marine concrete has also revealed chloroaluminate crystal-
lization in HCP (Fig. 36).[32]–[34]

5.0 SUMMARY

A foreknowledge of the basic microstructure of concrete, which can
be obtained from examination of a normal concrete under the SEM, is
essential for understanding its mechanistic behavior and long-term perfor-
mance. The introduction of SEM/EDXA into concrete research has pro-
vided much greater insight into the kinetics of cement hydration, the
morphology and chemical composition of hydration products, the micro-
structure of hydrated cement paste, the importance of the paste-aggregate
interface, matrix densification, and the reduced permeability of HCP
resulting from additions of mineral and chemical admixtures. In other
words, most of the factors that control the durability and mechanical
properties of concrete can be ascertained by SEM/EDXA. This spectrum of
applications of SEM/EDXA in the field of concrete technology emphasizes
the need to expand its role from research-oriented equipment to a routine
investigative tool. With its high resolution, SEM provides a much clearer
delineation of ultra-fine phases and intricate details in the microstructure
than the optical microscope. Additionally, the in-situ microanalytical
capability of the ancillary EDX attachment enables rapid and accurate
identification of individual phases and particles, ranging from inherent
constituents of concrete to deterioration products generated by external
agents.
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(a)

Figure 30. (a) Lamellar products of rebar corrosion; (b) the crystals are mainly composed
of Fe and Cl.

(b)
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Figure 31. Delicate globular and whiskery mineral formed due to rebar corrosion.

Figure 32. Crystalline ASR gel showing rosette structure.
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(a)

(b)

Figure 34. (a)  Delayed ettringite crystals formed in a heat-cured concrete block.  Note the
expansion being caused from crystallization. (b) EDX spectrum of ettringite needles.
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Figure 35. Leaching of constituents in a concrete exposed to marine conditions, creating
vacant spaces in the HCP.

Figure 36. Tabular chloroaluminate crystals (+) in a marine concrete.
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Determining the nature, extent, and products of common chemical
attack on concrete is another important application of SEM/EDXA. Disso-
lution and leaching of constituents of HCP rendering it porous and perme-
able, paste carbonation, sulfate attack resulting in the crystallization of
expansive minerals, and corrosion of reinforcing steel, are a few of the
aspects that can be adequately explained through SEM investigation.
Furthermore, our knowledge of AAR in concrete has been greatly enriched
by SEM observations and EDX analysis of AAR reaction products. Despite
the relatively high cost of SEM/EDXA, it is undoubtedly emerging as the
quintessential investigative tool for the concrete technologist because of its
wide range of applications.
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X-Ray Diffraction

A. K. Chatterjee

1.0 INTRODUCTION

It is now over a century since the phenomenon of x-radiation was
discovered by Wilhelm Conrad Roëntgen. It was soon realized that x-rays
have wavelengths in the angstrom range, are sufficiently energetic to
penetrate solids, and are well poised to probe their internal structure. Based
on these findings quite a few useful tools and techniques for materials
analysis and evaluation have been developed and perfected for application.
Among them, there are two major systems that are well known and widely
practised, one based on x-ray fluorescence for elemental analysis and
another based on x-ray diffraction (XRD) for structural and phase compo-
sition studies. This chapter focuses on some of the fundamentals of the
XRD technique, the hardware and software developments, and application
to the cement and concrete materials.

275
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2.0 BASIC PRINCIPLE

2.1 Qualitative Analysis

X-ray diffraction is the elastic scattering of x-ray photons by atoms
in a periodic lattice. The scattered monochromatic x-rays that are in phase
give constructive interference. Figure 1 illustrates how diffraction of x-rays
by crystal planes allows one to derive lattice spacings by using the Bragg’s law.

Eq. (1) nλ = 2d sin θ

where n is an integer called the order of reflection, λ is the wavelength of
x-rays, d is the characteristic spacing between the crystal planes of a given
specimen and θ is the angle between the incident beam and the normal to
the reflecting lattice plane. By measuring the angles, θ, under which the
constructively interfering x-rays leave the crystal, the interplanar spacings,
d, of every single crystallographic phase can be determined.

In order to identify an unknown substance, the powder diffraction
pattern is recorded with the help of a camera or a diffractometer and a list
of d-values and the relative intensities of the diffraction lines is prepared.
These data are compared with the standard line patterns available for
various compounds in the Powder Diffraction File (PDF) database. This
file is released and annually updated by the International Centre for
Diffraction Data (ICDD). It contains line patterns of more than 60,000
different crystallographic phases. In practice, for any unknown sample, the
appearance of three most intense characteristic lines from the standard PDF
line pattern is a sufficiently convincing evidence of the existence of a
crystalline phase in either a homogeneous substance or even in a multicom-
ponent mixture. In some cases a distinction between two or more possible
phases can be done by comparing the other characteristic lines. Further-
more, a prior knowledge of the class of materials under investigation and
the chemical analysis data can be of great value.

From such qualitative determination of the mineral or phase compo-
sition, attempts are often made to evaluate the suitability of raw materials
for clinkerization, the quality of clinker formation, the attainment of
targeted cement formulation, the nature of hydration reactions, the impact
of various admixtures on such reactions, the state of phase transformation
of concrete in performance, and so on. The characteristic XRD lines for
some of the common minerals relevant to the area dealt with in this chapter
are furnished in Table 1 for ready reference.
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It may be relevant to mention here that while the peak positions and
intensities associated with an x-ray diffraction pattern enable qualitative
analysis, as highlighted above, these parameters are also useful for lattice
constant determination and stress determination of the sample. The peak
angles and profiles may further be used to determine particle size and
degree of crystallization as well as in conducting precise x-ray structural
analysis.

Figure 1. Schematic representation of Bragg’s Law.
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Table 1. Characteristic XRD Lines of Some Relevant Minerals and
Compounds

Minerals/Compounds dÅ/(I)

Calcite CaCO3 3.030 (100) 1.8726 (34) 3.8525 (29)

Calcium Oxide CaO 3.33 (100) 3.00 (100) 2.28 (60)

Calcium Hydroxide 2.628 (100) 4.90 (74) 1.927 (42)
Ca(OH)2

Magnesite MgCO3 2.742 (100) 2.102 (45) 1.700 (35)

Dolomite 2.888 (100) 2.193 (19) 1.787 (13)
MgCO3·CaCO3

Periclase MgO 2.106 (100) 1.489 (52) 1.216 (12)

Brucite Mg(OH)2 2.365 (100) 4.77 (90) 1.794 (55)

Quartz SiO2 3.342 (100) 4.257 (22) 1.8179 (14)

Gibbsite Al2O3. 3H2O  4.8486(100) 4.3711(70) 2.3851(55)

Bayerite Al2O3.3H2O 2.222 (100) 4.71 (90) 4.35 (70)

Diaspore β-Al2O(OH) 3.99 (100) 2.317 (56) 2.131 (52)

Triclinic Alite C3S 2.789 (100) 2.613 (90) 2.192 (75)

β-Belite C2S 2.783 (100) 2.79 (97) 2.745 (83)

Cubic Aluminate C3A 2.699 (100) 1.909 (45) 1.5587 (45)

Monoclinic Aluminate 2.698 (100) 2.694 (95) 1.5658 &
C3A 1.5636) (35)

Orthorhombic Aluminate 2.693 (100) 2.714 (65) 1.919 &
C3A 1.5636 (35)

Aluminoferrite C4AF 2.644 (100) 7.25 (45) 1.8149 (45)

Gypsum CaSO4.2H2O 4.28 (100) 7.59 (80) 3.06 (60)

Anhydrite CaSO4 3.49 (100) 2.849 (35) 2.328 &
2.208 (20)

Hematite Fe2O3 2.70 (100) 2.519 (70) 1.6941 (45)
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Crystal Size Effect. Clear diffraction peaks are only observed when
the sample possesses adequate long range order. Diffraction lines from
perfect crystals are very narrow.  For crystallite sizes below 100 nm, line
broadening occurs due to incomplete destructive interference in scattering
directions where the x-rays are out of phase.

The Scherrer equation relates crystal size to line width

Eq. (2)
θβ

λ
=><

cos

K
L

where <L> is a measure of the dimension of a particle in the direction
perpendicular to the reflecting plane, λ is the x-ray wavelength, β  is the
peak width, θ  is the angle between the beam and the normal on the
reflection plane, and K is a constant which is often taken as unity. X-ray line
broadening provides a quick, but not always reliable estimate of the particle
size. It is desirable to understand the line profile analysis with Fourier
transform method.

2.2 Quantitative Analysis

A fairly comprehensive coverage of the history of quantitative
methods in diffraction analysis in general for the period 1936–1976 is
available in Ref. 1. The author divided the span of four decades into three
eras. The early era, from 1936 to 1950, was essentially the era of develop-
ment of a photographic-microphotometric method[2] that was applied to
samples prepared with an admixed internal standard. The basic approach
was to microphotometer the Debye-Scherrer patterns of the samples under
quantitative analysis and to determine the ratio of the heights of the phase
to be quantified and the standard line from the photometer trace. The phase
concentration was determined by reference to calibration curve prepared
from known mixtures of the phase to be quantified and the internal standard.
It was observed that the method yielded accuracies ranging from 5 to 10%
of the amount present for higher concentrations of the analyte.

The middle era of 1950–1970 saw the invention of diffractometer in
which a reflection intensity could be recorded digitally.[3] At the same time,
a firmer theoretical basis for quantitative analysis of mixed polycrystalline
phases was formulated.[4]

The third era, in the seventies (1970–1976), witnessed furtherance of
the internal standard concept. A brief recapitulation of only the relevant
aspects is attempted below.
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Internal Standard Method.  The integrated intensity of reflection
i of component J is given by:

Eq. (3) ( )[ ]MMjJJ

JiJ
iJ

X

xK
I

µµµρ +−
=

where, xJ and ρJ are, respectively, the weight fraction and density of the
analyte, µJ and µM are the mass absorption coefficients of component J and
the matrix, and KiJ is a constant whose value depends on the diffracting
power of component J and the geometry of the apparatus.

Equation (3) can be further simplified to:

Eq. (4) IiJ = KiJ xJ /ρJ µ̄

if we consider xJ (µJ - µM) + µM in Eq. (3) as the mass absorption coefficient,
µ̄ , of the entire specimen. If a constant weight fraction, xS , of an internal
standard is added to the sample, the weight fraction of component J can now
be given in terms of  the direct proportionality of the intensities:

Eq. (5) xJ = k1 × (IiJ /IkS)

where, IkS relates to intensity of the k line of the internal standard.
In this approach of quantitative analysis two important findings were

made by various investigators over a period of time:

1. Integrated intensities are preferred to peak intensities to
compensate for possible variations due to lattice distor-
tions and variations in crystallite sizes.

2. Crystallites larger than 5 microns in mean diameter add
to the fluctuations in intensities.

Diffraction Absorption Method. Since it is logical to represent Eq.
(4) for pure component J as:

Eq. (6) (IiJ)o = KiJ /ρJ µJ

and since by dividing Eq. (4) by (6) we obtain

Eq. (7) xJ = µ̄ Iij /µJ (IiJ )o

a method of analysis involving direct measurement of µ̄ rather than an
internal standard to compensate for x-ray absorption by the specimen was
developed.[5]–[7]

While this method showed advantages of avoiding problems relating
to the mixing of an internal standard and measuring its intensity, certain
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infirmities were observed. Those related to strongly x-ray absorbing
specimens and were primarily due to errors in direct measurement of µ̄,
particularly in cases of small-angle scattering, as well as due to appreciable
deviations between theoretical and experimental diffraction-absorption
curves of polychromatic and even monochromatic incident beams.

Dilution Method. Copeland and Bragg[8] suggested that, particu-
larly for samples containing relatively small concentrations of analyte, one
may probably dispense with an internal standard and add instead a known
weight fraction yJ of the analyte, which is already present in an unknown
weight fraction xJ. If the sample also contains some other constituent, L,
having a strong line suitable for reference intensity measurement, iJ and kL

will be

Eq. (8)
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A typical plot of IiJ /IkL against yJ is shown in Fig. 2.[9] The concen-
tration of component J in the original sample is obtained from the negative
abscissa intercept of xJ.

Figure 2. Analysis by dilution with a known weight fraction of the analyte.
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A similar treatment has also been made for N-component samples as
well.[8]

Further Extension of Internal Standard Theory. In order to
simplify the analytical procedure, an attempt was made to apply the internal
standard concept[10][11] in the form:

Eq. (9)
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where, xJ = xS = 0.5 and (IkS /IiJ)50:50 is the intensity ratio of a 50:50 binary
mix of components S and J. The above equation shows that for any
multicomponent system a plot of IiJ /IjS versus xJ intersects the origin and
is linear with the slope xS(IkS /IiJ)50:50. This permits the slope of calibration
curve to be precalculated, thus eliminating the preparation of a series of
standard mixes.

3.0 DEVELOPMENTS IN INSTRUMENTATION

A schematic diagram of an x-ray diffractometer used for qualitative
and quantitative analysis of materials is shown in Fig. 3. From the figure it
is evident that a diffractometer is primarily made up of a compact x-ray
protected housing, a goniometer, a high-voltage transformer for x-ray
tubes, x-ray tubes with filters, a highly stable x-ray generator, a detector,
and a data processing system.

The x-ray tubes may have different radiation targets like Mo, Cu, Co,
Fe, Cr, and W, with different kβ filters like Zr for Mo, Ni for Cu, Fe for Co,
Mn for Fe, and V for Cr. The tubes can be of normal, broad, or long fine
focus type.  Depending on the target and nature of focus the maximum load
of x-ray tubes generally varies from 1 to 3 kW while the tube voltage and
current are mostly in the range of 0–60 kV and 0–80 mA, respectively.
Primary beam monochromators made of quartz to remove undesirable
radiations and secondary monochromators made up of LiF flat crystals, or
more extensively bent graphite crystal adjusted for Cr, Co, Fe, Cu or Mo-
Kα radiation in order to eliminate fluorescent radiation from the samples
are used in the incident and diffracted beam paths, respectively, along with
different slits (fixed, variable, and soller types). Stepping motor-controlled
slits can be coupled with the theta movements in order to keep the irradiated
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area of the sample surface constant, using computer controlled positions.
In a sense this acts as a theta filter. Different types of sample holders are
used, viz., general purpose ones made up of aluminum, special-purpose
ones made up of glass for lattice constant measurement or for micro
samples, non-reflective ones made up of  silicon for ultramicrosamples.
Depending on the applications, the system can be equipped with a scintil-
lation counter, a proportional counter, a position-sensitive detector, or with
a semiconductor detector.

Figure 3. Block Diagram of a x-ray diffractometer.

In the actual operation of the setup as briefly narrated above, the
intensities are recorded with a stationary incident beam and with synchro-
nized rotation of the sample and the detector. In order to satisfy the
geometry of diffraction the detector rotates at twice the speed of the sample.
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In recent times it has also been possible to have systems with θ /θ
configuration in which the table and the detector are moved, keeping the
sample fixed horizontally. Apart from liquid samples, this configuration is
useful for large and bulk samples that cannot be moved with the
diffractometer.

For studies of phase transformations or chemical reactions at differ-
ent temperatures and in different atmospheres, different high and low
temperature chambers are available for investigations in the temperature
range of about -270° to + 2700°C.

Generally, a scintillation counter is adequate for intensity measure-
ment purposes. For weak diffraction lines, a solid state detector is preferred.
Use of a position sensitive detector for fast data acquisition has also been
reported by equipment manufacturers.

In order to obtain clear resolution in the diffractograms, the funda-
mental requirements are the plane sample surface and precise location in
the measurement position. For non-flat samples the adoption of parallel
beam, x-ray optics with Göbel mirrors is also known to result in  proper
resolution and  avoidance of line shifts. For high temperature experiments
in which the heating process disturbs the constancy of the sample surface,
this optic is more useful.

3.1 Microfocus X-Ray Diffractometer

The microfocus x-ray diffractometer (Fig. 4)[12] is regarded as an
advanced tool to obtain structural information of a microscopic region of
a sample by taking x-rays in a spot of 1 mm by 1 mm and converging the
x-rays into a size of tens of microns in diameter with a collimator while the
conventional x-ray diffractometer has a line x-ray source of hundreds of
microns by 10 mm. Since the sample size is too small in a microfocus
setup, there is a system of tri-axial rotation of the sample in order to prevent
the Debye-Scherrer ring from discontinuity. A high-power x-ray source of
10–18 kW is used and a curved position-sensitive proportional counter
(PSPC) of 80 mm in radius is used to detect and integrate the diffracted x-
rays.  Although the spatial resolving power is 0.2° (2θ), which is lower by
two orders of magnitude than that of conventional x-ray diffractometer, the
measuring range is as wide as 0 to 150° (2θ) so that even higher-angle
diffracted lines can be measured.

With microbeams used as an x-ray probe, diffraction characteristics
can be mapped as a function of sample position. The information can be
plotted as a diffraction function map (DFM).
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3.2 Integrated XRD-XRF System

With a view to serving the cement industry, an x-ray spectrometer
which integrates both x-ray fluorescence for elemental analysis and x-ray
diffraction for phase analysis has been designed.[13] The equipment is
reportedly capable of being equipped with a maximum of eleven XRF fixed
channels, one XRF goniometer, and one XRD system. The XRD system is
said to possess high sensitivity owing to closely coupled diffraction optics,
very high reliability of measurement due to gearless optical encoder
technology and vacuum environment.

3.3 Time Resolved X-Ray Diffraction

In order to study transient structures that occur practically in every
physical, chemical, and biological reaction, the time-resolved x-ray diffraction
has received attention of many equipment developers. Nanosecond time
resolution has been achieved by the employment of picosecond x-ray

Figure 4. Microfocus x-ray diffractometer.



286 Analytical Techniques in Concrete Science and Technology

pulses from synchrotron sources while sub-nanosecond resolution x-ray
diffraction experiments have been reported using laser produced plasma as
the x-ray source.[14]

3.4 Energy-Dispersive X-Ray Diffractometry

For certain applications, attempts were made to try out the energy-
dispersive x-ray diffractometry in place of conventional scanning
diffractometry, with controversial results.[15] It was expected that with
high-speed data acquisition facility the energy-dispersive technique would
offer important advantages, but the practical application of this technique
has so far been restricted by the slower response of detectors. It is believed
that the wider adoption of EDD techniques may still happen with progress
in the development of smaller detector lead times and sharper energy resolution.

4.0 COMPUTERS IN X-RAY DIFFRACTOMETRY AND
SOFTWARE APPLICATIONS

The historical perspective of the impact of computers on x-ray
analysis for the period 1960–1990 has been summarized in Ref. 16. It is
reported that most of the early use of computers for the control of
diffractometers came from the single crystal field rather than the powder
community. The Numerical Control Powder Diffractometer was first
described in the 1966 Denver Conference and in 1971 the first commercial
automated powder diffractometer was introduced.  Thereafter, the instru-
ment development cycle closely followed the developments in computer
hardware and peripherals. The movement from punch cards to CD-ROM
also had a significant impact on software for x-ray analysis. Certain
developments of software of significance to x-ray diffractometry have been
dealt with in Ref. 17 and the basic programs required or in use for XRD are
summarized below:

1. Programs for routine analysis that include, in general,
hardware control: Pattern Processing (background and
α2 removal, automatic peak finding and characterization,
peak editing, overlay, comparison, etc.), search and
matching with the help of databases, access to materials
database such as PDF, NIST-CDF, metals, etc., and
finally, reporting codes such as spreadsheet, word
processor, etc.
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2. The second category of programs that include profile
codes for extracting overlapped peaks, for particle siz-
ing, cell refinement, and cell indexing, etc.

3. The third category covers structure refinement, typically
with the help of Rietveld method, residual stress, Laue
simulations, synchrotron data processing, etc.

4. The fourth category relating to hardware control such as
for low and high temperature stages, thin film devices,
polymer attachments, small scale scattering devices,
etc.

Some of the commonly used and commercially available softwares
are shown in Table 2 and a few illustrations of complex use of multiple
programs are given below.

NAME OF SOFTWARE PURPOSE

INDEX Indexing of powder pattern

DE-CONV Line profile generation and fitting, deconvolution.

D-SEARCH Search/Match for full or sub-file search from ICDD.

DIFFRACPLUS AND Basic data acquisition with control of diffractometer,
DIFFRAPLUS BASIC generation  of d/I files, overlay of several files, quantitative
DATA EVALUATION analysis using Chung’s or Regression methods.

DIFFRACPLUS SEARCH Search/Match

DIFFRAC-AT Data acquisition and treatment
V3.2, SOCABIM Search/Match.
DICVOL Indexing of  XRD pattern

SHADOW A-system for x-ray powder diffraction
pattern analysis.

ORTEP Crystal structure plot

“NBS-LATTICE” A program for lattice relationship

MDAT AND MDATAUTO Identification of minerals by use of analytical data
such as qualitative and  quantitative chemical analysis,
physical and  optical, crystallographic data, etc.
Identification of solid solutions.

Table 2. An Illustrative List of Softwares



288 Analytical Techniques in Concrete Science and Technology

4.1 Ab Initio Structure Determination from Powder
Diffraction Data

The steps involved in an ab initio structure determination by the
powder diffraction method, as reported in Ref. 18, are briefly reproduced
below along with the programs used in those steps:

• Instrument control and data processing—DIFFRAC-
AT (Socabim/Siemens)

• Identification—PDF data  bases (ICDD), DIFFRAC-
AT SEARCH, NIST-CDF(ICDD)

• Pattern decomposition—DIFFRAC-AT FIT

• Powder pattern indexing and space group informa-
tion—DICVOL 91, TREOR, ITO, NBS AID83,
REDUC, PRUM

• Extraction of integrated intensities—FULLPROOF

• Structure solution—SHELX, PATSEE, SIRPOW

• Structure refinement—FULLPROOF, DBWS,
WYRIET

• Bond lengths and angle calculation—BONDPC

• Structure model display—CRYES, ATOMS, WYRIET

Since quite a few structure analyses for oxides have been success-
fully done by adopting this approach, it appears that the above chain of
programs is necessary for an exercise of structure analysis. Most of these
programs are listed in the Powder Diffraction Program Information 1990
Program List.

4.2 Full Trace Diffraction Match and Files

The advantages of using the full trace as input for search and match
rather than the traditional list of d/I values are being increasingly appreci-
ated and attempted.[19][20] There are quite a few commercially available
softwares for qualitative phase analysis that take into account full informa-
tion, such as peak widths, peak asymmetries, shoulders on the peaks, and
peaks with very low intensity. This enables precise analysis of complicated
multiphase mixtures. This approach makes it possible to reach better
detection limits than usually expected. For instance, in favorable cases it is
possible to identify phases contributing to only about 1/100th of the whole
pattern net intensity. Cases like detection of trace impurities of zircon or
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kaolinite in pure quartz or minor solid solution replacement of Ca by Mg in
calcite, have been reported through application of the above technique.[19]

Success of this technique has led to the development of a file of
digitized full diffraction traces for clay minerals like kaolin, smectite, mica
clay, and chlorite groups, under ICDD.[20]

It appears that in the materials field where the phases produce
anomalous diffraction traces there is a potential for full-trace databases.
Among many other industrial materials, cement and cement hydration
products, corrosion compounds, blending materials, and cement substitute
substances like fly ash suggest themselves for creation of such full-trace
digitized databases.

4.3 Quantitative Phase Analysis Using Whole Powder Pattern
Fitting

Some of the important methods practiced for the quantitative phase
analysis (QPA) based on the intensity-concentration formula for single
lines have been dealt with in the previous sections of this chapter. The use
of whole-powder-pattern data for QPA is rather a new approach. The
whole-powder-pattern fitting method can be classified into two categories,
the Rietveld method for structure refinement[21] and the whole-powder-
pattern decomposition (WPPD) method.[22] In both methods all peak
positions are constrained by adjustable unit-cell parameters and the profile
models over  whole patterns are angle-and-energy dependent. However, the
principle difference between the two methods is that the integrated inten-
sities are the function of structural parameters in the Rietveld method while
they are independent variables in the WPPD method. Although, historically
the WPPD method has developed from the Rietveld method, the former can
refine the unit-cell parameters and decompose the whole-powder-pattern
into individual Bragg reflections in one step without reference to a struc-
tural method. Hence, in recent times an approach of QPA based on whole-
powder-pattern decomposition (WPPD) method has been proposed exten-
sively.[23][24] The WPPD method refines integrated intensity parameters
together with unit cell and profile parameters by least squares or by
iteration.

The WPPD-based QPA may be performed by the following two
major steps. In the first step, whole-powder-pattern fitting (WPPF) refine-
ments are performed for respective pure components and integrated inten-
sity parameters are fitted, then the sets of integrated intensities obtained for
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respective phases are stored in data files as source data. In the second step,
the WPPF refinement is carried out for the mixture sample and the scale
factors for individual components are adjusted while individual integrated
intensities are not varied. The refined scale factors are proportional to the
volume fractions of respective phases and can be converted to their weight
fractions. Sets of  integrated intensities calculated from structure models or
those from ICDD PDF can also be used as source intensity-data after
appropriate correction for scaling. Testing of this method using two to five
component mixes with known weight fractions gave the average deviations
of desired weight fractions within the range of 1–1.5%. The detailed
treatment of the steps followed in such studies has been given in Ref. 24.

It should, however, be borne in mind that intrinsically overlapping
reflections at the same Bragg angle cannot be decomposed by the WPPD
method. Severely overlapping reflections are also difficult to resolve. The
effective separation limit in pattern decomposition (measured as the
shortest 2θ distance between two adjacent peaks) ranges from 0.1 to 0.5
times the full-width at half-maximum (FWHM). Experience indicates that
the complete decomposition of a powder pattern is not required for phase
identification, quantitative phase analysis, measurement of unit-cell pa-
rameters, or crystallite size and strain. Complete decomposition, however,
is quite important for ab initio structure determination and preparing
Fourier maps.

5.0 X-RAY DIFFRACTOMETRY OF CLINKER AND
CEMENT

As already elaborated in the previous section of this treatise, the x-
ray diffractometry, being a direct method for qualitative and quantitative
characterization of polyphase materials, has also turned out to be a virtually
indispensable tool to analyze clinker and cement. Each phase of cement
produces a unique diffraction pattern independent of others with the
intensity of each pattern being proportional to the concentration of the
phase in a mixture, however, the patterns are complex with many overlaps.
In addition, compositional and structural variations of each phase influence
peak positions and relative intensities. As a result, peak intensity measure-
ments and selection of standard reference materials are quite problematic.
Hence, the XRD studies have for several decades been more qualitative
than quantitative in nature. In recent years, however, more emphasis is seen
on applying newer quantitative techniques, which will be dealt with later.
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5.1 Methodological Aspects

For general purpose diffractometric studies of cement and clinker
phases, the normal-focus x-ray tube with Cu target and Ni-filter combined
with a monochromator system is widely used. Generally, an aluminium
sample holder is made use of. In order to achieve an isotropic distribution
of the crystals in the samples in all directions, the particle size is brought
down to about five micron or less. The particle size is reduced to this level
by wet grinding of the sample in an inert solvent such as benzene,  isopropyl
alcohol, or cyclohexane.

Accuracy in powder diffractometry or how close a measurement of
peak position, intensity, or shape comes to the true value is often overlooked in
experimental measurements, but can be attained with routine analysis. This
primary method of assessing and attaining accuracy is through the use of
representative standards and profile fitting. It is also important to recognize
that sample preparation techniques that optimize accuracy for one measure-
ment may not be appropriate for another. For example, the very fine
crystallite size that is optimum for quantitative analysis is often unneces-
sary and sometimes can be detrimental in d-spacing and peak-shape
measurements due to introduction of strain-related peak shifts and profile
broadening. It is, thus, always desirable to take recourse to appropriate
standards, systematic-error correction, and proper sample preparation.

Although, as already mentioned, the CuKα radiation is more widely
used, it is also known that this radiation causes iron atoms to fluoresce and
the fluorescent intensity is proportional to the iron content of the sample.[25]

This fluorescent background intensity tends to submerge the low-intensity
broad lines, particularly of the cement hydration products in the low angle
range as reported for C4AF.[26] It is preferable to use, in such situations,
CoKα radiation or to adopt other means of counteracting the effect of
fluorescence, such as pulse height analyzers.

The concept of theta filter, as explained in an earlier section, may also
be a source of some confusion in the cement field. Most of the reported
powder intensity data have been collected using diffractometers without a
theta filter—a condition at which the surface area exposed to radiation
during scanning underwent continuous change. However, in the instru-
ments fitted with theta filters the area exposed is kept constant. The
intensities recorded by the two sets of instruments are not identical,
however, the ratio of two intensities vary smoothly with the angle of
diffraction. The presence of any spike in the intensity ratio versus angle or
d-spacing curve will indicate the occurrence of some other mechanisms on
the line intensity generation.[27]
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5.2 Identification of Major Phases Present in Cement/Clinker

It is well known that the portland cement clinker contains four
principal phases which are known as alite (C3S), belite (C2S), aluminate
(C3A), and aluminoferrite (C4AF). Clinkers often show, in addition, the
presence of free lime (CaO), periclase (MgO), alkali sulfates, and a glass
that is virtually x-ray amorphous, but compositionally lying in between the
aluminate and ferrite phases. Ordinary portland cement is produced by
grinding this clinker with a permitted amount of gypsum. The
crystallochemical characteristics of the major clinker phases are briefly
summarized in Table 3.

Table 3. Salient Crystallochemical Characteristics of Major Clinker Phases

Name, Foreign Approxi- Crystallographic
Basic Composition and elements mate modifications known
(Proportion in Clinker) generally impurity

present level

Alite Al, Fe, Mg, 4% 3 triclinic  + 3 monoclinic
C3S (50–70%) Cr, Ti, S, P, + 1 rhombohedral

Ba, Mn, Na, K polymorphs in
temperature range
of 620–1070oC

Belite Al, Fe, Mg, Cr 6%, α  (trigonal-hexagonal)
C2S (15–30%) Ti, Mn, V, Ba, α´H & α′L (orthorhombic)

S, P, Na, K β (monoclinic) and
γ (orthorhombic)
polymorphs in temperature
range of 500–1425oC.

Aluminate Fe, Mg, Si, Ti, 10% No polymorphs.  Foreign
C3A (5–10%) Na, K elements as solid solutions.

Only alkalis cause change in
symmetry, viz., cubic, orthor-
hombic and monoclinic.

Aluminoferrite Mg, Si, Ti, 13% C2F orthorhombic (pseudo-
C2 (A,F) (5-15%) Mn, Cr tetragonal)
more commonly
expressed as C4AF
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The x-ray diffraction measurements of the majority of these phases
started almost five decades back.[28]–[30] Earlier diffraction studies essen-
tially related to the synthesis of pure phases, solid solubility of different
elements in different phases, polymorphic transformations, and compari-
son with industrial clinkers and cements.  Status reports on these kinds of
studies are available in the literature.[31][32] Certain practical observations
of XRD patterns of individual clinker phases occurring in industrially
produced clinkers are briefly dealt with in the following sections.

Alite (C3S). From available knowledge it is apparent that the XRD
patterns of alite polymorphs, particularly in industrial clinkers, are closely
alike and the interpretation becomes complicated due to peak overlaps and
peak shifts due to foreign ions present. Monoclinic and triclinic forms are
predominant in clinkers and the rhombohedral form is rare. The latter,
whenever observed, causes a peak at 51.7° 2θ (CuKα radiation) to be a
singlet. It breaks with a shoulder in the case of MII polymorph, it transforms
into a doublet when MI  polymorph is present, and results in a triplet in all
three variants of the triclinic polymorphs, the triplet being the most
distinctive in the TI form. Some of these patterns as recorded for the plant-
produced clinkers in the author’s laboratory are reproduced in Fig. 5.

Figure 5. Different polymorphs of alite in some industrial clinkers (CuKα radiation).
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One of the rare applications of microfocus diffractometry in clinker
mineralogy has been to study the zonal structure of alite (Fig. 6). The figure
shows the difference in the polymorphic states of the core and periphery.[12]

Figure 6. Alite with zonal structure determined by microfocus diffractometer.[12]

Belite (C2S).  It is widely known that in the majority of clinkers the
belite phase is predominantly or entirely in the β-polymorphic state. The
simultaneous presence of α and α′  along with the β-form is also known.
Characterization of the polymorphs is rendered difficult by the similarities
between the powder patterns (Fig. 7) and also by overlaps with alite peaks.

The Aluminate Phase. It has already been shown in Table 3 that pure
C3A does not exhibit polymorphism and it is of cubic symmetry. This phase
can incorporate Fe, Mg, Si, Na, and K, in the lattice up to about 10%, but
only the alkalis produce a change in symmetry.
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The limit of substitution of Ca2+ by two ions of Na+ is 5.7%. This
range of substitution leads to a series of variants of the structure of the
aluminate phase (Table 4).

Figure 7. Different polymorphs of belite.[31]
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Table 4. Relation of Alkali Content in C3A with its Crystal Systems[32]

Approximate Range
of Na2O% Crystal System Designation

0.0–1.0 Cubic C1
1.0–2.4 Cubic C11
2.4–3.7 — C11 + O
3.7–4.6 Orthorhombic O
4.6–5.7 Monoclinic M

Industrially produced clinkers are known to contain cubic or orthor-
hombic forms alone or in combination. The monoclinic form has not been
reported. The XRD powder pattern of the cubic form is characterized by
strong singlet peaks at about 33.3°, 47.7°, and 59.4° 2θ (CuKα radiation).
The orthorhombic phase, on the other hand, shows a splitting of the peak at 33.3o

2θ with a strong singlet at 33.2° and a weak doublet at 32.9°–33.0° (Fig. 8).

Figure 8. Cubic (a) and orthorhombic (b) aluminate phase in clinker. (A: aluminate peaks,
F: ferrite peaks).[31]
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The Aluminoferrite Phase. This phase in industrially produced
clinkers is orthorhombic. Taking into account the substitutions due to SiO2,
MgO, TiO2, Mn2O3, and Cr2O3, the aluminoferrite composition is very
close to C4AF, although the pure phase composition is given by the solid
solution series Ca2 (Alx Fe1-x)2 O5, where O < x <0.7 and C4AF is only a
point in this series with x  =  0.5.

The XRD patterns of clinker ferrites are affected by the cooling rate
of clinker. Disappearance of many peaks other than the three most  intense
reflections (200, 141, and 202) and broadening of the peaks are primarily
caused by the poor crystallinity due to rapid cooling. The XRD traces of the
aluminoferrite phase in different plant-produced clinkers as scanned around
47° two-theta are shown in Fig. 9.

Figure 9. Various XRD traces of the aluminoferrite phase in industrial clinkers.
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It may be relevant to mention here that the calculated patterns for the
individual clinker phases based on the results of x-ray structure determina-
tions have been furnished in Ref. 32, which can be treated as one of the
reliable databases for XRD studies on clinker mineralogy.

Selective Dissolution of Phases for XRD. Despite the availability of
voluminous information and data on the XRD characteristics of pure
synthesized clinker phases over the last several decades, the in-depth
crystallochemical understanding of industrially produced clinkers remains
unattained in the scientific world to the extent desired because of complexi-
ties of  patterns, as mentioned earlier. Hence, right from the ‘70s, extensive
attempts were made to achieve selective separation of clinker phases
through dissolution with the help of specific solvents.[33] A solution
containing 30 g of potassium hydroxide and 30 g of sucrose in 300 ml of
water (referred to as a KOSH solution) is heated to 95°C, 9 g of cement are
added to this solution and stirred for a minute, after which time the solution
is filtered and the residue washed in 50 ml of water followed by 100 ml of
methanol and dried at 60°C. This allows the removal of interstitial phases,
leading to the concentration of the silicates.[34] Further, in the same study
it was seen that by using a salicylic acid-methanol solution it was possible
to dissolve preferentially the alite phase contained in the residue obtained
from a KOSH solution treatment.

Solvents like maleic acid in methanol (1:5) or salicylic acid in
methanol (1:5) or maleic acid and salicylic acid in methanol (1:1:10) are
reported to be effective in separating the silicate phases, leaving C3A and
C2 (A,F) in the residue. For the separation of the above two phases it has also
been suggested that a 3% aqueous solution of sucrose can be employed.[35][36]

A large number of such separations were carried out in the author’s
laboratory for the qualitative identification of matrix phases in some  plant-
produced clinkers and  a typical XRD pattern of the matrix and the isolated
ferrite phase after separation of the silicate phases is shown in Fig. 10,
which also shows the separation of the aluminate phase from the matrix.

Selective extraction of sulphate phases present in a clinker from its
maleic acid residue treated in a 10% NH4Cl solution has also been
successfully attempted.[37] In this study the concept of selective extraction
of silicate and sulfate phases was adopted in order to identify and distin-
guish the cubic and orthorhombic forms of C3A on one hand and to perform
profile fitting on the other, for measuring the aluminate and aluminoferrite
phases quantitatively through their integrated peak area by using a com-
puter program.
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5.3 Semi-Quantitative and Quantitative Estimation of Phases

As an alternative to Bogue’s calculation for quantification of phases
on one hand and optical microscopy on the other, numerous attempts have
been made to apply and perfect a technique based on x-ray diffractometry
since the late fifties.[38]–[41] A majority of the attempts have been based on
mixed internal standards although a few other procedural variants have also
been tried. The common practices and emerging trends are briefly dealt
with here.

Figure 10. XRD pattern of the matrix (a) after separation of the silicates and (b) after
further removal of the aluminate phase.
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Routine Analysis by the Mixed Internal Standard Method. The
basic principles of this method have already been discussed earlier in this
chapter. For routine semi-quantitative phase estimates by this method, first,
mechanical mixtures of known concentrations of synthetically prepared
four pure phases are prepared along with an internal standard (rutile,
silicon, KBr, CaF2, or corundum), interground, and blended thoroughly.
The characteristic diffraction lines selected for measurement of clinker
phases are:

Alite 3.04 Å or 1.76 Å
Belite 2.87 Å
Aluminate 2.699 Å
Aluminoferrite 2.67 Å

After measuring the intensities in all the mixtures with the various
phases in known concentrations, a plot of Ic /Is vs. C is obtained for each phase.

C is the concentration of the phase

Ic is the intensity of the line corresponding to the phase
concerned

Is is the intensity of the line corresponding to the internal
standard

Thereafter, a known weight of the same internal standard is also
ground with the sample under investigation and the corresponding values
of Ic/Is are determined for each phase. Interpolation of these values in the
calibration curves gives the concentrations of each phase under investiga-
tion.  A typical calibration line is shown in Fig. 11.

Although for routine work this method is widely practiced, it suffers
from three major shortcomings:

1. Deviation in the composition of the phases actually
present in the sample under investigation and those used
in calibration.

2. Long preparation time for the calibration curves.

3. Achieving homogeneity in the blending of the internal
standard.

Unmixed Internal Standard Method. In view of the above short-
comings and volume of work involved in the mixed internal standard
method, the author introduced a simplified version for routine assignments,
which is reported in Ref. 42.
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In this method a standard cement or clinker of predetermined
composition is used as a reference sample. A platinum foil of 99.99% purity
with essentially flat surface measuring 1 mm × 1 mm and weighing 0.49 g
is used as an unmixed internal standard with its characteristic line at 2.27 Å.

For rapid estimation, samples ground to less than 44 µ are used with
a carefully flattened surface in an aluminium holder in which the internal
Pt standard is lightly placed at a predetermined position, generally in line
with the curvature of the goniometer circle, for reproducibility. A typical
trace is shown in Fig. 12.

For any given phase, the concentration, Cs of the phase in the test
sample is given by:

Eq. (10)
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Figure 11. An illustrative calibration curve.
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where, Cr is the concentration of the same phase in the reference sample,
Is and Ir are the intensities of the  line due to the phase in the test sample and
reference sample, respectively, and Isp and Irp are the intensities of the
platinum line in the test samples and reference sample, respectively.

Figure 12. XRD pattern of a clinker sample with Pt as an internal standard.

Pattern Fitting for Quantitative XRD of Cement and Clinker.
The semi-quantitative methods described above relied on intensity mea-
surements of single resolvable diffraction peaks. As an improvement over
this approach, the alternative techniques of whole-pattern fitting, the
principles of which have been described earlier, have been applied to the
cement field.
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These methods primarily rely on the measurement of  the reference
intensity ratio (RIR),[43] which is adapted from the internal standard
method, in which the slope, RIR, of the calibration plot is given by:

Eq. (11) α
α

α RIR=×
X

X

I

I s

s

where: Is = pattern intensity of internal standard S

Ia= pattern intensity of phase α
Xa= mass fraction of phase α
Xs= mass fraction of internal standard S

The calibration using the RIR method involves the following steps.

1. Collection of diffraction patterns of individual phases
for reference profiles.

2. Collection of diffraction patterns of multiphase mixture
of known composition with a known mass of intermixed
standard.

3. Calculation of pattern intensities and of the RIR constant
relating peak intensity ratio with mass fraction ratio
using  Eq. (11).

An unknown sample, then, is treated for analysis in the following
manner.[46]

1. Addition and homogenization of a known mass of inter-
nal standard.

2. Three replicate diffraction scans, repacking for each.

3. Measurement of the background subtracted intensities.

4. Calculation of the mass fraction of each phase using:

Eq. (12) α
α
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The mass fractions of the unknown phases are a mixture including the
internal standard and, therefore, a correction is introduced using:

Eq. (13)
sX

X
X'

−
=

1
α

α



304 Analytical Techniques in Concrete Science and Technology

Studies on the application of whole-pattern fitting for the quantitative
phase analysis of clinker and cement are limited, but seem to be gaining
ground in recent times.

One of the attempts made in the eighties[44] was based on a least
squares fit between diffractometer trace of the sample with internal stan-
dard and a simulated trace summing the contributions from the component
phases. The trace was obtained over the range of 24°–39° by step counting
at 0.05° intervals using CuKα1 radiation and stored in a computer. Auxiliary
procedures were devised for dealing with background levels, adjusting the
peak widths, and to some extent, peak positions in the reference patterns to
match those in clinker, and matching the observed and computed patterns.

In another study,[45] spacings and integrated intensities of XRD
patterns were calculated from the published crystal structures for the major
phases of clinkers and for corundum. The reference intensity ratios were
calculated. Based on such ratios, methods were evolved for the approxi-
mate determination of the quantitative phase composition from a
diffractometer trace without using reference standard by normalizing the
total to an assumed value.

In a recent study[46] the application of whole-pattern fitting was
attempted using Dataplot, a graphics and data analysis language developed
at NIST. Trials using known mixture of clinker interstitial phases indicated
a very good agreement with the known phase abundance values with
absolute errors, based on the whole  cement, of less than 1 percent.

Rietveld Techniques. With some variance to the above approaches,
the possibility of quantifying the phase composition of a clinker by the Rietveld
method was shown by many investigations.[47]–[50] In a more recent
study,[51] the alite, belite, aluminate, and ferrite phases were synthesized in
the laboratory to match the compositions of the main phases of an industrially
produced clinker. All structures were refined by the Rietveld PC software.
In the next step the synthesized phases were mixed in different proportions
and quantified by the same software. Three different mixtures showed a
deviation from the input data by less than one percent (Table 5).[51]

In this direction, another interesting study has been carried out to
generate reliable standard x-ray powder diffraction patterns for C3A,
gypsum and ettringite and to test if the application of the Rietveld method
to the hydration reactions of C3A is possible. It was observed that the
quantitative results of the standard mixes were within 0.5% of the true
values. Finally, it was shown that the concentrations of C3A, gypsum, and
ettringite, in hydrating mixtures of C3A and gypsum could be calculated
with standard deviations of about ± 1% using powder patterns taken with
the “wet cell” of the diffractometer.[52]
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Table 5. The Rietveld Analysis Results (wt.%)

Phases Proportions Calculated Standard
Actually Mixed Properties Deviation

Alite 65 64.8 0.9
Belite 20 20.8 0.8
C3A 10 9.6 0.6
C4AF 5 4.8 0.6

Alite 55 55.3 1.1
Belite 25 25.4 1.2
C3A 10 9.7 0.6
C4AF 10 9.6 0.6

Alite 70 69.9 0.7
Belite 15 15.7 0.8
C3A 5 5.0 0.6
C4AF 10 9.4 0.9

5.4 Quantitative Phase Analysis for Quality Control

With a view to exploiting the potential of XRD, some of the
investigators have attempted to adopt certain quality control measures
based on various other approaches for quantitative phase analysis. A few
illustrations are furnished here.

1. On-line and reliable analysis of free lime in clinkers is one
of the most important process control requirements in any
cement plant. Free lime in clinkers as opposed to the total
CaO can be quantitatively determined in less than 60
seconds using the integrated XRF-XRD system mentioned
earlier.[13] As reported, typical accuracy of 0.1–0.15 is
achieved in addition to excellent reproducibility.

2. It is known that there is a close connection between NO
values in kiln exhaust gases and the operating conditions
of a rotary kiln. Since the operating conditions of a kiln are
also reflected in the final quantitative phase composition
of the clinker that is produced, an attempt has been made
to correlate the NO values with the varying sum-total of
the quantitative phase analysis of clinker during the kiln
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Figure 13. Real-time relationship between NO values and clinker phase assemblage.

operation, for effective process control.[53] According to
this study, it was observed that for well crystallized C3S
the quantities determined by XRD were of the same order
as calculated by the Bogue equation. However, large
differences between the experimental and calculated values
were found for C2S, C3A, and C4AF, primarily due to
substantial variations in crystallinity of these phases caused
by the fluctuations in the process control of kiln and
cooler. The author reported that for consistent kiln operation
the sum of clinker phases as determined by QXRD based
on prior calibration plus liquid phase as computed by the
Lea equation fluctuates between 98% and 102%.
Disruptions in the kiln operation can cause quite large
fluctuations as shown in Fig. 13. The figure also shows the
corresponding time profile of NO values in kiln exhaust
gas for comparison. It apparently indicates that the degree
of crystallinity of the C2S, C3A, and C4AF, as determined
by XRD may be used as a measure of the burning and
cooling conditions of a kiln system and may serve, on
perfection as a tool, as an additional instrument for kiln
control.
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3. It is a common knowledge that there is a correlation
between the alite (C3S) content in clinker and the expected
strength of the corresponding cement under a given set of
grinding conditions. Due to this fairly well-established
relation, the on-line determination of clinker phases is
becoming more and more important. In a particular inves-
tigation[54] toward this objective it was observed that the
XRD calibration was dependent on the presence of minor
constituents in the phase, sample preparation including
grinding conditions and peak position and shape as influ-
enced by solid solubility of elements such as magnesia in
C3S. The strong possibility of predicting the 28-day strength
of cement from the clinker alite content through adoption
of such precise calibration in an on-line system has been
indicated.

4. In another investigation[55] a more comprehensive attempt
was made to develop a quality control scheme. It was
considered that the determination of burning conditions in
a kiln system as well as the prediction of 3-day and 28-day
cement strengths can ensure a reliable QC system. With
this in view, the following three indices were reported based
on a statistical correlation of selected peak intensities.

(a) Cn as the ratio of pulse counts (Cukα radiation)
corresponding to d = 2.78 Å (32.2° 2θ) and d = 2.74
Å (32.7° 2θ) to be used as an index of burning
conditions. Cn should  generally be below 1.5 for
normal operating conditions, higher values indicat-
ing abnormal situations.

(b) Xn as the ratio of pulse counts (CuKα radiation)
corresponding to d = 2.959 Å (30.2° 2θ) and d =
2.874 Å (31.1° 2θ) as an index to predict the 3-day
cement strength by the following relations in kg/cm2.

Eq. (14) CCS3-d = 240 xn when xn <1

Eq. (15) CCS3-d = 240 + 26(xn-1) when, 1< xn<5.5

(c) In = 90 - 10 Xn , where Xn < 5.5 as the index to arrive
at the predicted 28-day cement strength in a given
situation by the following relation in kg/cm2.
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Eq. (16)
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where CCS3-d is derived from Xn.

The concept has also been extended to strength prediction
of portland slag cement.[56] It is, however, not very clear at
this stage how universal the applicability of the relations
based on the above indicies is and how much further
validation under diverse plant conditions is necessary.

5. The influence of material and process parameters on the
microstructure of clinker have been investigated
statistically with the help of XRD.[57] The XRD patterns
were taken in the 2θ ranges: 32.4°–32.8° (profile A) and
32.9°–34.1° (profile B). Profile A covered the alite and
belite peaks while profile B related to the aluminate and
ferrite peaks. The statistical method applied was the partial
least square regression (PLSR). Parameters like alite size
and bulk chemical composition were correlated with the
XRD profiles. The height of the overlap of alite and belite
peaks and the position of the peaks changed with the
variation of CaO, SiO2, MgO and K2O contents in clinker
(Fig. 14). Significant influence of the above elements, in
addition to that of Al2O3 and Fe2O3, was seen for profile B
(Fig. 15).

5.5 Cement Substitute Materials

With ever increasing importance of blended cements such as port-
land pozzolana or slag cement (Fig. 16) and use of a variety of blending
materials, the assessment of quality and estimation of quantity present in a
cement have turned out to be an essential process control step. It appears
that XRD as a technique may fulfill this requirement quite adequately.

Another typical example could be the estimation of limestone used
as a filler in masonry cement (Fig. 17). From the figure it is evident that the
diffraction peak due to CaCO3, around 2.49 Å, is distinctly identifiable
from the clinker phases and the scans further demonstrate that the higher the
limestone peak intensity the lower is the intensity of clinker phases.
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Figure 14. Changes in the profile A counts at d = 2.74 Å with changes in oxides variables.

Figure 15. Changes in the profile B counts with simultaneous increases in CaO and SiO2
and decreases in MgO and K2O.
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Figure 16. Typical XRD traces of commercially produced blended cements (16% poz-
zolana in PPC and 42% slag in PSC ).
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Figure 17. An illustrative XRD trace of a masonry cement.
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Another interesting study has recently been reported regarding the
diffractometric estimation of granulated blast furnace slag content in the
portland slag cement.[58] It has been claimed that the ratio of the pulse
counts of slag cement samples at 2θ angles, 30.6° and 22.5°, has an almost
linear relationship with the proportion of slag in the cement. Based on a set
of reference samples containing slag from the same source as in the cement
and ensuring that the glass content in the slag varies within a range of ± 5%,
it is claimed that the slag content in a cement can be estimated in the range
of 10–70% with an accuracy of ±1%.

5.6 Standardization of X-Ray Diffractometry for Quantitative
Phase Analysis

A large number of studies have been carried out to evaluate the
relative accuracy of quantitative XRD. Comparison has particularly been
attempted to compare phase composition determined by microscopy,
chemical analysis, and Bogue’s method.[30][38][39][41] The results obtained
by different methods showed substantial deviations from each other. Even
in the ‘80s it was felt that x-ray diffraction analyses were not quite accurate
for quantitative phase estimation.[59][60] Despite these findings, there was
a progressive buildup of confidence that with the adoption of proper XRD
methodology the major clinker phases can be determined with an absolute
accuracy of 2–5% for alite and belite and 1–2% for aluminate and ferrite.

Since the achievement of this level of accuracy is not universal, the
need for a standard procedure for quantitative phase analysis by XRD is
being increasingly felt. In fact, an ASTM task force was formed in 1980 to
investigate the state-of-the-art and to recommend a standardized method to
the extent possible.[61] The preliminary efforts of the task force indicate the
following.

1. The proportions of cubic C3A (d = 0.4236 nm and d =
0.4083 nm), orthorhombic C3A (d = 0.4210 nm), C4AF
(d = 0.3654 nm) and MgO (d = 0.2106 nm) in clinkers
may be determined with reasonable precision (1.7%) by
using the technique referred to in the above article.

2. A single synthesized phase may reasonably be used to
represent the XRD pattern of that phase in a range of
clinkers.
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3. The application of quantitative XRD methods to the
silicate phases is likely to be more difficult due to the
overlapping peaks and multiplicity of polymorphs.

The study still remains to be completed and the XRD method still
continues to vary from one laboratory to another, depending on the material
to be analyzed and the instrument to be used.

6.0 X-RAY DIFFRACTOMETRY OF HYDRATED
CEMENT

In the hydration of cement, the chemical reactions that take place
between anhydrous cement and water are generally complex in nature
because of their multiphase nature and also for simultaneous effects of
many variables. Without going into the details of these reactions, it may be
relevant in the context of XRD studies to mention the following features of
the reaction sequence and products, the understanding of which has come
through studies spanning several decades.[62]–[67]

1 Since the clinker phases have different reaction se-
quences and rates, unreacted phases in different propor-
tions coexist along with various reactants at different
ages.

2. The silicate phases lead to the formation of CH and C-S-H,
the latter being a generic name for amorphous or poorly
crystalline calcium silicate hydrates.

3. The reactions of the aluminate and ferrite phases in the
presence of gypsum lead to the early formation of AFt
(Al2O3-Fe2O3-tri) phases and later conversion to AFm
(Al2O3-Fe2O3-mono) phases. The most important AFt
phase is ettringite (C3A·3CS̄·32H) that forms during the
early hydration of cement and later converts to
monosulfate (C3A·CS̄·12H) belonging to AFm family.
Among other common phases mention may be made of
C2AH8, C4AH13 and C3AH6.

4. A large number of analytical techniques have been
applied to study the above reaction products. More
commonly applied techniques are quantitative XRD,
measurement of non-evaporable matter, chemical
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shrinkage, heat of hydration, infrared spectroscopy,
dielectric capacity measurement, etc. Despite certain
limitations of the extensive applicability of XRD to the
study of gel-like hydration products, this technique
continues to be widely relied upon for a host of other
potentials and advantages that are not available from the
other investigation tools. Some of these features will be
touched upon in the following sections.

6.1 Sample Preparation and XRD Study of Hydrated Specimens

The XRD studies of hydration products demand a very careful
preparation of samples as the studies are related to discrete ages of
hydration and the specimens may often interact with various other reactants
in the atmosphere. The procedure generally followed in the author’s
laboratory comprises the following steps:

• To fill the hydrated blends in small plastic vials or bottles
with tight lids and to store these vials under lime solution in
order to protect the sample from carbonation.

• To remove the sample from the vial at a desired age and to
submerge in isopropyl alcohol to stop hydration for at least
25 min.

• To wet grind the sample thereafter, in alcohol medium to a
fineness level of about minus 200 mesh without allowing the
sample to dry up, in order to avoid carbonation.

• To filter the slurry and to wash first with alcohol and then
with diethyl ether.

• To load the dry sample into the metallic sample holder
ensuring that there is no preferred orientation of crystal and
that there is a smooth surface.

• To run the diffractogram at slow speed and to scan at lower
angles because of the presence of the distinguishing peaks in
that range.

Typical XRD patterns of  neat cement paste on early age hydration
are shown in Fig. 18. From such studies on pastes with w/c ratio in the range
of 0.45–0.65 and hydration reactions occurring at temperature of 15–25°C, the
ettringite phase appears at d-values of 9.73 Å and 5.61 Å and peaks intensify
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Figure 18. XRD pattern of hydrated OPC paste, (a) 1-day hydration, (b) 7-day hydration.

in a day’s time. The peaks sometimes disappear, but mostly remain
virtually unchanged up to 28 days. In case there is appearance of AFm phase
at the expense of ettringite or AFt phase, new peaks are observed at 2.88
Å and 1.66 Å. Generally, the CH phase starts to show up within a day or so
and progressively intensifies at d-values such as 4.90 Å, 2.63 Å, 2.28 Å, and
dominates within a few days. The appearance of CH crystals is accompa-
nied by a decrease in the amount of anhydrous clinker phase between 3.02
and 2.60 Å d-values. Sometimes, in exposed samples, the carbonation
process is observed in the samples hydrated for, say, 3 days, with the
appearance of monocarboaluminate hydrate and calcite which may in-
crease with time.
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It is assumed that, after a certain part of the Ca ions liberated in the
first stages of paste reaction have crystallized out as stacks of ordinary CH
layers in the capillary spaces, the rest of Ca ions lead to the formation
of C-S-H hydration products of Ca/Si ratio between 1.5–2.0, which form
ill-crystallized structure elements around the disappearing anhydrous nu-
clei in ionic arrangements strongly resembling that of CH.[67] The C-S-H
cryptocrystalline phase shows a diffuse band at 2.7–3.1 Å coupled with a
sharp band at 1.82 Å.

Many crystalline calcium silicate hydrates are known, but most of
them are formed under hydrothermal conditions. The x-ray diffractometric
characteristics of these phases, which include such calcium  silicate
hydrates as 1.4-nm tobermorite (C5S6 H9 approximately), 1.1-nm
tobermorite, jennite (C9S6H11), C-S-H (I) and C-S-H (II) have not been
covered in the present discussions. However, one may refer to Ref. 32 for
a reasonable compilation of the available x-ray data.

6.2 Small Angle X-Ray Scattering

The physical phenomena of small angle x-ray scattering reveals
information on the areas of surfaces between regions of markedly different
electron density. This approach of investigation has been adopted by some
investigators to study the layered structure of the calcium silicate hydrates
in the cement system.

In a hydration study of the C3S paste[68] it was shown that the
scattering intensity could be represented by:

Eq. (17) j(s) s3 = a + bs2

where  j(s) is the scattered density, s is a function of the scattering angle and
the x-ray wavelength, a, is related to the interface surface, and b is related
to the interlayer distance.

The results showed that at the initial stages both a and b increase
synchronously. After about 50 hours of  hydration, a continued to increase
slowly whereas b remained nearly constant up to 250 hours. The results had
been interpreted as a continued increase of the hydration products with a
constant interlayer separation. The authors attributed the near-constant
value of b to a gradual unsaturation of the pastes probably due to the
autogenous shrinkage.

Further information of the interlayer characteristics came from the
small-angle x-ray scattering results presented in Ref. 69. Some relevant
data are shown in Table 6.
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Table 6. Surface Areas of Portland Cement, 86% Hydrated at w/c = 0.4

Treatment of sample Surface area in m2/g ignited sample
After preliminary treatment After re-saturation

Saturated 708 708
Equilibrated at 52% H 330 —
P-dried 272 697
D-dried 224 707
Oven dried at 105°C 180 651

P-drying means drying to 8 × 10-4 mm pressure
D-drying means drying to 5 × 10-4 mm pressure

From Table 6 it is evident that drying causes a reversible loss of
surface. The higher the degree of drying, the greater is the loss. D-drying
reduced the surface area to one-third of the saturated sample. On re-
saturation the surface area is regained. This reversible loss of surface could
be interpreted as due to a collapse and regeneration of the interlayer
separation.

However, no attention seems to have been paid on the loss of surface
associated with the equilibration to 52% RH. A sample at this stage is
expected to have its interlayer water as well as surface adsorbed water.[70]

From the actual measurement of scattered intensity one may find that nearly
half of the measured x-ray intensity is lost due to the removal of free water.
This loss of scattered intensity will mean that either there is an electron
density difference between surface adsorbed water and free water or the
collapsing of interlayer separation starts at about 52% RH. Although at
present it is not clear how this loss of x-ray intensity at 52% RH may affect
the interpretation of earlier results it is not expected to alter the inference
that C-S-H is a layer structured material.

6.3 Application of Certain Quantitative Methods to Cement
Substitute Materials

The utilization of fly ash, silica fume, and ground granulated blast
furnace slag as replacement materials for cement has received quite a wide
acceptance all over the world. Therefore, it is often necessary to understand
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the behavior of such cement substitute materials in hydrated systems and
the factors that control such behavior. X-ray diffractometry has provided
reliable avenues to quantify such properties and behavior.

A selective dissolution method using a picric acid-methanol-water
solution coupled with x-ray diffraction and energy-dispersive x-ray analy-
sis has been reported to be effective in removing reacted cementitious
products, leaving a residue of unhydrated pozzolanas in cement-fly ash or
cement-silica fume systems.[71]

Since the glass content in slags and fly ashes is an index of their
reactivity, the quantitative determination of the glass content in these
materials has received the attention of the scientific community.

In a sample containing glassy and crystalline phases, the weight
fraction of each crystalline phase can be determined by the internal standard
method. If the major crystalline phases are known, the glass content can be
found out by difference after estimating the sum-total of the crystalline
phases. Following this approach, with CaF2 as the internal standard and
after identifying the presence of quartz, mullite, magnetite, and hematite in
fly ashes, the glass contents of eight different fly ashes were determined in
the range of 53.4% to 94.5%. Similarly, for two slags with melilite as the
only crystalline phase, the slag contents were determined to be 88.1 and
88.3%.[72] The method was found to be time consuming, particularly when
the samples contained multiple crystalline phases. Further, the errors in
quantitative determination of those multiple phases were also likely to add
to the final errors in the determination of glass content. Notwithstanding
this limitation, this procedure for glass determination in cement substitute
materials appears adequate for all practical purposes.

7.0 X-RAY DIFFRACTOMETRY IN CONCRETE
CHEMISTRY

It is well known that the major use of cement is through the route of
concrete which, as a composite product, has a more complex character than
what is normally realized. The microstructural differences observed in the
cement paste-aggregate interface as distinct from the bulk cement paste,
formation of new compounds on account of exposure of concrete to
different aggressive environments, characteristic patterns in the natural
deterioration of concrete, etc., have compelled the extension of XRD to
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investigations relating to the production, service, and durability of con-
crete. A few applications of XRD to concrete chemistry are described here
in an illustrative manner.

7.1 Cement Paste Aggregate Interface

Although the cement paste-aggregate interface has continued to be a
subject of extensive studies by the concrete technologists for several
decades, recently an investigation has been reported[73] comparing the
interface characteristics obtained through conventional concrete mixing on
one hand, and through a modified system of concrete mixing involving
addition of water in two stages into the mixer, on the other. In the
preparation of concrete by both the mixing methods, glass slides were used
as pseudo-aggregates in order to obtain standardized surfaces for both the
techniques which can be easily examined by XRD to reveal the differences
between them. The glass slides with cement paste on either side were picked
and removed from the mixes and were laid in small airtight plastic tanks for
twenty-four hours before being transferred to curing tanks for retention up
to the required age of examination. The glass slides  were cut into small
pieces (2 cm2) by diamond saw. The flat bond surface was removed from
these small samples onto aluminum holders (1.5 cm2) for XRD analysis.
The hydration products were determined for both the surfaces—one bonded
with the glass and the other on the reverse side. The determinations were for
1 and 28 days. Repetitive measurements were made. Quantitative phase
analysis was also attempted. The XRD patterns of 28 day old samples
revealed the high concentration of well crystallized CH layer at the
interface in the two stage mixing, demonstrated by the higher peak intensity
around 21° two-theta, virtual disappearance of anhydrous silicate phases,
and higher proportion of C-S-H phase as seen from 33° and 59° two-theta
positions.

7.2 Alkali-Silica Reaction

The occurrence of reactive aggregate in concrete leading to its
deterioration due to alkali-silica reaction (ASR) is quite well known.
Although many attempts have been made to understand the factors leading
to the occurrence of ASR, its prediction is still very imprecise due to lack
of appreciation of the factors that contribute to the completeness of silica
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Figure 19. XRD peaks used to calculate crystallinity index.

dissolution and resultant expansion of concrete. Crystal deformation, grain
size, nature of grain boundaries, presence of fluid inclusions, etc., are known
to contribute to a reasonable estimate of probability of ASR in a pH medium
of 12–14. Since these are reflections of the intrinsic crystallinity of the silica
form, a study has been carried out to determine the Crystallinity Index (CI)
of silica by the XRD technique.[74] The method is based on the measurement
of the relative heights of the (2132)α1 peak and (2132)α2 peak occurring
between the 2θ angles of 67° to 68° (Fig. 19).

A value of zero is assigned when the diffractogram is a rounded hump
representing amorphous or weakly crystalline character of the aggregate.
The relationship of mortar bar expansion with CI of various forms of silica
is illustrated in Fig. 20. The regression line shows a moderate correlation
between decreasing expansion and increasing crystallinity (R2 = 0.77) as
determined by XRD.
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Figure 20. Relationship between average percent expansion of autoclaved motor bars and
XRD crystallinity index.

7.3 Sulfate Minerals

There are three important sulfate minerals that form within concretes
and mortars, viz., ettringite (C3A·3CS̄·31H), thaumasite
(CS·CaCO3·CS̄·15H), and gypsum (CS̄·2H). The quantitative assessment
of the above potentially expansive sulfate minerals in concrete has been
attempted and reported in Ref. 75. The method adopted was based on the
use of Boehmite as the internal standard at 14.48° two-theta, which is
sufficiently close to and does not overlap with the main sulfate peaks. The
average peak positions for each of the 100% intensity lines were 9.08° for
ettringite, 9.14° for thaumasite, and 11.69° for gypsum. Two additional
peaks, one for ettringite at 15.78° and one for thaumasite at 16.00°, were
also included in the data set. This was to overcome the problem of poor
resolution of peaks at 9.08° and 9.14° two-theta positions (Fig. 21).

The calibration method was found to be acceptable for all of the three
sulfate minerals as the results obtained from the standard samples compris-
ing mixtures of known composition fell within the standard deviation limits
calculated from the calibration curves (Table 7).

This quantitative phase analysis method was applied to the study of
laboratory prepared concrete cubes undergoing sulfate attack.
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It may be relevant to mention here another attempt made to quantify
the formation of ettringite during the process of setting and hardening of
cements.[76] In this method α-CaSO4·1/2H2O was taken as the internal
standard and XRD peaks of 0.601 and 0.5614 nm for the internal standard
and ettringite, respectively, were considered.  The closeness of peaks made
it possible to use a small two-theta range of 14°–16°. It was revealed that
different calibration lines were needed for different matrices, but they were
all linear and showed a high degree of correlation. Even low quantities of
ettringite (>0.63%) could be detected.

Table 7. Comparison of Actual and Calculated Proportions of Sulfate
Phases[75]

Standard samples Ettringite Thaumasite

Actual Calculated Actual Calculated
1 1 1.3 1 1.1
2 2 2.1 2 2.2
3 5 5.1 5 5.0
4 5 5.7 10 11.4
5 10 10.9 5 5.9
6 10 11.9 10 10.5

Figure 21. XRD trace of a mix of sulfate phases with an internal standard. (E = ettringite,
T = thaumasite, M = calcium monosulfate hydrate, G = gypsum, B = Boehmite.)
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7.4 Other Studies of Concrete Damages

In concrete chemistry it is quite well established that apart from
sulfate attack and occurrence of ASR, the formation of chloroaluminate
hydrate phase or the occurrence of alkali carbonate reaction due to environ-
mental conditions often lead to concrete damages. The diagnosis of such
damages is considerably facilitated by the XRD technique. According to
the study reported in Ref. 77, the cement pastes attacked by CaCl2 and
analyzed by the XRD technique show a line that can be ascribed to
monochloroaluminate hydrate (C3A·CaCl2·10H2O). When the samples are
moist, other lines characteristic of the calcium oxychloride
(3CaO·CaCl2·15H2O) are recorded, which disappear, when the samples are
dried. It has also been shown that when 3CaO·CaCl2·15H2O is obtained
from the reaction of Ca(OH)2 and Cl2 in aqueous solution the compound is
transformed into another oxychloride CaO·CaCl2·2H2O which is not ob-
tained in the dried cement pastes.

In the context of alkali-carbonate reactions, a mention may be made
of the investigations of several concrete and masonry structures in Sweden
in which XRD was applied along with SEM and energy-dispersive x-ray
analysis.[78] The occurrence of carbonation, appearance of alkali sulfate
salts causing internal and external efflorescence, etc., were revealed through
such studies.

8.0 XRD IN MISCELLANEOUS CEMENTITIOUS
SYSTEMS

Due to the versatility of XRD as a tool of investigation and charac-
terization its application extends much beyond the defined systems of
portland cement pastes and concrete. Recent examples are the uses of XRD
for the characterization of high alumina cements,[79] expansive cement
paste based on high-alumina cement,[80] study of cement-solidified organic
wastes,[81] etc.

In the course of a variety of investigations pertaining to the synthesis
and application of different types of cement in the author’s laboratory, XRD
patterns have been obtained for calcium aluminate cement, calcium sulfo-
aluminate cement, calcium fluoroaluminate cement, expansive K-type
clinker, etc. Some of these patterns are reproduced in Fig. 22 and the
characteristic peaks for the important phases are listed in Table 8 for  ready
reference.
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Figure 22. XRD patterns of miscellaneous cementitious systems.
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Table 8. Characteristic XRD Lines of Non-Silicate Phases Occurring in
Cementitious Systems

Mineral/Phase   dÅ  hkl I/I1

CaO·Al2O3 4.67 112, 112̄ 25
2.971 123, 123̄ 100
2.966 220 100
2.518 303̄ 35

CaO·2Al2O3 4.44 020 55
3.60 220 20
3.50 311̄ 100
2.599 112̄ 60

12CaO·7Al2O3 4.89 211 95
2.988 400  45
2.680 420 100
2.447 422 50
1.945 611  30

11CaO·7Al2O3·CaF2 6.87 — 20
3.24 321 100
3.02 400  60
2.33 510  40
1.70 710 35

3CaO·3Al2O3·CaSO4 4.92 321  6
3.76 422  100
2.65 444  25
2.17 822, 644 20

2CaO·Al2O3·SiO2 3.72 111 30
2.857 211 100
1.819 330 55
1.7608 312 45
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9.0 CONCLUSIONS

Clinker, cement, hydrated pastes, mortar, and concrete, are multi-
component heterogenous systems with widely varying microstructure
ranging from nanometer to centimeter scale. The characterization of these
systems is indispensable for both the end objectives of manufacture and
application. Further, the assessment of service performance and failure
analysis of cement mortar pastes and concrete are also dependent on proper
characterization. Among the various bulk and microscopic characteriza-
tion techniques, the x-ray powder diffractometry has turned out to be
universal and reliable. From simple qualitative identification of phases in
such multicomponent systems, the technique has been extended to cover
quantitative phase analysis, determination of crystallinity of phases, iden-
tification of reaction products, etc. Further, the techniques of quantitative
phase analysis have been refined by introducing a major change from
intensity-concentration relation of selected individual peaks to whole-
pattern fitting. In the latter concept, further progress has been seen in
applying the Rietveld technique as well as the WPPD method. All this has
happened because of significant development of software devoted to x-ray
diffractometry on one hand and the basic hardware on the other. The PC-
based software developments have offered unexpected speed of operation
without the sacrifice of accuracy. The hardware developments have re-
sulted in high levels of flexibility and precision. The use of microfocus
diffractometer has now opened up certain opportunities of characterization
which could not be contemplated earlier. Attempts are being made to
combine the techniques of photon-induced x-ray fluorescence and x-ray
microdiffraction into one instrument to ensure the coincidence of the
analyzed areas and to take full advantage of the smaller beam sizes.
Similarly, the development of fast dynamic real-time diffraction analysis
both for ambient and high temperature studies may facilitate the faster and
real characterization of the reactions involved in cement and concrete
chemistry. The future evolution of hardware and software in these direc-
tions will certainly expand the potential of XRD techniques much beyond
what is considered feasible today.
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Rheology

Leslie J. Struble and Xihuang Ji

1.0 INTRODUCTION

The rheological behavior of fresh cement paste and concrete is a topic
of considerable interest. Fresh concrete is a fluid material and its rheologi-
cal behavior affects or even limits the ways it can be processed, therefore,
measurement and control of rheological parameters are very important in
the production of quality concrete. Slump, of course, is a rheological
measurement, but slump only describes a part of the behavior. More
importantly, slump is an empirical measure; it cannot be compared with
other rheological measures. Other measures of concrete workability exist,
but they are less common and share the same drawbacks. If concrete
technology is going to advance, it is important to apply more basic
principles of rheology. Much that is known about the flow behavior of
concentrated suspensions can help us measure and understand the behavior
of fresh concrete.

The objective of this chapter is to present recent developments in the
application of rheological principles to fresh cement paste and concrete. It
covers both rheology (the study and understanding of flow behavior) and
rheometry (the measurement of flow behavior).
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2.0 BACKGROUND

Rheology is a well established area of study for a wide range of
materials.  It is often included in textbooks dealing with chemistry or with
fluid mechanics.  An excellent introductory treatment of rheology is given
by Barnes, et al.[1] A more fundamental treatment of colloid chemistry,
including rheology, is given by Hunter.[2] Finally, Tattersall, and Banfill
provide a thorough review and discussion of concrete rheology, though
now somewhat dated.[3] Much of the information in this chapter is based on
these books.

Rheology is defined as the study of flow behavior. It is normally
applied to fluid materials (or materials that exhibit a time-dependent
response to stress).  Flow is typically measured using shear and the shear
parameters of stress (τ) and strain rate ( �γ ) are calculated from measure-
ments of torque and flow rate. Viscosity (η) is defined as η  = τ / �γ . This is
more precisely called apparent viscosity—there are other ways to define
viscosity (e.g., plastic viscosity, the slope of stress versus strain rate for a
plastic material, as discussed below, and differential viscosity, the slope of
the curve relating stress and strain rate) so it is important to identify the
specific type of viscosity when reporting results.

Several types of flow behavior are generally recognized (Fig. 1). The
simplest is Newtonian behavior, with a linear relationship between stress
and strain rate and zero stress at zero strain rate. This is the ideal fluid
behavior, analogous to Hookean behavior in a solid. Many fluids show
plastic behavior (also called Bingham), in which flow only initiates above
some level of stress (called the yield stress), and once flow initiates the
relationship between stress and strain rate is linear. Another common
behavior is pseudoplastic (or shear thinning), in which viscosity decreases
as strain rate increases. Occasionally materials show thickening behavior,
but this is not common for suspensions.

3.0 SUSPENSIONS

Because suspensions of solid particles in a liquid generally behave as
a fluid, it is often useful to characterize their rheological behavior. Two key
factors affect this behavior, the volume fraction of solid particles in the
suspension and the extent to which the particles are agglomerated or
flocculated. Increasing the volume fraction of solids (φ) causes a considerable
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increase in viscosity. The effect of solids volume fraction on viscosity was
recognized by Einstein, who proposed the relationship

Eq. (1) η = ηc(1 − 2.5φ)

where η is the viscosity of the suspension and ηc is the viscosity of the fluid
phase. However, it was later realized that this equation only applies at quite
low volume fractions. As the volume fraction is increased above a few
percent, viscosity increases progressively from that predicted by Eq. 1.
Several equations have been proposed to better describe the full relation-
ship between volume fraction and viscosity, and one used extensively in
colloidal suspensions was proposed by Krieger and Dougherty:

Eq. (2)
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where φm is the maximum possible volume fraction for the particular
assemblage of particles. The maximum volume fraction has a value of 65%
for randomly close-packed spheres. The other parameter, [η], is intrinsic
viscosity, defined as:
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The intrinsic viscosity is 2.5 for spherical particles and higher for non-
equant shapes. Eq. (2) correctly predicts the substantial increase in viscos-
ity observed as φ → φm.

The other factor affecting flow behavior is the extent to which
particles are flocculated or dispersed. Flocculation is especially important
for colloidal particles (i.e., particles smaller than 1 µm in diameter) which
may flocculate spontaneously. Flocculated particles either form discrete
aggregates or a gel (a continuous three-dimensional network), as shown in
Fig. 2. The forces are often fairly weak and easily broken by shear, so
enough stress can be applied to cause disruption of the flocculated network
such that the suspension begins to flow. The stress at which such a
breakdown occurs is called the yield stress. Thus, flocculation produces
plastic behavior with the yield stress reflecting the forces holding particles
together.
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Figure 1. Types of rheological behavior.[26]

Figure 2. Suspension microstructures.(26)

Often this breakdown is not complete at the yield stress so the
suspension is still somewhat flocculated even though it flows and this
remaining flocculation is progressively disrupted as the strain rate is
increased further. Such a situation produces pseudoplastic (shear thinning)
behavior often accompanied by thixotropy, a progressive and reversible
decrease in viscosity on application of a constant stress level. Even with
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pseudoplastic behavior it is common to refer to  the yield stress, in this case
determined by extrapolating back to zero from the more-or-less linear
curve, high strain rates. Dispersed suspensions usually show Newtonian
behavior, though at sufficiently high concentrations they develop
pseudoplastic behavior with a modest yield stress. Thus, yield stress and
viscosity depend on both concentration and degree of flocculation. In
dispersed suspensions the yield stress increases with concentration; dis-
persed suspensions show plastic behavior at high concentrations because
crowding restricts the ability of particles to flow. Because both high
concentration and flocculation cause plastic or pseudoplastic behavior it
can be difficult to differentiate between a flocculated suspension and a
dispersed, but highly concentrated suspension, based solely on the flow
curve.

Viscosity increases with concentration according to Eq. (2) (al-
though the physical significance of the parameters exists only for a
dispersed suspension). The yield stress also increases as concentration
increases.  This relationship can usually be described using a power law

Eq. (4) τ ys = φx

with x lying between 2 and 4 (as reviewed in Ref. 9). The yield stress also
depends in some general way on the force (interparticle potential)
responsible for flocculation. For weakly flocculated suspensions, the
effects of concentration and interparticle potential may be combined to give
(Ref. 6, p. 485)

Eq. (5) maxys
a

Φ′= 2

2φτ

where a is the particle radius and  Φ′max is the maximum interparticle force
(maximum slope of the pair potential).

These are not the only factors that affect flow behavior. Fluids are
sensitive to temperature. Barnes, et al., (Ref. 1, p. 13) note that liquids with
higher viscosities generally have greater temperature sensitivity. Thus,
water is not particularly sensitive to temperature though polymeric liquids
can be quite sensitive. Viscosity generally increases with increasing pres-
sure, but the changes are small at atmospheric pressures.
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4.0 RHEOLOGICAL BEHAVIOR OF CEMENT PASTE

4.1 Static Flow Behavior

The static flow technique measures the stress to achieve a given strain
rate (or vice versa). This is usually done at a series of strain rates to provide
a flow curve, a plot of stress as a function of strain rate. The rheological
behavior may alternatively be presented as a plot of viscosity as a function
of strain rate or stress.Examples are given in Fig. 3 for some of the
constitutive models discussed below.

Figure 3. Constitutive behavior computed according to various models.

Typical static flow behavior of cement paste is shown in Fig. 4. When
dispersed using a superplasticizer, cement paste shows Newtonian behav-
ior at low concentrations and plastic behavior at  high concentrations. The
effect of water-to-cement ratio (w/c) on viscosity is well described by Eq.
2 (here in terms of concentration). The effect of w/c on yield stress is
described by Eq. 4 (in terms of concentration).

Constitutive Models. A major thrust in rheological research has been
the development of models that describe constitutive behavior (the relation-
ship between stress and strain rate). With such models it may be possible to
reduce flow behavior, especially the more complex non-Newtonian behav-
iors, to a few rheological parameters in order to more easily determine
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general relationships between flow behavior and materials aspects such as
molecular structure, microstructure, and chemical composition. Several of
these models have been applied to cement paste. Hunter[2] described these
models in some detail, including their microscopic basis.

Figure 4. Flow behavior of cement paste showing changes due to high concentration and
due to flocculation.[26]

The constitutive relationship for plastic behavior is the Bingham model:

Eq. (6) τ = τ0 + ηpt �γ

A common model for pseudoplastic behavior is the power-law equation:

Eq. (7) τ = K �γ n

The Herschel-Bulkley model is a combination of the power-law
equation with the Bingham model:

Eq. (8) τ = τo + K �γ n
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where τo is the yield stress, K is the consistency, and n is the power index,
which represents the deviation from Newtonian behavior. Note that n  is less
than unity for shear thinning systems.

The Cross equation provides a more general model for pseudoplastic
materials:

Eq. (9) mK )(1

1

0

0

γηη
ηη

�+
=

−
−

∞

where η0 and η∞ are the asymptotic values of viscosity at very low and very
high strain rates, and K and m  are constants.  At intermediate values of strain
rate (η » η0 and η « η∞) the equation reduces to a power-law model often
used to describe pseudoplastic liquids and if m = 1 and only the lower range
of viscosity is considered (η » η0), the equation reduces to the Bingham
model. This model is equivalent to the Ellis and Meter models, which are
presented in terms of stress rather than strain rate.

The Eyring model (with two adjustable parameters) is

Eq. (10) τ = α sin h-1(b �γ )

where α and b  are constants. This model does not include a yield value term.
Development of this model was based on the concept of activated transport.

Three of these models are presented in Fig. 3. These are not actual
data, but rather, computations using the equations discussed above. The
power-law and Cross models both describe pseudoplastic behavior while
the Bingham model describes plastic behavior. The differences between
plastic and pseudoplastic behavior are readily apparent, both from the plot
showing stress as a function of strain rate and from the plot showing
viscosity as a function of strain rate. However, the differences between the
power-law model and the Cross model may not be so obvious. When
viscosity is plotted as a function of strain rate it can be seen that the Cross
model shows a limiting viscosity at both the low and the high strain rate
whereas the power-law model does not, but this difference in behavior may
not be readily observed in the plot of stress versus strain rate.

It should also be noted that a yield stress may be estimated for a
pseudoplastic material by extrapolation of the flow curve to zero strain rate
from the high strain rate region. In the power-law model, the curve is not
particularly linear, even at high strain rate, making this extrapolation
subject to some uncertainty.
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Papo[4] evaluated these and other rheological models for cement
pastes (w/c ranging from 0.34 to 0.42). He found that the Herschel-Bulkley
model provided good fit with experimental data while the Bingham model
fit only at very high w/c ratios, and the Eyring model always gave the worst
fit. Atzeni, et al.,[5] also evaluated these models with cement pastes (w/c
ranging from 0.30 to 0.45). He found that the Eyring model and the
Herschel-Bulkley model gave satisfactorily agreement. Thus, it appears
that the Herschel-Bulkley is a suitable constitutive model for cement paste.

Hysteresis. An important aspect of flow behavior is the extent to
which hysteresis is observed between the stress as strain rate is increased
from zero and the stress as strain rate is decreased from high values. This
hysteresis reflects some lack of equilibrium between the microstructure
and the strain rate, often because the material is undergoing some type of
structural breakdown during shear.  In that case, the stress on increasing
strain rate is greater than the stress when strain rate is decreasing and the
hysteresis takes the form shown in Fig. 5.

Figure 5. Flow curve for cement paste showing hysteresis when strain rate is increased and
then decreased.
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If equilibrium measurements are desired, it is necessary to adjust the
experimental procedure to minimize the hysteresis. The simplest way to do
this is to measure stress while decreasing the strain rate from high to low.
Another approach is to wait at each strain rate until equilibrium is attained,
but at low strain rates a suspension may be very slow to reach equilibrium.

Thixotropy produces hysteresis of the general type shown in Fig. 5.
Thixotropy is a time-dependent decrease in viscosity when tested at
constant stress or strain rate. Thixotropy is recoverable: on removal of
stress or strain rate the viscosity gradually returns to its initial level.
Thixotropy often accompanies pseudoplastic behavior in flocculated sus-
pensions. The flocculated microstructure breaks down during shear; if this
breakdown is slow (compared to the duration of measurement) it produces
thixotropy or shear thinning. Such breakdown is reversible so it is appro-
priate to speak of the time-dependent changes as thixotropy.

In cementitious materials, hydration also produces hysteresis. Un-
like thixotropy, hydration produces a higher stress during the second
measurement (whether at increasing strain rate or decreasing strain rate)
than during the first measurement. The stress increases progressively with
each subsequent measurement. These changes are not reversible.

Another feature observed with cementitious materials is an irrevers-
ible structural breakdown on first mixing. It also produces hysteresis of the
type shown in Fig. 5.This is not thixotropy (it is not reversible), but it would
be easily confused with thixotropy if the reversibility were not assessed.
Tattersall and Banfill called this an irreversible structural breakdown
(Ref. 3, pp. 50–52). Once the breakdown has occurred, the material
shows reversible behavior. As Tattersall and Banfill noted, this behavior
has critical implications to rheological techniques. When shear is first
increased, the yield stress is high and quite variable. When shear is
decreased (and on subsequent shearing) the yield stress is much lower and
much more reproducible.

Depending on shear history, this breakdown may or may not occur
during mixing. If not, then it will be observed during the rheological
experiment. For this reason it is important to consider the shear history
when designing the rheological experiment. One must decide whether to
mix the cementitious material at high shear or low shear before measuring
its flow behavior. We have opted for a high shear treatment in the rheometer
(as discussed later in this chapter) so the breakdown occurs before any
measurements of flow behavior. In this way we obtain a suspension with
low yield stress, no hysteresis, and reproducible flow behavior. Others have
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mixed slowly, using gentle hand mixing, to minimize breakdown prior to
the flow measurement. Mixing should reflect the objective of the study. If
the objective is to study the initial structural breakdown, which is irrevers-
ible, then a gentle mixing is required. If the objective is to study the
subsequent response to shear, then high shear mixing is required. If the
objective is to predict performance in the field, then the mixing should
match the field conditions.

Tattersall and Banfill suggested that the breakdown occurs because
mixing causes the initial flocculated structure to break down. Before shear,
the interparticle forces include both the force causing dry particles to
flocculate and the additional force provided by the thin layer of hydration
product (which they call a membrane envelope).With shear, the structure
breaks down and the membrane bridge is ruptured. When shearing is
stopped the particles reflocculate. Because shear has broken the membrane
bridge, the reflocculate microstructure is weaker than before shearing
causing the reduction in yield stress. This model explains the irreversible
decrease in yield stress observed on first mixing.

We offer a slightly different model for this breakdown, as illustrated
in Fig. 6. It is reasonable to presume that initial flocculation of cement
particles prior to any hydration occurs (at least in part) due to
heterocoagulation. This is an electrostatic attraction that occurs in
polymineralic particles with charges of different signs at different sites on
the surface. On shear, the flocculated particles break down and any
remaining anhydrous surface becomes coated with hydration product.
When the shearing is stopped, the particles reflocculate. However, the
hydration product now shields the differences in surface charge and
prevents reestablishment of the heterocoagulation. The reflocculation is,
therefore, due to van der Waal’s forces between hydration product surfaces,
somewhat weaker than the initial electrostatic attraction. This model also
explains the irreversible decrease in yield stress on first mixing.

Tattersall and Banfill (Ref. 3, pp. 262–268) reviewed the various
types of hysteresis behavior and their interpretation. They advocated the
use of hysteresis behavior only to provide a preliminary indication of
thixotropy. If one is interested in investigating time-dependent flow behav-
ior (such as thixotropy) it is wise to directly measure stress as a function of
time at some strain rate rather than trying to infer it from hysteresis in
measurements of stress as a function of strain rate.
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4.2 Dynamic Flow Behavior

A key development in recent years in rheology has been been the
development of dynamic techniques for characterization of viscoelastic
materials. Such techniques measure the behavior when there is a change in
strain rate or shear stress. A flow curve, as shown in several of the preceding
figures, is a static technique measuring the stress to achieve a particular
strain rate (or vice versa). The key dynamic techniques used for suspensions
are low-amplitude oscillatory shear and creep/recovery.*

*This terminology is not entirely standard. In  rheology literature, oscillatory shear is
considered a dynamic technique, but creep/recovery is considered static. However,
because creep measures the response to a change in stress, it seems more appropriate to call
it a dynamic technique.

Figure 6. Schematic diagram showing microstructural changes proposed to cause irrevers-
ible structural breakdown on first mixing.



Rheology 345

These techniques are very useful when characterizing flocculated
suspensions. Using static tests to measure yield stress of a flocculated
suspension requires that the suspension be made to flow. This flow breaks
down the flocculated microstructure whose characterization is often the
primary objective of the measurement. Therefore, one perturbs the very
feature one is attempting to measure and subsequent measurements are,
therefore, altered unless the microstructural changes are reversible. That is
not the case when using small-strain dynamic techniques.

Furthermore, the dynamic techniques provide information for the
full range of material behavior (elastic solids, viscoelastic solids, viscoelas-
tic liquids, and viscous liquids) whereas the static technique provides only
limited information about elastic behavior (i.e., the yield stress) and only
for viscoelastic liquids. Flocculated suspensions show viscoelastic behav-
ior at low strains (below the yield stress) and dynamic techniques provide
a more complete characterization of this behavior.Based on values of
shear modulus, measured dynamically, it is often possible to derive or infer
values of the interparticle forces responsible for flocculation. Such funda-
mental aspects of dynamic rheology and their application to colloidal
suspensions are discussed in considerably more detail by Hunter[2] and by
Russel, et al., (Ch. 14 in Ref. 6).

Both these dynamic techniques have recently been applied to cement
paste in our laboratory, and the following discussion is taken largely from
a series of papers on this topic.[7][11] What has motivated this work is the
potential offered by these dynamic techniques for measuring changes in
cement paste due to hydration. Static flow causes microstructural changes
that are not recovered when flow is stopped, changes similar in general to
the microstructural breakdown that takes place on first shearing (described
previously). Because of these changes, the progressive increase in yield
stress that one expects with hydration is disrupted (effectively the clock is
reset each time flow occurs). Therefore, it has not been possible to use
rheology to measure changes due to hydration. Because these dynamic
techniques involve only very small strains in the range where the material
responds elastically, there is no microstructural breakdown and the tech-
niques can be used to measure progressive changes due to hydration.

Creep/Recovery. The creep/recovery technique measures strain
when a stress is applied (creep) or removed (recovery); from this is
determined the compliance (strain divided by stress). When a stress is
abruptly imposed, held constant for some time interval and then abruptly
released (Fig. 7a), solids and liquids behave as follows.
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1. An ideal elastic solid responds to the imposed stress with
a characteristic instantaneous strain. This strain does not
change for the duration of the stress. The strain is
recovered as soon as the stress is released (Fig. 7b).

2. An ideal viscous liquid has no instantaneous strain in
response to the imposed stress. It responds to the im-
posed stress with a characteristic and constant rate of
strain, so strain increases at a constant rate throughout
the duration of the stress. None of the strain is recovered
when the stress is released (Fig. 7c).

3. A viscoelastic solid (Fig. 7d) responds to the imposed
stress with a characteristic instantaneous strain, but
superimposed on this instantaneous elastic response is a
time-dependent, retarded elastic strain. At long times the
strain approaches some limiting value. When the stress
is released some of the strain is recovered instanta-
neously and the remainder is recovered through a
time-dependent, retarded elastic recovery.

4. Likewise, the behavior of a viscoelastic liquid (Fig. 7e)
is intermediate between that of an elastic solid and a
viscous liquid. It responds to the imposed stress with an
instantaneous strain and a retarded elastic strain. In
addition, there is superimposed a time-dependent, vis-
cous strain that continues as long as the stress is imposed.
When the stress is removed there is an instantaneous and
a retarded elastic strain recovery, but not all the strain is
recovered.

For a viscoelastic material, creep experiments show the basic nature
of its response, allowing one to determine whether it is a solid with some
viscous component or a liquid with some elastic component to its behavior.
Creep curves also show whether the material is linear in its behavior (i.e.,
whether the compliance or the viscosity is independent of applied stress).

As with any flocculated suspension, creep/recovery behavior for
cement paste, shown in Fig. 8, depends on the stress level. At low stress
(e.g., 8 Pa in Fig. 8), the creep/recovery behavior is typical of a viscoelastic
solid with an instantaneous strain superimposed on a retarded (time-dependent)
elastic strain. The equilibrium compliance value (after 30 s) is very low,
approximately 0.01 Pa-1. When stress is removed, the behavior is more
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typical of a viscoelastic liquid, with little or no instantaneous recovery and
only a very slow time-dependent recovery and what appears to be a
considerable non-recovered strain. At a slightly higher stress (e.g., 9 Pa in
Fig. 8), the behavior is typical of a viscous liquid, with a steady and
approximately linear increase in strain throughout the duration of stress.
After 30 s the compliance value was quite high, approximately 9 Pa-1. When
the stress is removed there is no recovery. The transition from solid-like
behavior to liquid-like behavior corresponds to the yield stress observed in
static flow curves. This transition was observed across a remarkably narrow
stress increment, 1 Pa or less.

Figure 7. (a) Applied stress and (b)–(e) ideal response (creep and recovery) of various
types of materials: (b) elastic solid, (c) viscous liquid, (d) viscoelastic solid, and (e)
viscoelastic liquid.[8] The dependent variable, J, is compliance (strain divided by stress).

Through careful analysis of the creep/recovery behavior it is possible
to estimate yield stress sequentially as a function of hydration time without
exceeding yield stress (and thus disrupting the microstructure as discussed
previously). When the applied stress is well below the yield stress, the paste
shows elastic behavior (creep compliance is fully instantaneous and recovery
is instantaneous and complete). As the applied stress approaches the yield
stress, the behavior becomes increasingly viscoelastic (creep compliance
increased with time and a considerable portion of the creep compliance was
not recovered). The stress level at which the paste shows a modest degree
of viscous response provides an approximate measurement of yield stress.

Figure 9 shows the time evolution of the yield stress measured
sequentially on a single specimen. The yield stress development agrees well
with more conventional measurement setting by penetration resistance. It
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also follows rather closely the kinetics of hydration as measured using
isothermal calorimetry. During the induction period, the yield stress
increases slowly and once the acceleratory period begins, the yield stress
increases much more rapidly. Thus, the creep/recovery measurements
provide an estimation of yield stress that can be used to characterize the
setting behavior of cement paste. However, it must be remembered that
setting is a microstructural phenomenon while hydration is a chemical
phenomenon; in order for set to occur, it is necessary but not sufficient that
hydration take place.

Figure 8. Creep/recovery curves for cement paste at w/c 0.40 and at stress levels below and
above the solid-liquid transition.[8]

Oscillatory Shear.  The oscillatory shear technique measures stress
when the materials are subjected to an oscillating strain (or vice versa) from
which is determined the modulus (G) or the viscosity (η). The strain is
oscillated according to a sine function.  In addition to the resulting stress,
the technique measures the extent to which the stress is in phase with the
applied strain. By limiting the strain to small amplitudes (i.e., <1%) the
particles stay in close contact with one another and are able to recover
elastically, so the microstructure is not disturbed and the paste behaves as
a solid. At larger amplitudes the particles are separated and the paste
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becomes liquid in its behavior. Thus, oscillatory shear provides informa-
tion concerning the viscoelastic properties of suspensions both below yield
(at small amplitudes where behavior is essentially solid) and above yield (at
large amplitudes where behavior is liquid).

Figure 9. Yield stress as a function of hydration time for fresh cement paste (w/c 0.45).[26]

The dynamic modulus (G*) can thus be shown to consist of a storage
modulus (G´ ), in phase with the oscillating strain, and a loss modulus (G´́ ),
90° out of phase with the oscillating strain. The storage modulus is a
measure of the elastic response; an elastic solid has some storage modulus
and a zero loss modulus. Likewise, a viscous liquid has some loss modulus
(that corresponds to its viscosity) and a zero storage modulus. The dynamic
viscosity (η*) also consists of an inphase component (η´) and an out-of-phase
component (η´́ ). Relationships between these components, often ex-
pressed using real and imaginary numbers, may be found in textbooks on
rheology (e.g., Ref. 1 or 2).

It is common to plot G´  and G´́  as a function of γ, measured at a fixed
frequency of oscillation. Such a plot for cement paste is shown in Fig. 10.
The variation observed in storage and loss modulus is typical of a flocculated
suspension. Storage modulus is independent of strain amplitude up to some
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critical strain, then at higher strain values the storage modulus decreases
with increasing strain. The loss modulus increases from a very low value
to a maximum at a strain somewhat greater than the critical strain, then
decreases at higher strain levels. The loss modulus is smaller than the
storage modulus below the critical strain, indicating a solid-like response.

Figure 10. Strain sweep for cement paste at w/c 0.40.[7]

The critical strain values observed for ordinary cement pastes are
quite low, about 10-4, while the low-strain storage modulus is rather high,
about 10 kPa, before much hydration has occurred and much higher after
hydration. This combination makes the experimental measurements rather
difficult. Accurate measurements require a torsion bar that is sensitive
enough to measure such small strains while stiff enough to overcome the
high modulus of the cement suspensions. Modulus values at strains above
the critical strain reflect the nonlinear properties of the material and,
therefore, must be used with caution.

Although they are not the same, the storage modulus and yield stress
are closely linked. In a general sense the relationship between these
parameters is similar to the relationship between modulus and strength in
a solid material. The product of the critical strain and the low-strain
modulus provide a useful estimate of the yield stress, although no funda-
mental basis has been proposed for this relationship.
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Storage modulus can also be measured as a function of time in order
to follow changes due to hydration. If the strain is kept small (near or below
critical strain) there is no structural breakdown such as observed during
static flow. Results for cement paste are shown in Fig. 11. The development
of storage modulus with time is fairly similar to the development of yield
stress (compare Figs. 9 and 11). Both show a more-or-less exponential
increase with time.

Figure 11. Storage and loss moduli as a function of hydration time (w/c 0.40 flocculated
paste).

5.0 CONCRETE

5.1 Flow Behavior

Concrete is widely recognized to show plastic behavior. A typical
flow curve is shown in Figure 12. This curve was measured using a
rheometer similar in design to the BTRHEOM (discussed in Sec. 6,
“Rheometers”). The yield stress of this concrete was 610 Pa and the plastic
viscosity was 57 Pa.
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Figure 12. Concrete flow curve.

The flow behavior of fresh concrete follows the same general pattern
as discussed previously for colloidal suspensions and for cement paste. The
flow depends on concentration of particles and on the extent to which
cement particles are flocculated. The particles cover a very broad size
range, from submicron sized cement and silica fume particles to
centimeter-sized aggregates. Flocculation is only important for the finer
particles. One important difference is that the range of strain rates is usually
rather low, only about 0–10 s-1 (the strain rate employed for cement paste
and for colloidal suspensions often extends as high as 1000 s-1). This low
strain rate reflects the low rate experienced by concrete in actual applica-
tions (e.g., mixing, transporting, and finishing).
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5.2 Effects of Composition

Many of the results discussed in this section are unpublished data
from work in our laboratory. We have two concrete rheometers, one similar
in design to the BTRHEOM and the other a Tattersall apparatus (both are
discussed in Sec. 6, “Rheometers”). Data given in rheological units of stress
and strain rate were measured with the BTRHEOM and data in units of
torque and velocity were measured with the Tattersall.

The flow behavior of concrete, like that of cement paste, is influenced
by w/c.  An example is shown in Fig. 13. Increasing the w/c results in lower
yield stress and lower plastic viscosity. Similar results have been reported
by other researchers. The total aggregate content also affects flow, espe-
cially plastic viscosity. Increasing the concentration of aggregate results in
an increased plastic viscosity. The aggregate type also affects flow.
Concrete with river gravel, due to its much rounder and smoother surface,
usually has lower viscosity and yield stress.

Figure 13. Effect of w/c on yield stress (gravel, 60% total aggregate, 40% sand).[13]

Figure 14 shows the relationship between flow behavior and sand
content. The sand ratio has a great influence on the yield stress. For both
types of coarse aggregate, the lowest yield stress occurred when the sand
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ratio was about 38%. This sand ratio coincided approximately with the sand
content that provided for the highest packing density for these same coarse
aggregates. Similar behavior was observed for plastic viscosity.

Admixtures also affect concrete flow. The replacement of cement by
fly ash was reported by Banfill to reduce both yield stress and plastic
viscosity.[12] Studies in our laboratory, however, gave somewhat different
results; we found that yield stress increased at low fly ash contents and
decreased only at higher values (Fig. 15).[13] The effects of superplasticizer
dosage on rheology are shown in Fig. 16. The addition of superplasticizer
significantly reduced the yield value of concrete. The superplasticizer
initially reduced the plastic viscosity, but beyond a certain dosage level the
viscosity increased slightly. Hu and colleagues[14][15] found similar behav-
ior and suggested that plastic viscosity increases when it reaches its
saturation concentration. Effects of silica fume on the development of yield
stress and viscosity are shown in Fig. 17. It is interesting to note that silica
fume also reduced the initial plastic viscosity though it considerably
increased the yield stress.[16]

Figure 14. Yield stress and plastic viscosity versus sand content (gravel, w/c 0.45).[13]
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Figure 15. Yield torque versus fly ash content (river gravel, w/c 0.45, 40% sand).[13]

Figure 16. Yield torque versus superplasticizer dosage (river gravel, w/c 0.45, 40%
sand).[13]
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The effects of elapsed time on the rheology were studied by Hu and
de Larrard.[17] Figure 18 shows that yield stress increased considerably with
elapsed time while plastic viscosity was changed only slightly. It should be
noted, however, that these measurements were made on a single batch of
concrete whose flow curve was measured sequentially after various hydra-
tion times. Our own experience suggests that the hydrating cement was
probably altered in microstructure due to the flow, as discussed previously
(in the section on dynamic techniques in paste rheology), although in a
subsequent paper from the same research group[18] it was shown that
repeated shear did not alter the microstructural evolution in concrete.

Punkki, et al.,[16] studied the effects of different mixing procedures
(delayed addition of portion of water and delayed addition of superplasticizer)
and elapsed time on the yield stress and plastic viscosity. Both yield stress
and plastic viscosity increased with the elapsed time after mixing. When the
superplasticizer was added simultaneously with water the increase in yield
stress was very high while the increase in the viscosity was insignificant.  The

Figure 17. Effect of silica fume content on yield stress and plastic viscosity (2, 30, and 60
minutes after mixing).[16]
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rapid increase in yield stress resulted in a dramatic loss of slump. When the
superplasticizer was added after the water, in two increments, the increase
in yield stress was the lowest and the increase in plastic viscosity was also
the lowest. In general, longer delay in the addition time of superplasticizer
resulted in a lower increase in yield stress.

Figure 18. Evolution of the yield stress and plastic viscosity of high performance
concrete.[17]

6.0 RHEOMETERS

6.1 Cement Paste

Shear rheometers, instruments for measuring flow behavior, usually
operate in rotation and measure torque and rotational speed and the
rheological parameters of stress and strain rate are computed from these
measurements. It is important that the rheometer provide simple shear flow
and a simple stress field so that stress and strain rate can be computed.

Often the rheometer employs coaxial cylinders or parallel plates
(shown in Fig. 19). Sample sits between, and one of the cylinders or plates
rotates. In this geometry it is necessary that the gap be considerably wider
than the diameter of the largest particles. It is necessary with coaxial
cylinders that the gap be narrow compared to the cylinder diameter in order
to provide a uniform strain rate. Wide-gap coaxial-cylinder rheometers
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exist,* but calculation of stress and strain rate require assumptions concern-
ing these parameters over the range of shear across the gap. Thus, narrow-gap
rheometers are preferable because they do not require such assumptions.
Our own experiments on cement paste utilize a coaxial cylinder rheometer
with a gap of 0.7 mm.

*The Brookfield rheometer is an example.

Figure 19. Two common geometries for rotational rheometry.[26]

Rheometers either control the stress and measure strain rate or
control the strain rate and measure stress. Either mode is suitable for
measurement of static flow curves and for measurement of oscillatory
shear. The controlled stress rheometer provides more precise control and
more sensitive measure at very low stress levels. Creep/recovery measure-
ments can only be made using a controlled stress rheometer.

Several experimental difficulties are recognized when making rheo-
logical measurements. One common problem with suspensions is segrega-
tion, in which particles fall to the bottom during the experiment. Large
particles are especially prone to segregation. It is more likely in a plastic or
pseudoplastic suspension at higher strain rates because viscosity is lower.
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Specialized rheometers have been designed to reduce or prevent segrega-
tion, usually using a helical impeller or similar shape that lifts particles as
it rotates. Of course, with such a shape the flow is no longer simple and it
is probably not possible to calculate stress and strain rate. Segregation is
less likely in flocculated suspensions and at very high concentrations. In our
own studies of dispersed cement paste, segregation limited the range of
concentration we could explore at high w/c. Segregation is also a common
problem in measurements of concrete rheology (discussed below).

The other common source of error is slip at the wall.  If the suspension
is more fluid at the wall of the rheometer then it may flow only at the wall
producing slip and causing an erroneously low stress.  If the suspension
flows only at both walls of a coaxial cylinder rheometer, plug flow occurs.
These are especially common problems when studying plastic or
pseudoplastic suspensions whose stress is very sensitive to strain rate.

Slip probably results from the wall effect in which particles are
constrained to have a lower density at the wall.  Barnes, et al., (Ref. 1, p. 128)
have hypothesized that slip also results from migration of particles from
regions of high shear rate to regions of low shear. Slip is generally assessed
by varying the separation between cylinders or plates. If there is slip, the
viscosity changes when the separation is altered.

There are several ways to reduce or minimize slip and plug flow. The
most common is to use vanes or a rough texture on the surface of the
rheometer. Of course, a rough or vaned surface may introduce complex
flow (e.g., turbulent flow), complicating the computation of stress and
strain rate.  For this reason vaned cylinders are often used only to measure
yield stress not to measure viscosity. Another approach used increasingly
in colloidal suspensions is to use a very narrow gap. With coaxial cylinders
the gap must be sufficiently narrow that the ratio of the inner cylinder radius
to the outer cylinder radius is greater than 0.97. Finally, slip is unlikely
when using dynamic shear techniques at low strain levels.

6.2 Concrete

Designing a rheometer for testing fresh concrete presents consider-
able challenges. Because the flow of concrete is generally found to be
plastic (Bingham) its flow behavior must be described using the two
characteristic values of yield stress and plastic viscosity. The suspension
contains particles with a wide range of sizes, from submicron-sized cement
to centimeter-sized coarse aggregate. The larger particles tend to settle due
to gravity. It is somewhat thixotropic, making segregation even more likely
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during shear. Slip is a common problem aggravated by the plastic flow
behavior and by the large size of the coarse aggregate which necessitates a
rather large gap. Concrete rheometers are typically designed with vanes to
reduce slip or with a helical impeller to reduce segregation. These designs
may not provide simple flow, making computation of stress and strain rate
difficult or impossible.

There are several rheometers available for testing fresh concrete and
mortar. Much progress in measuring the flow curve (torque versus angular
velocity) has been made since the development of the two-point workabil-
ity apparatus by Tattersall.[6] Tattersall’s apparatus was further modified
and improved by Beaupre (UBC Rheometer)[22] and by Wallevik and Gjørv
(BML Viscometer).[23] Some problems still exist with this type of appara-
tus. The flow field of concrete in the cylinder is quite complicated and flow
turbulence is likely so it is very difficult calculate the yield stress and shear
rate. Hence, it is not possible to determine the rheological constants (yield
value and plastic viscosity) in fundamental rheological units. Further
progress was made by Hu, et al.,[3] with a rheometer (BTRHEOM) that
gives rheological parameters in fundamental rheological units. These
various rheometers are discussed in more detail below.

Coaxial Cylinder Rheometer. Perhaps the simplest design is the
coaxial cylinder rheometer, which has been used with both mortar[19][20]

and concrete;[21][22] but there are some problems encountered with this type
of rheometer for concrete because the particle sizes of concrete aggregates
are significantly larger than those of cement particles. Slip between the
concrete and the rotating surface of cylinder, plug flow (in which some
portion of the concrete in the gap between the inner cylinder and outer
cylinder is not sheared) occurs and end effects (in which torque is absorbed
at the lower end of the inner cylinder).

As discussed previously, the gap between the inner and outer cylinder
in a coaxial cylinder rheometer must be large compared to the maximum
particle size and small compared to the diameter of the inner cylinder. To
satisfy these requirements, the dimensions of the rheometer for concrete
would be impractically huge, requiring a truckload of concrete for one
rheological test.

Apart from the problem of huge size, the coaxial cylinder rheometer
still has some other problems: (i) tendency of segregation (especially for
low viscosity concrete) during the test, (ii) slip between the cylinder surface
and the concrete, a problem that cannot be eliminated in a coaxial cylinder
concrete rheometer, and (iii) plug flow when the angular velocity of the
rheometer is low.
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The rheometer used by Murata and colleagues[21][22] had an inner
cylinder 150 mm in radius and 200 mm long. The flow behavior they
observed with this rheometer was plastic, well described with the Bingham
model. They used a multi-point method to measure the flow velocity
distribution of concrete, sprinkling foamed polystyrene powder on the top
surface of the concrete to serve as gauge marks for this measurement and
recording the movement of these gauge marks by video camera. Based on
the flowing velocity of the outer flowing part of the sample in the gap and
the flowing velocity of the sample in contact with the inner-cylinder surface
as well as the torque, they plotted a flow curve and computed plastic
viscosity. They noticed slippage between the concrete and the rotating inner
cylinder. Even with concrete of a relatively wet consistency the sample at the
outer periphery was not flowing (the angular velocity was zero). Increasing
the angular velocity increased the sheared portion of the concrete, and they
observed that when velocity exceeded at least 60 rpm, the range of flow of
the sample became roughly constant irrespective of the velocity.

A discontinuity has been observed in the flow curve at shear rates of
30 to 40 s-1. Some authors have attributed this to the development of both
slip and plug flow at low shear rates.[23][24]

Tattersall Apparatus. Tattersall and Banfill designed the two-point
concrete rheometer to overcome the problem of segregation[3] and based on
their experimental observation that fresh concrete can be well described
using the Bingham model (with two intrinsic rheological constants,  yield
stress and plastic viscosity). The current version of the Tattersall Apparatus
is shown schematically in Fig. 20. The helical impeller has a vertical axis
and rotates in a cylindrical container of fresh concrete (having the same
axis). The blades reduce any tendency to segregation.[15]

The test consists of measuring the relation between the torque (Γ)
exerted on the helical impeller and its angular velocity (Ω). Due to the
complex flow field it is difficult to calculate stress and strain rate (and
hence, yield stress and plastic viscosity in absolute rheological units). From
the flow curve two parameters are obtained by linear regression, G (N × m)
and H(N × m × s), which are analogous to yield value and viscosity,
respectively:

Eq. (11) Γ = G + HΩ

This resembles the rheological equation for Bingham flow. The
rheological properties of different concretes can be compared quantita-
tively using the G and H values.
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BML Viscometer. More recently, Wallevik and Gjørv[25] developed
a fully automated and computerized rheometer, called the BML viscom-
eter, for measuring the rheological properties of fresh concrete and mortar.
During rheological tests with the Tattersall apparatus, they had encountered
problems with segregation and they found the operation to be somewhat
difficult and unreliable. They designed the new rheometer to alleviate these
problems.

The BML viscometer is a coaxial cylinder with vanes on the inner and
outer cylinders (Fig. 21). The equipment measures the torque (Γ) produced
on the stationary inner cylinder while the outer cylinder is rotating at
various speeds (Ω). In order to eliminate slip between  the inner cylinder
surface and the concrete, the inner cylinder has ribs. One of the character-
istics of the equipment is that changing measuring speed and measuring
torque are fully computerized and automated. The equipment measures the
torque from high speed to low speed. By comparing the torque at a given
speed in the first registration sequence and the torque at the same speed, but
in another registration sequence, the computer assesses whether the con-
crete is prone to segregation.

Figure 20. The Tattersall apparatus (Ref. 3, p. 83).
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Figure 21.  BML viscometer.[25]

A comparison between the BML viscometer and the Tattersall
apparatus showed that the Tattersall apparatus created a small additional
stress to the test results. This additional stress was probably related to the
under pressure that was created under the blades of the impeller. The
evaluation of this equipment also indicated that the equipment had good
reproducibility. A recent study of high-strength concrete (w/c >0.29)
showed plug flow for all mixes with slump < 20 cm and concluded that the
rheometer is not suitable for mixes with slump <10 cm.[14]

BTRHEOM Rheometer. Hu, et al.,[15] developed a rotational rhe-
ometer called the BTRHEOM, shown schematically in Fig, 22. The
rheometer utilizes a parallel plate geometry in which each plate is vaned.
This rheometer allows the calculation of the absolute rheological param-
eters, yield stress, and viscosity. The problem of plug flow, which was often
encountered with the coaxial-cylinder viscometers, is claimed not to occur
in this rheometer; slip and plug flow are prevented by the vanes in both the
upper and lower plate. The horizontal shear in the fresh concrete serves to
offset the effect of segregation by gravity. The BTRHEOM is unique not
only because it allows calculation of rheological parameters in fundamental
units of stress and strain rate, but also because it is small enough to be easily
transported to a construction site.
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Eq. (13) F(Ω) = (3/Ω)Γ(Ω) + ∂Γ(Ω)/∂Ω

and

Eq. (14) γ�  = ΩR2/h

where τ is the shear stress, γ the shear rate, R1 and R2 the inside and outside
radii of the sample (or container), the effective height of the sample, Γ is the
torque applied to the sample, and Ω is the angular velocity of the rotating
part. The two characteristics of Bingham materials, the shear yield stress,
τo, and plastic viscosity, ηpl, can then be calculated with the following
equations:

Figure 22. BTRHEOM rheometer.[15]

From measurements of torque (Γ ) and angular velocity (Ω) at
different applied loadings, the behavior of the concrete under shear can be
determined by the following equations:

Eq. (12) ( ) ∑=
∞
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where Γ0 is the torque at zero velocity and ∂ Γ/∂ Ω is its slope.
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Dimensional Changes

James J. Beaudoin

1.0 INTRODUCTION

Dimensional changes occurring in concretes are extensively studied
and reported in books and standards. Dimensional change of cement
systems (compacts, pastes, mortars, concretes) can result from chemical
interaction (solution/precipitation in micropores; solution/solid
topochemical reactions) or physical processes associated with adsorption
phenomena and other stress generating internal mechanisms. The monitor-
ing of length or volume-change is relatively simple. The magnitude, rate
and character of the length-change time response can provide insight on the
nature of destructive mechanisms associated with the durability of cement
and concrete products. In addition, the engineering characteristics of the
microstructure itself can be determined from length-change adsorption
isotherms. The volume instability of porous solids is dependent on the
interaction of aggressive media with the host material or other solids/
impregnates resident in the micropores. The associated dimensional changes
can often be considered descriptors of distress.

The fundamentals of the energetics of surface adsorption relating to
volume change in cement pastes form the scope of this chapter. Studies
specifically chosen to highlight the relevance of length-change measure-
ments with respect to concrete deterioration will also be described in this
chapter.

368
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2.0 ENERGETICS OF ADSORPTION

2.1 Length Change Isotherms

Length change of thin cement paste samples can be measured using
modified Tuckerman optical extensometers placed in individual cells
equipped with optical windows.[1] The sensitivity of these devices is about
2 × 10-6 mm/mm. A schematic diagram of the extensometer is provided in
Fig. 1.  The sample (1) is held against the knife edges (2 and 3) by a light
spring (4), the sample resting on a holder (5). The optical system consists
of a fixed mirror (6) and a tilting mirror (7) which is one face of the rocking
lozenge. The whole assembly is supported by a stand (8). The assembly can
be placed in a hydration cell or other closed vessel for length change
measurements in a variety of closed environments.

Figure 1. Schematic of a modified Tuckerman Optical Extensometer. The number
designated parts of the apparatus are defined in the text.[1]

A typical length change isotherm for hydrated cement paste is
illustrated in Fig. 2.[2] It is essentially the length change response at various
partial pressures (water vapor as the adsorbate). Measurements utilizing the
extensometers described above are taken in a high vacuum system with the
facility to admit water vapor at various intermediate vapor pressures below
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saturation. The isotherm exhibits large primary and secondary hysteresis
over the entire range of partial pressures. It is apparent that non-adsorption
processes are operative. The presence of scanning loops provides a means
of separating the isotherm into reversible and irreversible components, Fig.
3.[3] The scanning loop is graphically separated into the “adsorbed”
component and “interlayer” component in steps and a reversible isotherm
reconstructed accordingly, Fig. 4.[2]

Figure 2. A typical length-change isotherm of hydrated portland cement paste (water-
cement ratio, 0.50). Scanning loops are marked.[2]



Dimensional Changes 371

Figure 3. A schematic of a length-change isotherm illustrating a method of separation of
interlayer and adsorbed water.[3]

Figure 4. A reconstructed reversible water isotherm using the method illustrated in
Fig. 3.[2]
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The change in surface free energy, ∆γ, can be expressed by the following
equation:

Eq. (1) ∫⋅=
2

1
�

P

P P
dP

n
RT

σ
γ

where, n is the number of moles of adsorbate on a fixed mass of adsorbent;
σ  is the solid surface area; R is the gas constant; T is the temperature and
P the vapor pressure.

Length change, ∆L/L, can then be estimated from the following
relationship:

Eq. (2)

A plot of ∆L/L versus ∆γ is given in Fig. 5.
The elastic modulus of the solid material can be calculated from

Eq. (3)
K

E
σρ=

where E is the elastic modulus, ρ is the density and K the proportionality
constant in Eq. (2). A value of K determined from the slope of the line in Fig.
5 is 3.90 × 10-6 cm/dyne. A value of E for the C-S-H solids is about 2.99 ×
104 dyne/cm2 or 4.35 × 106 psi assuming the solid density is 2.86 g/cm3 and
the surface area is 40.8 m2/g (estimated from the reversible weight change
isotherm).

Figure 5. Length change versus change in surface free energy determined from a
constructed reversible water isotherm as illustrated in Fig. 4.[2]
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2.2 The Theory of Flood and Heyding

A length-change theory developed by Flood and Heyding (F-H) for
microporous solids can be applied to cement paste in order to determine the
effect of porosity and compressibility on the solid phase.[4]

Briefly, the F-H theory assumes that assemblies of volumes of pure
adsorbable gas and assemblies of volumes of pure adsorbent can exist
separately in equilibrium with externally applied forces in states thermody-
namically identical to those in the adsorbent-adsorbate system. The condi-
tions of reversibility and equilibrium lead to the following expression for
the pressure of the pure adsorbate, pa, in the pore volume Va

Eq. (4) 1111
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a αρρ
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where ρa is the mean density of the substance in Va, and p1 and ρ1 are the
gas pressure and density of the gas surrounding the sample.  The term, α,
is the mean value of ρa /ρ1 averaged over the pressure interval dp1.

If φ = Va /Vs,  where Vs is the nonporous solid volume, it may be shown
that ps = (1 + φ - αφ)p1, which is the pressure on the solid adsorbent in
equilibrium with the surrounding gas at pressure p1.

If the pressure on the solid adsorbent is uniform, the length change
isotherm can be obtained from the equation

Eq. (5) 1)1(
3
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where β is the compressibility of the porous body.
Where solid pressures are not constant, κ, a small numerical factor

dependent upon the structure of the porous solid, is introduced into Eq. (5),
i.e., the term in brackets becomes (1 + φκ - φκα).  The term κ, the ratio of
the linear average pressures to volumetric average pressures, is generally
independent of the nature of the adsorbate, but is a characteristic of the
structure of the adsorbent. Flood and Heyding determined values of κ for
various ideal models of pore structure, e.g., κ  = 1.0 for a system of continuous
non-intersecting straight capillaries, and  κ  = 5.6 for a system of
continuous intersecting straight capillaries. If the shape of the average pore
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is not statistically independent of the surface free energy of the solid
enclosing the average micropore, then  κ  will become a function of p1. For
large adsorptions α  >> 1 and

Eq. (6) adpκφβ
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A brief comment on the assumptions made in using isotherm data to
apply the F-H procedure follows. Along the adsorption branch of the
cement paste-water isotherm several reversible and irreversible effects
occur. If relative humidity is reduced from a particular value on the
adsorption curve, a scanning curve is obtained, for example, curves 1, 2, 3,
Fig. 6. It has been argued that (to a first approximation) mainly reversible
processes occur over a large part of the scanning curve. A “reversible”
isotherm can be constructed by appropriate summation of reversible
portions of the scanning curves, as described previously. It is assumed that
irreversible effects can thus be separated from reversible ones. In addition,
it is recognized that the reversible adsorption processes operative along
each scanning curve are acting on a material that has changed since the
previous scanning curve, i.e., the material is different for each of curves 1,
2, 3, Fig. 6. Thus, in transferring from curves 1 to 2 to 3, irreversible
processes are operative.

Figure 6. A schematic of a primary adsorption curve with scanning curves.[4]
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Application of the F-H procedure to the reversible isotherm assumes,
however, that the irreversible changes in the solid material (interlayer
penetration, etc.) do not affect the nature of the reversible adsorption
processes occurring on the surface of the layers and that surface energy
changes are acting on a different material with different properties when
positions are changed on the isotherm. It is assumed then, that a step-by-
step application of the F-H procedure along the reversible adsorption path
is valid, even where intercalation of the layered silicate hydrate occurs; i.e.,
since the scanning isotherm is reversible, the F-H procedure is applicable.
If scanning isotherms are irreversible, then changes have occurred in the
porous system and the F-H procedure cannot be applied. Thus, the proce-
dure may not be applicable when major changes in pore structure occur.

Figure 7 is a plot of length change versus vapor pressure, giving
curves for Eq. (6) and experimental values. A single average value of βκ
= 1.76 × 10-4 MPa-1 was chosen to give a close fit between the experimental
length change data and Eq. (6).

Figure 7. Reversible length change isotherm for portland cement paste (water-cement ratio
0.50) showing experimental and theoretical (Flood and Heyding) results.[4]
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Although this value of βκ gives an approximation of the ex-
perimental data, βκ varies with p1 and a more exact fit can be obtained by
calculating βκ at each data point. Values of βκ at different humidities along
the adsorption curve were calculated from Eq. (6) using experimental
values of �� /δ .

Values of βκ were also calculated for a cement paste-water isotherm
scanning curve over the range 56 to 11% RH.  The βκ was approximately
constant over that portion of the scanning curve (56–40% RH) used to
construct the reversible isotherm.  This supports the assumption that
material properties are constant on the segment of each scanning curve used
to construct the reversible isotherm.

Values of β are calculated from βκ values, assuming κ  = 1.91.
Choice of this κ  value gives an initial value of β comparable to β calculated
from the relation

)21(
3

νβ −=
E

where ν is Poisson’s ratio of 0.20, as well as β determined by other methods.
Figure 8 is a plot of βκ versus relative humidity for cement paste

showing that βκ is dependent on RH.  The dependence of βκ on RH is
expected for cement paste since the hydrated calcium silicates are unstable,
i.e., C-S-H solids change as RH increases.

Figure 8.  Dependence of the compressibility term βκ  on relative humidity for portland
cement paste.[4]
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Figure 9 is a plot of modulus of elasticity, E, versus RH for paste.  One
of the curves is a plot of the calculated E (determined by F-H procedure
using κ = 1.91).

Figure 9.  Modulus of elasticity versus relative humidity for cement paste determined using
Flood and Heyding approach (water-cement ratio, 0.50).[4]

On adsorption up to 56% RH, the two curves have a maximum
difference in E (at any RH) of only 0.01 × 105 MPa, and E increases with
RH.  At higher humidities, use of the structure factor κ = 1.91 gives
decreasing values of E to 68% RH, followed by another increase in E as RH
increases further.  By adjusting κ at each humidity above 56% RH,
however, (and determining a new value of β from βκ ), the calculated value
of E increases monotonically as the dashed curve (Fig. 9) is extended from
56 to 88% RH.  The extended curve also gives values of E close to those
determined by experiment.
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3.0 CHEMICAL INTERACTIONS IN POROUS MEDIA

3.1 Volume Instability

Volume change of porous solids, e.g., cement paste due to chemical
attack, has been reported in numerous studies.[5][6]  The length change of
porous glass due to dissolution in 0.2N NaOH solution (Fig. 10) and cement
paste immersed in 1.0N aqueous HC1, Figs. 10 and 11, and leaching of
porous glass in acid and cement paste in ethylene glycol are remarkably
similar.

Figure 10.  Length-changes of 3 mm thick porous glass specimens on exposure to NaOH
solutions of various concentrations.[5]
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Osmotic pressure, crystallization pressure, and mechanical pressure,
exerted by the volume requirement of the reaction product which is greater
than the space available, plus gel formation followed by water adsorption
have all been suggested as causes of volume expansion of cement paste on
chemical attack.  None of these theories is universally accepted.

The solid matrix itself has not generally been considered responsible
for volume change, but was assumed to expand passively in response to an
internal pressure generated in the void space (e.q., crystallization or
osmotic pressure).  Changes occurring on the surface, whether sorption of
inert ions or dissolution of either a constituent of a non-homogeneous
matrix or a portion of the entire solid, result in expansion of a magnitude that
induces cracking.  It appears that such alteration of the surface energy is
sufficient for the disjoining pressure to become dominant.  This assumption
offers a simple and unified explanation of a number of deterioration
processes leading to excessive volume instability and cracking.

The character of the length-change curves of porous glass in NaOH
solution is dependent on the concentration of the alkali and thickness of the
specimen.  The results (e.g., Fig. 10) suggest that dissolution of glass leads

Figure 11.  Length-change of porous glass impregnated with sulfur and exposed to water
vapor.[7]
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to expansion and that surface reaction and chemisorption lead to contrac-
tion.  The presence of calcium cations in solution (e.g., 1 M CaCl2)
significantly retard dissolution and expansion.  The saddle effect (6.4 M
NaOH solution, Fig. 10) can be attributed to opposing actions, i.e., disso-
lution, causing expansion, and adsorption, causing contraction.  The largest
expansions occur just before collapse because the unaffected core of the
glass restricts expansion of the specimen.  Thus, when the core is reduced
to a minimum or zero, the restraint is removed.  The adsorption induced
contraction depends on the silicate concentration of the solution (i.e., the
amount of glass already dissolved), the time available for the species to
diffuse to the interior of the specimen, and the size of the undissolved glass
volume in which adsorption takes place.  Thus, expansion is dominant in the
last phase of dissolution while adsorption and the resulting contraction
increases during the course of dissolution, reaching a maximum value at an
intermediate phase.

There are several causes of the expansion that occurs during dissolu-
tion of the porous glass:  changes in surface-free energy of the glass,
osmotic pressure due to regional differences in concentration of dissolved
species, and disjoining pressure due to overlapping electric fields of two
surfaces.  The double layer outside the surface contains mainly cations
adjacent to the SiO- groups and anions in the outer regions; release of
internal compressive stresses occurs through leaching of B2O3.

It is suggested that the contraction observed during dissolution
experiments is due to adsorption of the reaction products on the undissolved
glass.  Pronounced shrinkage occurs in the thicker specimens which favor
conditions for enhanced adsorption.  This is because adsorption of the
reaction products depends on the final silicate concentration of the solution,
which is determined by specimen thickness.  Further support for the
hypothesis of contraction-surface reaction is provided by dissolution
experiments in presence of CaCl2.  The time dissolution is much longer than
in the reference calcium-free solution and shrinkage is promoted.

3.2 Expansion of Impregnated Systems

The durability of impregnated porous bodies can be assessed by
measurements of dimensional change in various environments.  The length
change results of sulfur impregnated porous glass exposed to vapors of
methanol, carbon tetrachloride, and water, are similar.[7]  The large expan-
sions within the first hour of exposure to water vapor are shown in Fig. 11.
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Length change of impregnated, autoclaved portland cement and cement-
silica mixtures exposed to water vapor are illustrated in Fig. 12.

Figure 12.  Length-change of impregnated, autoclaved, cement-silica preparations on
exposure to water vapor versus time.[7]

Preparations containing greater than 20% silica undergo large rapid
expansions similar to that for room temperature paste.  All specimens
conformed to the observation that the greater the specific surface area of the
matrix material, the greater the expansion on exposure to water vapor.
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The sulfur impregnant in very small pores is in a very finely divided
state.  It may be calculated that the surface of the glass containing sulfur is
in excess of 500 m2/g due to space available between pore walls and sulfur
surfaces.  The potential swelling stresses due to the Bangham effect are
enormous.  Scanning microscopy reveals that the impregnant leaves the
pores and the glass matrix ruptures.

The use of polymethyl methacrylate (PMMA) impregnant in cement
systems and other porous bodies has been extensively studied.  The length
changes of porous glass impregnated with PMMA on exposure to water and
chloroform vapors are shown in Fig. 13.[8]  Length changes in the order of
0.5% are more than twice the expansion that occurs on complete saturation
of dry unimpregnated glass.  The length increase per unit length on
adsorption of 0.0154 g water per gram glass is 50 × 10-5.  An equivalent
expansion for unimpregnated glass occurs only when 0.050 g water per
gram of glass is adsorbed.  The moisture expansion is not totally recover-
able on drying in vacuum for several months.  Only 62% proved to be
reversible.  Considering its nonpolar nature, expansion caused by adsorp-
tion of chloroform is surprisingly large.  The specimen continued to expand
beyond 498 days.

Figure 13.  Dimensional changes of porous glass impregnated with PMMA on exposure
to water and chloroform vapors.[8]
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An important practical difference between sulfur and polymers as
impregnant is the size and shape of the molecules.  PMMA, for example,
is a very long polymer that can easily become entangled and, therefore, has
a very high flow resistance.  Although PMMA as an impregnant is perhaps
inherently unstable, no migration or exudation takes place because of the
hindered flow and apparently strong interaction with the siliceous surfaces.
The difference in behavior of the two systems must be ascribed to better
bonding of PMMA to glass.  The low nitrogen surface area of 0.22 m2/g
compared to about 1.60 m2/g for the sulfur-glass system indicates relatively
good sealing of the pores and good contact between the impregnant and the
substrate.

PMMA can absorb vapors and the associated swelling could generate
pressure against the walls.  Swelling of PMMA-impregnated glass and the
increase of elastic modulus measured in flexure is possibly due to vapor
adsorption.  The continuing expansion after 498 days of exposure to water
vapor with no associated water uptake may be explained by the static
fatigue concept that is a common occurrence in glass under a sustained load.
It is apparent that if vapor can penetrate a fairly impervious system, a highly
uneven distribution of stress will be created that can easily lead to failure.

The above discussion is applicable, in general, to impregnated solids
having small pores.  However, in some cases, such as PMMA-impregnated
glass, apparent stability can exist owing to good interaction between the
polymer and glass, the cross-linking in the polymer,  and the spatial
hindrance to flow.

3.3 Dimensional Change and Alkali-Aggregate Reactivity
(AAR)

Expansion of concrete due to interaction between alkali in cement
and reactive aggregate has been studied extensively and various hypotheses
have been proposed to explain the operative mechanisms.  Alkali-silica and
alkali-carbonate reaction mechanisms have been described.

Length-change isotherms of reactive aggregate have been used to
explore expansion mechanisms.[9] Comparison with results for porous glass
obtained for similar conditions suggests that the mechanism of expansion
is similar to the alkali-silica complex formed in the pores of Vycor glass.

Sorption isotherms of alkali-treated limestone are characteristically
different from untreated limestone, Fig. 14.  There is an increase in sorbed
water along the isotherm, an increase in porosity, distortion of the normal
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hysteresis loop observed in untreated samples, and large secondary hyster-
esis. The sorption isotherm for the treated porous glass has similar charac-
teristics to that for treated limestone.  Typical length change isotherms for
treated and untreated limestone are shown in Fig. 15.  The expansion of the
treated sample is 0.12% compared to 0.04% for the untreated sample.

Figure 14.  Sorption isotherms of alkali treated and untreated Kingston limestone (24–30
ft. bed) green.[9]

If expansion is due to a formation of a gel or a hydrate, a degree of
reversibility is expected on dehydration. This seems to be the case. The
secondary hysteresis is typical of a sorption system which swells. This can
be explained by intercrystal penetration of water during sorption. Removal
is irreversible. There is considerable evidence that the material causing
expansion and identified by the characteristics in the isotherms of the
treated limestone, whether it be a gel or a hydrate, is produced either as the
result of or in association with the dedolomitization reaction. The sorption
and length change isotherms of the alkali-treated limestone establish the
presence within the pores of trace amounts of a material that caused
expansion when water is made available to it. The mechanism of expansion
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is similar to that attributed to the alkali-silica complex formed in the pores
of porous glass although the composition of the material may be different.
It is apparent that techniques involving dimensional change can establish
the presence and character of expansive agents in porous materials.

Figure 15.  Length-change isotherms for alkali treated and untreated Kingston limestone
(24–30 ft, bed) green.[9]

Several test methods for alkali expansivity rely on dimensional
change measurements as an indicator of performance.  These include:
ASTM C289 (Quick Chemical Test); ASTM C227 (Mortar Bar Test);
Modified ASTM C227 (Concrete Prism Test); Modified ASTM C586
(Rock Cylinder Test).  An accelerated rock prism test was suggested as
being useful for preliminary screening of potential aggregates to determine
which would need further testing by the more protracted mortar bar or
concrete prism methods.[10]
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The test is used to illustrate the utility of dimensional changes for
distinguishing the expansive potential of different rock types.  Small rock
prisms, 20 × 6.35 × 3.18 mm thick, are employed.  The prisms are vacuum
saturated with 2N NaOH solution at the start of the experiment.  Length
change is continually monitored.  Typical expansion curves for three pairs
of rock prisms are shown in Fig. 16.  The two feldspathic quartzites are
known from concrete prism tests to be expansive; the amphibolite is non-
expansive.  The problem is how to designate rocks that have curves lying
between the quartzites and the amphibolite.  Nevertheless, the rock prism
test shows promise of providing a relatively rapid method of screening
aggregate which may be potentially alkali-silicate reactive.

Figure 16.  Expansion results from the rock prism test on duplicate samples of aggregate
immersed in 2N NaOH solution.[10]

3.4 Sulfate Resistance

The literature on the sulfate resistance of portland cement concrete
is extensive.[11]  The cement chemistry relating to the interaction of sulfates
with cement minerals is well documented and will not be covered in this
chapter.
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The mortar bar tests with added sulfate (bringing the SO3 content to
7% by mass of cement) conducted by the U.S. Corps of Engineers serve to
illustrate the utility of dimensional change as a descriptor of chemical
resistance.[12]  Expansion versus C3A content of the cement is plotted in Fig.
17.  The data in the figure describe the relationship between the 28 day and
1 year expansion and calculated C3A content.  An anomaly in one of the
cements (No. 15 indicated on the figure) was observed.  It had an unusually
low expansion ranging from 0.132 to 0.143%.

Figure 17.  The relationship between expansion and tricalcium aluminate content in the
sulfate resistance test.[12]  The results for Cement 15 are identified and discussed in the text.

Significant differences in the shapes of the curves for expansion
versus time were also noted, Fig. 18.  The numbers in the figure refer to the
original cement designations.  The expansion levels at which the plateaus
were observed did not conform to the expected levels based on amounts of
C3A and sulfate.  Cement 15 (Fig. 17) had only one third as much expansion
as Cement 13 although it contained 2.5% more C3A.  The cements had
similar fineness values, but Cement 15 had a significantly greater amount
of C3A, larger heat of hydration, and nearly double the compressive
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strength.  It is apparent that the low expansion of Cement 15 was contributed
to by its rapid rate of strength development.  Conversely, the higher
expansion of Cement 13 was contributed to by its slow rate of strength
development.

Figure 18.  Sulfate-resistance test results for selected cements (see text).[12]

The expansion results described above were similar to those found
for portland blast-furnace slag cements, i.e., the indicated sulfate resistance
appeared to be primarily influenced by the calculated C3A content of the
portland cement clinker constituent of the blended cement.

The ASTM C1038-89 is a test which determines the expansion of
mortar made from portland cement of which sulfate is an integral part.  It
should be noted that the above discussion is essentially a precursor of this
test.  Excess sulfate content is identified, the effects of which are related,
but independent in any absolute sense to attack by external sulfates.
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The immersion of well-hydrated mortar in a sulfate solution forms
the basis for the ASTM C1012-89 test method.  Excessive expansion is used
as a failure criterion.  It should be noted that specimen geometry may affect
inferences drawn from test methods that rely on dimensional change.  This
is particularly true in a test method that relies on the ingress of aggressive
media into a concrete sample.  Layering of mortar or concrete due to
deleterious reactions within a few millimeters of the sample surface may
occur while the core of the specimen remains unaffected.  The use of thin
samples, where possible, may be more effective, as described in Ch. 11.

The deterioration of concrete due to delayed ettringite formation
(DEF) in high temperature cured cement products has been reported
extensively.[13]  Damage of concrete due to DEF (as distinct from secondary
ettringite formation (SEF) which does not necessarily require initial high
temperature curing) has been investigated primarily in concrete members
subjected to high temperature curing followed by open-air weathering and
hence drying/re-wetting cycles, e.g., precast front panels and railway
sleepers.[14]  Cases have been observed in Germany, Finland, Australia,
South Africa, and the USA.  These concretes were mostly made with high
early strength portland cement and accelerated steam curing was em-
ployed.  The products underwent drying/wetting, freezing/thawing, and
fatigue cycles, year around.  Heat-drying is possibly experienced during
summer.

Dimensional change was shown to be a useful tool for establishing
the relative importance of microcrack formation following high tempera-
ture curing on subsequent deterioration of concrete due to DEF.[15]

Expansion measurements indicated that only certain concretes sub-
jected to high temperature curing followed by severe heat-drying suffered
large expansion due to delayed ettringite formation.  Other treatments, such
as loading/unloading cycles, freezing/thawing cycles, and room tempera-
ture drying, did not show DEF-induced expansion.  The expansion of the
heat-dried concrete (made with cement having surface area greater than
5000 cm2/g and total SO3 content greater than 4.0%) increased to about
0.2% after 110 days curing and reached about 0.5% at 250 days.

3.5 Dimensional Stability of Cement-Calcium Carbonate
Systems

The practice of producing portland cement containing finely ground
limestone has increased in North America during the 1990s. Despite the well
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documented benefits of carbonate addition there appears to be considerable
uncertainty concerning the durability of concrete products containing these
cements.  Dimensional change assessment of these materials in aggressive
environments provides a means of determining performance.

Addition of calcium carbonate to portland cement influences not
only the kinetics of hydration of the individual phases, but also the setting
and mechanical properties.[16][17]  Few studies have been directed at the
long-term durability aspects of cement-carbonate systems.  It has been
found that mortar containing calcium carbonate, after exposure to sea
water, exhibits higher expansion than the reference mortar containing no
carbonate.[18]  Length change measurements were also used to assess the
effect of sodium and magnesium chloride solutions on mortar containing
up to 15% calcium carbonate.[19]

Figure 19.  The effect of precipitated calcium carbonate on expansion of mortars exposed
to magnesium chloride.[18]
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The effect of precipitated calcium carbonate on expansion of mortars
(cement-sand ratio, 1:2.75; water-cement ratio, 0.42 and 0.60) exposed to
magnesium chloride solution is illustrated in Fig. 19.

Generally, expansions observed for samples exposed to MgCl2 solu-
tions (40 g/l) are greater than those exposed to seawater.[19]  Samples with
precipitated calcium carbonate in amounts greater than 2.5% and prepared
at water-cement ratio 0.42 show increased expansion on exposure to Ca(OH)2

solution.  The expansion relative to ground (coarser) CaCO3 is also higher.
Exposure to MgCl2 solution causes major increases in expansion

both with respect to the reference and the sample containing the ground
carbonate addition and exposed to Ca(OH)2 solution.  The expansion is also
greater than that observed for the same samples exposed to NaCl solution
and in some instances to seawater.

A brief description of the cement chemistry associated with chloride
interactions is helpful to understand the length change phenomena described
above.  The major compounds that may be formed at 14 days in the cement
paste before exposure to chloride solution are as follows: calcium silicate
hydrate (some carbonate may be associated with it); calcium hydroxide; high/
low calcium sulfoaluminate hydrate (some replacement of Al by Fe); and
low/high calcium carboaluminate hydrate.  After exposure to chloride
solutions, additional compounds may form such as: low/high chloroaluminate
hydrates, C-S-H containing bound or chemisorbed chloride and thaumasite.

The dimensional behavior of cement-carbonate systems is signifi-
cantly different than that occurring in the absence of carbonate.  The higher
expansion values in pastes containing carbonate occurring on exposure to
chloride solutions are related not only to the initial values at 14 days, but
also to subsequent interactions.  Some of the possibilities include: a
weakened structure due to the formation of chloroaluminates at the expense
of carboaluminates,[20][21] replacement of Ca in the C-S-H phase with Mg
from MgCl2 resulting in increased porosity,[22] formation of a solid solution
series by substitution of Ca by Mg in C3A·CaCO3·11 H2O; formation of a
modified ettringite-like complex containing SiO2 and Cl-; decrease in
density of the chloroaluminate phase compared to the carboaluminate
phase from which it may form,[23] formation of taumasite; interaction of
chloride with the C-S-H phase, substituted carboaluminate formation, and
increased solubility of products due to lower pH conditions.

It was concluded that expansion of cement systems containing both
ground (surface area, 2.25 m2/g) and precipitated (surface area, 6.88 m2/g)
calcium carbonate increased upon exposure to NaCl or MgCl solutions
relative to values obtained on exposure to Ca(OH)2 solution.[19]  Deleterious
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effects were dependent on the water-cement ratio, carbonate fineness, and
its concentration.  The greater deleterious effects for the precipitated
carbonate can be explained by the increased rate of the relevant reactions
and an increase in the amounts of the products formed at a particular period.
It appears that continuous monitoring of length change is a reasonably good
nondestructive technique to assess the durability of mortars exposed to
various aggressive solutions.

3.6 Dimensional Stability of Blended Cement Systems
Exposed to Chloride Solutions

Substantial work in the 1990s has demonstrated the benefit of using
supplementary cementing materials to improve the durability of concrete
structures.  The performance of blended cement binders has been shown to
be effective in extending the service-life of concrete exposed to aggressive
environments, e.g., chloride solutions adjacent to potash mine shafts.[24]

Condensed silica fume has been found to react relatively rapidly with
hydrating cement to produce a dense impermeable material.  The dimen-
sional stability of blended cement systems can be determined by continuous
monitoring of length change during exposure to concentrated solutions of
salts containing chlorides.  This is illustrated by the results of experiments
where mortars containing 0, 10, and 30% silica fume (water-cementitious
solids ratio, 0.45 and 0.60) were exposed to a solution containing 27.5%
CaCl2, 3.9% MgCl2, 1.8% NaCl, 0.1% NaHCO3 - pH = 6.3.  The salt
solution simulated that of groundwater from a potash mine.  Resistance to
the salt solution (as determined by the length change response) improved
greatly after 7 days moist curing for the specimens containing 30% silica
fume and having the water-solids ratio 0.45.  Specimens containing 10%
silica fume and prepared at water-solids ratio 0.45 were also resistant after
28 days moist curing.

The freezing-thawing resistance results (expansion versus number of
freezing-thawing cycles) for mortars cured for 28 days are presented in Fig.
20.  None of these samples was air-entrained.  The expansion results for
cement-silica fume systems are indicative of some apparent anomalies with
respect to the effect of water-cement ratio and strength on frost resistance.

The sample designations in Fig. 20 are explained as follows: B-
blended cement mortar; C-plain cement mortar.  The subscripts refer to the
amount (mass %) of silica fume. The superscripts (H or � ) refer to high or low
water-solid ratio.  Specimens C �  and B10

�  showed no sign of deterioration
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and insignificant expansion after 600 cycles of freezing and thawing.
Specimen B30

�  failed, however, after 190 cycles although it had the highest
compressive strength at 28 days.  Previous work indicated that concrete
prepared at a water-cement ratio 0.40 and silica fume content of 20–30%
can undergo excessive expansion.[25]  The samples prepared at water-solids
ratio 0.60 displayed different behavior.  Specimen CH broke after 128
cycles, however, specimen BH

10  showed little sign of deterioration after 600
cycles.  Specimen BH

30 , while showing 0.02% expansion at 250 cycles was
still intact after 580 cycles.  These results indicate a significant improve-
ment in durability with addition of moderate amounts of silica fume to
portland cement binders.

Figure 20.  Linear expansion versus the number of cycles of freezing and thawing for
mortars containing silica fume.  The notation is explained in the text.[25]

The rapid deterioration of mortar specimen B30
�  with freezing-

thawing cycles  is probably related to its low permeability and high silica
fume content, i.e., 30%.  The amount of silica fume is in excess of that
needed for complete reaction of Ca(OH)2.  A relatively large amount of
evaporable water was also present.  The greater permeability of specimen
BH

30  ensures greater frost resistance.
Specimen BH

10 , with less silica fume, displayed very little sign of
deterioration.  The large pores with narrow necks, simulating air-entrain-
ment, may be responsible for the better frost resistance observed for some
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of the preparations.  It was concluded that the frost resistance of mortars,
even those cured at water-solid ratio 0.60 (without air-entrainment), can be
improved with appropriate amounts of silica fume addition.

4.0 PHYSICOCHEMICAL INTERACTIONS IN POROUS
MEDIA

4.1 Low Temperature Length Change Isosteres

Adsorption of vapors on solids at temperatures below the bulk triple-
point of the substance and the anomalous behavior exhibited by porous
solid-adsorbate systems on cooling are phenomena relevant to the low
temperature performance of building materials.[26]  Equilibrium among the
three phases of a single component substance can be achieved at tempera-
tures other than the triple point if the radii of curvature of the interfaces
assume the appropriate values.

Length change isosteres for vacuum saturated cement paste speci-
mens are shown in Fig. 21.  It is apparent the curves are water-cement ratio
dependent.  High water-cement ratio pastes contain substantially greater
amounts of capillary porosity and the dilation following initial freezing is
significantly larger as is the residual length change on warming.

The length change curves are very similar to those obtained for the
porous glass-water system.  The anomaly in the vicinity of -8°C is
associated with an exothermic heat effect and is caused by the freezing of
water driven to the external surface or large pores by the vapor pressure
difference that exists between the liquid-like water in micropores and ice
in the macropores or on external solid surfaces.

It has been suggested that expansion occurs if the water concentration
is higher than the equilibrium value at the prevailing relative humidity.
This is supported by the observation that, on freezing, the length of thicker
specimens increases more than the corresponding length of thinner speci-
mens.  An increase in migration path to sites of ice crystallization reduces
the amount of water leaving the specimen and dilation occurs.  The quantity
of water exuded is dependent on the cooling rate, the shape of the desorption
isotherm, and the initial degree of saturation at 0°C.

The mechanism by which air-entrained bubbles protect cement paste
is one in which the bubbles serve as reservoirs into which expelled water
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escapes on cooling.  The migration of water is assisted by the short distances
between the bubbles.

Deicing agents can aggravate the freezing behavior of cementitious
materials.  Length change isosteres for air-entrained cement paste (water-
cement ratio = 0.50) saturated with NaCl solutions of varying concentration
are shown in Fig. 22.

Figure 21.  Length-changes of vacuum saturated plain cement specimens in temperature
cycles (0.33°C/min.).  Water-cement ratios vary from 0.4 to 1.0.[16]
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The general features of the curves are similar to those described
previously.  The aggravating effect in presence of salt is explained as
follows.  Freezing-thawing action results due to a difference between the
vapor pressure of the pore liquid and external (macropores, cracks, free
surfaces) ice.  This difference is reduced by the lowering of the adsorbate
content that normally occurs on cooling when a portion of the warm
adsorbate distills to the cold surroundings.  When a salt solution is adsorbed
in the porous body no distillation takes place because the vapor pressure of
the solution is usually less than the vapor pressure of the external ice or
water.  This excess not only results in complete saturation, but prevents
desorption even if a moderate temperature gradient exists on cooling.  The
alleviating effect of desiccation does not occur in most cases when salts are
present.

Figure 22.  Length-changes of 0.5 water-cement ratio cement paste, air entrained and
saturated with NaCl solutions of concentrations indicated during temperature cycles
(0.33°C/min.).  Specimens 1.27 mm thick.[16]
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4.2 Dimensional Change—Shrinkage and Creep of Cement
Systems

Shrinkage and creep of cement systems are moisture related volume
changes of interest to engineers and scientists engaged in the art and science
of concrete making.

The physical changes that occur in the micro-units of the solid and the
solid body itself as a result of changes in exposure conditions impact the
magnitude and nature of the dimensional changes due to mass transfer of
adsorbate or applied mechanical load.[27]  An example of the instability of
hydrated cement paste is provided by the length change-weight change
curves plotted in Fig. 23.  The initial starting condition is equivalent to the
d-dried state (drying to the vapor pressure of dry-ice at -78°C). Results for
the first drying are not shown.  For subsequent cycles the samples were
heated for several hours at 97°C to achieve the same weight loss. The
consecutive cycles measured on the one sample are plotted so that the final
value for ∆� �/  on every cycle represents the net shrinkage with respect to
zero at the commencement of that cycle and an increase in overall net
irreversible shrinkage commencing with cycles I and II.  Curve II shows a
total length change of 0.528% compared with 0.768% for curve VIII.  The
extra weight gain (curve VIII vs. curve II) does not cause much length
change and is probably due to a greater degree of condensation in the large
pores at 100% RH. The additional expansion only partially reflects the
irreversible shrinkage accumulated between curves II and VII. This amounts
to 1.026% while the increase in expansion is only 0.24%. The total
irreversible shrinkage for the eight cycles, including first d-drying, is
1.906%.

The irreversible shrinkage is plotted as a function of the maximum
relative humidity of re-exposure in Fig. 24.  The subscripts on the points at
100% RH represent cycles II and VIII. Irreversible shrinkage increases
abruptly beyond 50% relative humidity after a relatively constant low value
between 10 and 50% relative humidity. This is analogous to the results of
Wittmann of the creep rate versus relative humidity of exposure.  It is
concluded that each time the solid is exposed to more than 50% RH it is
altered in some way so that it possesses the potential for irreversible
shrinkage when d-dried. This is consistent with Wittmann’s observa-
tions.[28]  It would appear that change in the potential for creep and the
potential for irreversible shrinkage are manifestations of the same change
that has occurred in the solid. It is inferred that the creep process is
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associated with a moving together of layers of silicate to form new
interlayer space.  The solid material is unstable and will move towards a
lower free-energy position and surface area.  This process may be partly
reversible, depending on how close the layers have moved towards each
other.

Figure 24.  Irreversible shrinkage versus re-exposure to relative humidity for hydrated
cement compacts.[17]

The creep rate is generally low upon re-exposure to humidities below
50% although the length change is about 70% of the total expansion.  This
suggests that the strongly held interlayer water is not responsible for creep.
Pores up to about 14 Å diameter have been filled at this point suggesting that
disjoining pressure related to physically adsorbed water does not play a
role.  This argument would appear to be supported by the shrinkage data
where on desorption little of the potential irreversible shrinkage has yet
occurred at 10% RH.  It appears that the water beyond the surface layer is
not largely load-bearing.  This and the conclusion that the water involved
is to be found at the entrances to layers indicate that adsorbed water
movement does not contribute very much to the long-term time dependent
feature of creep.  It is, therefore, suggested that creep is a manifestation
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of gradual crystallization or aging in a poorly crystallized material,
accelerated by drying or stress.  Water transport from entrances to interlayer
spaces occurs and probably controls creep rate at early stages.  The process
may activate the rate determining processes at later stages, including crystal
slippage, microcracking, and bond breaking and reforming.

Carbonation can significantly affect the properties of hydrated ce-
ment systems because free Ca(OH)2 may constitute more than 20% of the
volume of the material.  Dimensional change studies of compacted and
normally hydrated pastes have been useful in developing concepts on the
effects of carbonation.[29]

Dimensional changes of hydrated cement compacts preconditioned
at various relative humidities are shown in Fig. 25.  Maximum carbonation
shrinkage occurred when samples had been preconditioned at 50% relative
humidity.  Much lower values were attained at high and low relative
humidities.  Degree of carbonation was limited well below 100% of the
theoretical value.  For compacts of hydrated cement it was found that the
degree of carbonation and carbonation shrinkage increased as the amount
of free lime decreased.  It is apparent that carbonation of combined lime
results in shrinkage to an even greater extent than for the free lime because
the former is finer.

Figure 25.  Carbonation shrinkage of bottle-hydrated cement compacts preconditioned at
various relative humidities.  Compaction pressure 60,000 psi; 100% CO2.

[19]
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Carbonation reactions of the cement compacts involving the com-
bined lime are complex as decomposition of the silicate hydrate takes place.
Carbonation shrinkage of these systems may be considered to be connected
with the dehydration and polymerization of the hydrous silica product of
carbonation.
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Miniaturized Techniques

James J. Beaudoin

1.0 INTRODUCTION

Laboratory investigations of the behavior of cement-based systems
under a variety of loading and environmental conditions often require
protracted periods before the information generated can be used to predict
performance or provide design of guidelines for durability. This disadvan-
tage can sometimes be overcome through the use of experimental tech-
niques employing miniature samples. The requirements for rigorous con-
trol of experimental parameters or application of classical theories can be
facilitated through test design that minimizes thermal and moisture gradi-
ents and enhances homogeneity. The attainment of true hydral equilibrium
conditions, for example, can only be achieved in a reasonable period if the
least dimensions of a specimen are limited to values less than about one
millimeter. This is an important consideration for the development of
structural models of C-S-H and those experiments (e.g., creep measure-
ments) intended to reveal mechanistic information as many of these involve
mass transport of chemical species in solution.

Deleterious reactions, kinetics, and associated phenomena that influ-
ence the durability of porous construction materials are affected by pore
structure, pore continuity, and the path length for the transport of aggressive
chemical species. The use of miniature specimens in tests not only mini-
mizes this path (providing greater homogeneity within the sample), but can
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increase the sensitivity of a response to dimensional changes that are a
direct result of destructive processes.

The effects of moisture diffusion in interfacial regions of impregnated
porous solids can be catastrophic.  Detection of incipient damage can be
accelerated through the use of very thin samples exposed to saturated vapor.

Other areas in cement science that can benefit from the use of
miniaturized techniques or processes include admixture technology, sound-
ness testing of cement, microstructural investigations, and certain studies
of mechanical behavior.

The National Research Council of Canada has been involved in the
development of miniature techniques for physicochemical and
physicomechanical studies of cement systems for three decades.  Hence,
many of the references are related to work emanating from this laboratory.

This chapter will be necessarily selective and focus on the following
areas: compacted powders as model porous systems; miniature specimens
for creep and drying shrinkage measurements; volume instability of porous
solids; miniature workability tests; surface chemical-based microstructural
probes.

2.0 COMPACTED POWDERS AND HYDRATED
CEMENT PASTES AS MODEL POROUS SYSTEMS

The fabrication of rigid porous bodies by powder compaction was
used to study the various phenomena, especially dimensional changes,
associated with the sorption of water on internal surfaces of materials.
Naturally occurring materials are usually non-homogeneous, non-isotropic
and non-reproducible from sample to sample, and contain impurities in
varying amounts. To avoid some of the limitations of natural rigid porous
materials, a technique was developed by Sereda and Feldman[1][2] to produce
porous bodies with a wide range of properties by compressing fine powders
of different materials into compacts, as was done by Dollimore and
coworkers[3][4] and others in powder metallurgy and catalyst technology.

Powders of different materials including portland cement were
compressed in a mold at pressures up to 200,000 psi (1361 MPa). Each
powdered material has optimum conditions of moisture content and pres-
sure at which satisfactory compacts are made. Although all finely pow-
dered material will produce a rigid body when compressed at a suitable
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pressure, not all such compacts can withstand immersion in water without
disintegration nor do all have sufficient mechanical strength when dry.

The formation of a rigid body by compression of a fine powder must
involve, in the first place, the bringing together of enough of the surface at
distances where the van der Waals’ attractive forces come into play.  Much
of the strength of the compact can be derived from primary bonds resulting
from bridging between particles in contact where the surfaces are under
pressure or are deformed and will recrystallize, hydrate, or react more
readily than other surfaces.  Solid-state reactions can be postulated for the
formation of bridges.[5]

For portland cement, only traces of water may be required to cause
bridging by the formation of minute quantities of the hydrate.

2.1 Technique for Preparation of Compacts

Compacts measuring 3.12 cm (1.23 in.) in diameter and about 1.50
mm (0.06 in.) thick can be made in a steel mold consisting of a cylinder and
two closely fitting pistons.  The cylinder is first mounted vertically with the
bottom piston located in the cylinder about 1.2 cm below the top (this
spacing varied for different powders and different compacting pressures in
order to make the samples the same thickness).  The powder is placed in the
mold by tamping with the edge of a spatula against the top edge of the
cylinder while excess powder remained heaped over the mold.  Tamping
with equally spaced strokes in two directions, at right angles to each other,
is concluded by striking off the excess powder level with the top edge of the
cylinder.  The bottom piston is lowered with the sample and the top piston
placed in the cylinder; the assembly is then mounted in a testing machine.
While the first increment of load is applied, the cylinder is rotated slightly
and held up to allow both pistons to float and to ensure that the compression
of the sample is equal from both sides.

Pressures up to 200,000 psi (1361 MPa) have been used in compress-
ing samples; when inert materials were used a small amount of water was
added to improve compression.  All powders in the particle sizes 10 µm
(0.39 × 10-3 inch) and smaller have to be agglomerated by working them in
a mortar with pestle (with or without the addition of water) until the powder
formed coarse agglomerates, which could be packed more uniformly into
the mold. This step proved important when compacting very fine powders
such as silica (Cab-O-Sil), although in the case of plaster of Paris it was not
necessary because the fine particles were already in a state of agglomeration.
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While some materials will form satisfactory compacts over a very wide
range of pressures, others require a specific pressure.  The forming of a
satisfactory compact above a certain pressure may be impossible if, after
compression, the material tends to rebound or relax as if in a high state of
strain.  Any density variation will result in cracking along lines of maxi-
mum density gradient representing different magnitudes of recovery or
relaxation between two adjacent sections of the compact.

2.2 Sorption Studies

Samples for determining both the sorption and expansion isotherms
can be obtained from the same compact.  Feldman and Sereda used
compacts made in the form of a disc 1.5 mm (0.06 in.) thick cut to give two
rectangular prisms 7 × 28 mm (0.28 × 1.10 in.) to be mounted on
extensometers, and two segments weighing about 1 g to be mounted on the
quartz spirals.

Before determining the sorption and expansion isotherm, all samples
were outgassed at 150–200°C to a vacuum of less than 10-6 mm Hg until
negligible mass loss had been recorded for 15 h.  For equilibrium to be
attained between points along the isotherm, different periods were required
for different samples.  In all cases a period of about 15 h of negligible mass
change and negligible dimensional change was allowed before the system
was considered to be in equilibrium.

One of the most important properties of a compact used for studies
such as those described here is the void fraction or porosity.  It can be
changed as much as twofold by varying the pressure of forming for such
materials as plaster of Paris (see Fig. 1).

The void fraction can be determined from measurements of the
dimensions of the compact, the dry mass, and the absolute density of the
materials.

It is considered important to determine the uniformity of the apparent
density or porosity throughout the compact.  To examine this property,
compacts of different thicknesses were made at a series of constant
pressures.  Even though the thicknesses were varied tenfold there was no
significant difference in the void fraction for plaster of Paris at several
pressures and similar results were indicated for other materials (see Fig. 2).

In the use of compacts for the study of the dimensional changes of
materials during sorption of water, the important question to be answered
is whether any strain remains in the compact as the result of compression
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of particles that may be relaxed during wetting, thus exhibiting a dimen-
sional change in no way related to sorption of water on the surfaces.
Compacts of some materials, such as plaster of Paris and calcium carbon-
ate, will disintegrate when immersed in water although they will not do so
in kerosene or carbon tetrachloride.  In fact, the dimensional change of these
compacts during saturation from the dry state with these solvents is
negligible.  This would indicate that there is no residual strain in the
compact.

Figure 1.  The effect of pressure on the void fraction of compacted materials.[1]

Figure 2.  The effect of thickness on the void fraction of compacts made at constant
pressure.[1]
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That residual strain is absent is further supported by the results
obtained by an application of the Gibbs adsorption equation.  This equation
relates lowering of the surface-free energy, ∆F, as sorption occurs on a
surface to the pressure, p dynes/cm2, of the absorbate and the surface
concentration s of the adsorbate on the adsorbent in g-mol/cm2.

Eq. (1) ∫=∆
p

dppsRTF
0

When ∆F (ergs/cm2), commonly called φ, the spreading pressure, is calculated,
a plot of ∆� ���vs. φ should, according to the Bangham relation, ∆� ���� = λ∆F, yield
a straight line through the origin (Fig. 3). The quantity, ∆� ��, is the expansion due
to sorption and λ is a constant related to the elastic coefficient of the material.

This plot does, in fact, produce acceptable straight lines through the
origin for the Cab-O-Sil, bottle hydrated portland cement and CaCO3
samples in the region where adsorption without capillary condensation
occurred.

Figure 3.  The expansion of compacts as a function of the calculated spreading force.[1]

The Young’s or elastic modulus E for the material can be calculated
from the Bangham relation using the ∆� �� vs φ plot

Eq. (2) E = ρA/λ

where, ρ is the absolute density of the material (g/cc) and A the area (cm2/g).
A value for E of 6.97 × 1010 dynes/cm2 was obtained using a value of
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2.93 g/cc for ρ.  This value is within the same order of magnitude as
published values for materials of this nature.

Compacts of bottle hydrated portland cement paste produce similar
results.  When hydrated in this way the cement paste remains as a powder
of less than 1 µm particle size.  These can be made reproducible (void
fraction) and, as they are no more than 1.5 mm thick they attain equilibrium
quickly.  Results obtained with compacts of other materials also confirm
that compacts of hydrated cement will be reasonably representative of
normal hydrated paste having the same void fraction and similar pore sizes.
Sorption and length change scanning isotherms for bottle hydrated com-
pacts, Figs. 4 and 5, provide a means of constructing “reversible” isotherms
isolating adsorption from intercalation phenomena.[6]  These along with
a plot of ∆ � ��  versus φ are shown in Fig. 6.

An integration over the adsorption branch of the reversible isotherm
is made between P/Po values of 0.05 (to avoid the extrapolated area and
errors in integration as the pressure approaches zero) and 0.60, according
to Gibbs’ equation.  The change in state of stress of the solid ∆F is plotted
against ∆� � �.  As shown on Fig. 6, this plot yields a very good straight line
and it appears that the whole procedure in constructing the reversible
isotherm is justified.  The slope of this line, λ , is 3.90 × 10-6 cm/dyne.

Using a value of ρ = 2.86 g/cc for Ca3Si2O2·2H2O[7] since at a P/Po

of 0.30 only about 40 percent of the irreversible water has reentered the
C-S-H and since most of the adsorption is taking place on this “crystal”
which constitutes most of the area and using 40.8 m2/g for the surface area,
the value of E from Eq. (2) is 2.99 × 1011 dyne/cm2  or 4.35 × 106 lb/in2.  This
value is about eight times as large as that measured for the equivalent
compact[8] or of the equivalent water to cement ratio paste.[9] This calcu-
lated value, however, represents E for the solid material not the porous
body.  Helmuth and Turk[9] extrapolated from porosity E-plots to get E of
“gel phase” as 4.5 and of “solid phase” 10.8 × 106 (lb/in2).  This latter value
was similar to the extrapolation of Soroka and Sereda.[8]  Both these values
suffer from the difficulty of measuring the correct porosity.  However, a
large part of the water removed during d-drying (drying to the vapor
pressure of dry-ice at 78°C) is interlayer water which returns on sorption.
Thus, the porosity (determined by water) would be much lower than
anticipated making the extrapolated value much too high.  Considering
these assumptions, the value found for the modulus of elasticity of the solid
phases is very good and is considered as further evidence of the validity of
this approach.
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Figure 5.  Length change isotherms for bottle-hydrated portland cement compacts: I -
degassed at 80°C, II - degassed at 96°C (scanning loops marked 1 to 10).[6]

Figure 4.  Weight change isotherms for bottle-hydrated portland cement compacts: I -
degassed at 80°C; II - degassed at 96°C (scanning loops marked 1 to 10).[6]
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2.3 Elastic Behavior of Compacted and Paste Hydrated
Cement Systems

Miniature testing machines can be constructed to provide a means of
loading compacted disks or disk-shaped cement paste specimens.[10]

Timoshenko[11] deals with the deflection (Def) of a circular disk
loaded at the center and supported at three equally spaced edge supports.
The equation given is

Eq. (3) in
7540

3

2

Et

Pr.
Def =

Figure 6.  Constructed reversible water isotherm and computations.[6]
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where,

P = load, lb
r = radius of the circle of support, inches
E = Young’s modulus
t = thickness

This formula assumes a Poisson’s ratio of 0.25.
Figure 7 shows Young’s modulus as a function of relative humidity

for hydrated cement compacts fabricated at three different pressures.

Figure 7.  Young’s modulus as a function of relative humidity for compacts.[10]
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Approximately 25 samples at each conditioning humidity for each
fabrication pressure were used in the measurements. In this plot the
confidence interval of results from the arithmetic mean is shown at the 95%
limit.  This indicates that the results at a particular compaction pressure vary
by approximately ± 10%.

From these results it is clear that within the confidence value of the
points there is no variation from 0 to 50% RH.  Beyond 50% RH for the
110,000 psi compacts, there is a significant increase in E.  Although there
is a suggestion of the same result for the 40,000 psi compacts, it is not in
itself significant.  For the compact fabricated at 40,000 psi there is a
significant increase in E for 98% RH over the 50% RH value and this trend
appears to start after 50% RH.  Thus, on the basis of the three different series
of compacts within the stated significance of the results, E shows no change
from 0 to 50% RH, but there is a definite trend to an increase in E beyond
this.  At 0% RH for the 110,000 psi compacts, the value of E is 2.9 × 106
psi; at 97% RH it is 3.6 × 106 psi.

On desorption there is a further increase in E down to 26% RH.  On
drying to nearly the starting condition of dryness, the E decreased to the
starting value for the 15,000 (102 MPa) and 40,000 psi (272 MPa) compacts
and below it for the 110,000 psi (748 MPa) compacts.

The same experimental procedure was repeated for paste samples
hydrated at w/c ratios of 0.3, 0.4, 0.5, 0.6, and 0.7; qualitatively the results
agreed in all details with results obtained for the compacts.

The paste samples were measured in the wet condition after hydra-
tion and before drying prior to conditioning.  This gave values of Young’s
modulus for the first drying cycle.  This could not be obtained for the
compacts.  It is evident that the value of E is unchanged during adsorption
in the region 0 to 50% RH and that at higher humidities E increases, being
highest near saturation.  On desorption the high value of E persists to a
condition approaching the dry state.  Final measurements were made before
complete equilibrium was reached with magnesium perchlorate.

In order to make a more statistically significant comparison of the
fracture-strength results between compacts and pastes, all fracture values
between 15 and 97.5% RH (for each porosity or w/c ratio) were used to
obtain an arithmetic mean value representing each point.  The validity of this
was based on the previous conclusion that no significant reduction in strength
occurred in this region.  The results of fracture-strength against porosity for
the compacts and pastes fall together and show that the character of the
relationship is similar to that of the plot of E vs. porosity, Fig. 8.  The chapter
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on pore structure provides additional detail related to mechanical property-
porosity relationships.

Figure 8.  Young’s modulus as a function of computer porosity.[10]

2.4 Compressive Strength of Individual Cement Minerals
Determined Using Miniature Specimens

Miniature specimens, e.g., cylinders for compression strength deter-
mination, are convenient and permit effective study of mechanical proper-
ties of cement systems when large or sufficient quantities of material are not
readily available.  Results correlate well with other microtechniques such
as methods for determining microhardness.[12]  This section will focus on
the application of miniaturization for the determination of the mechanical
properties of individual cement phases and the use of mini-techniques in the
development of a model for hydrated cement paste.
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Portland cement, the most extensively used of all cements, contains
four principal mineral components: tricalcium silicate (C3S), dicalcium
silicate (C2S), tricalcium aluminate (C3A), and calcium aluminoferrite, of
average composition C4AF.  Hydration and other chemical aspects of these
compounds have been studied extensively.[13][14]  A pioneering contribu-
tion in 1934 by Bogue and Lerch has been viewed worldwide as “prima
facie” evidence of the relative rates of strength development of the cement
minerals.[15]  However, inconsistencies such as inadequate control of the
particle size distribution of the minerals, variable amounts of water (i.e.,
water/solid ratio from 0.30 to 0.60), inappropriate specimen geometry
(cylinder with length/diameter ≤ 2) and inaccurate methods of estimating
the degree of hydration have led to questionable conclusions.  In addition,
the strength differences were attributed mainly to changes in structure and
nature of hydrated material and amount of so-called “fixed water” was used
to explain strength differences.  The role of porosity and pore structure was
not considered.  Many of the shortcomings mentioned above were
circumvented or minimized by the following procedure that utilizes mini-
cylinders.

Experiments were conducted with well-characterized starting mate-
rials and pastes were prepared by uniform procedure.  The particle size
distribution based on the percentage number of particles rather than on
mass percentage was the same for all samples so that variation in the
reaction kinetics due to this factor could be avoided.  The mixes were
prepared at a water/solid ratio of 0.45.  Strength measurements were carried
out on 1.27 cm diameter × 2.54 cm cylinders of the pastes to realize a length
to diameter ratio of 2, thus minimizing the end effects occurring due to shear
in the compression test.  Microhardness values were also determined by
Vicker’s Microhardness Indentor as they reflect the nature of the interpar-
ticle bonds at a microlevel.[17]  The degree of hydration was obtained by
XRD and calculated on the basis of the residual amount of anhydrous phase,
a more realistic indicator of the degree of hydration.  Porosity and pore size
distribution values obtained by mercury porosimetry provided a means to
measure the intrinsic characteristics of the paste samples.

Significant differences from Bogue-Lerch data were observed for
relative strengths (Fig. 9).  The strength values at 10 days were in the order
C4AF > C3S > C2S > C3A, whereas those of Bogue-Lerch were in the order
C3S > C2S > C4AF > C3A.  At 1 year the values were C3S > C2S > C4AF >
C3A, but those of Bogue-Lerch were C3S = C2S > C3A > C4AF.  On a semilog
plot of strength vs. porosity (Fig. 10a), the data points for the phases C3S,
C2S, and C4AF showed linearity and fell on the same line.  The points for
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the C3A phase showed linearity, but had a different slope from other phases.
The “intrinsic strength,” defined as the strength extrapolated to zero
porosity, was the same for all the pastes, the value being 500 MPa.

Figure 9.  (a) Compressive strength of hydrated C3S, C2S, C3A, and C4AF paste versus time
after Bogue-Lerch.[15]  (b) Compressive strength of hydrated C3S, C2S, C3A, and C4AF
paste versus time.[16]

Microhardness-porosity data (Fig. 10b) can be considered to de-
scribe a single curve for all the samples.  Microhardness is apparently not
as sensitive to microcracking as compressive strength.



Miniaturized Techniques 417

The zero porosity (intrinsic) value of microhardness is about 3000 MPa
for all the mineral systems. Coincidence of the strength, microhardness-
porosity curves suggests that the inherent or intrinsic “cementing” charac-
teristics of the pastes of four principal cement minerals are similar.  The
strength values, however, are particularly lower for C3A paste with respect
to others in porous pastes. The results of this work reveal that pore size

Figure 10.  (a) Compressive strength of hydrated C3S, C2S, C3A, and C4AF paste
versus porosity.  (b) Microhardness of hydrated C3S, C2S, C3A, and C4AF paste versus
porosity.[16]
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distribution plays a less significant role (with the exception of C3A) in
strength development as the data lie on a single curve.  Porosity is
apparently a more suitable descriptor of strength than time or degree of
hydration.  Important parameters influencing strength development in-
clude mineral particle size and water-solid ratio insofar as they influence
the resultant porosity of the hydrating system.  Intrinsic strength of hardness
appears to be independent of mineral type.  Although normally only very
low strengths are obtained with C4AF and C3A at normal temperatures and
w/s ratios, very high strengths may be obtained when the pastes are
prepared at very low w/s ratios and high temperatures.[18][19]  The compres-
sive strength-time curves presented by Bogue-Lerch cannot be considered
as universal descriptors of strength development of C3S, C2S, C3A, and
C4AF and should be interpreted with caution.  It is apparent that there is no
unique strength-time relation for hydrated cement systems.  The relative
values depend on the particle size distribution, water-solid ratio, method of
mixing, temperature, time, and other parameters.  The results also have
revealed that by manipulating the right conditions same strengths can be
obtained with all the cement compounds.

2.5 Evidence for a Model of C-S-H Structure Based on the
Application of Miniature Tests

Miniature specimens of hydrated cement paste have been particu-
larly useful in obtaining physicomechanical and physicochemical data,
enabling inferences about the structure of C-S-H to be made.[14]  Very few
measurements, for example, have been made of the variation of the
modulus of elasticity of cement pastes containing water or other sorbate,
due largely to difficulties in conditioning the samples.  In order to achieve
equilibrium at any vapor pressure within a reasonable time and without the
imposition of large stress gradients, the specimens have to be very thin,
drying should be carefully controlled, and measuring techniques should be
accurate.  These conditions can be met with miniature specimens in the
form of thin disks (for flexural tests) or T-shaped specimens with 1 mm
thick walls (for compression tests).

A simple model of C-S-H showing the entry and exit of interlayer
water corresponding to equilibrium positions on the modulus of elasticity
isotherm is shown in Fig. 11.
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Water that enters the interlayer region contributes to the stiffness of
the structure and is more effective in the central locations of the layers.
Hence, enhanced stiffening occurs at humidities greater than 50% as water
penetrates deeper into the structure.  This was briefly discussed in Sec. 2.3.
The increased stiffness remains on desorption until drying at very low

Figure 11.  Simple model showing entry and exit of interlayer water with change in
modulus of elasticity.[14]
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humidities occurs (i.e., < 11% RH).  It is at these low humidities that the
water in the central portion of the layers is finally removed.

The change in microhardness or strength of cement paste as a
function of relative humidity is illustrated in Fig. 12.  The results for cement
paste, porous glass, and fused quartz, show a similar trend.

Figure 12.  Effect of humidity on microhardness and strength.[14]

The microhardness or strength decreases with humidity and is more
pronounced in the low humidity region.  This suggests that the mechanism
controlling strength is different from that influencing the modulus of
elasticity.  This behavior is consistent with a layered model of C-S-H
structure, but cannot be explained by colloidal gel models such as the
structure advanced by Powers.[20]  It is assumed that the fracture mecha-
nism at a region of stress concentration is affected by the environment.
Under high stress conditions the presence of moisture promotes the rupture
of the siloxane groups:

 
—Si—O—Si—
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in the cement paste to form silanol groups

                
—Si—OH  OH—Si—
                

Application of the Griffith equation

c/E πγσ 2=

where, σ is the applied stress, E is the modulus of elasticity, γ is the specific
surface energy, and c is half the length of the crack, is questionable.  A lower
value of γ is expected when the material is wet; however, when an existing
crack propagates, the energy involved would be that of the free surface.  In
addition, measurements with other adsorbates on other materials, such as
glass, have shown no correlation of strength decrease with surface energy
decrease.

2.6 Remarks

The effect of sorbed water on the mechanical properties of hydrated
cement compacts or paste samples is similar.  Young’s modulus remains
constant within the accuracy of the results (± 10%) in the region of 0 to 50%
RH.  This conclusion supports the hypothesis for length change based on the
idea that crystallites are in a state of stress and that they themselves expand
when adsorption occurs.  This also supports the assumption of Flood[21]

who considered that the change in the thermodynamic state of an adsorbent
arising from physical adsorption is wholly equivalent to a change in its
volumetric mean state of stress.

Mere compaction of hydrated cement powder attains high values of
fracture-strength and Young’s modulus.  Porosity is the basic parameter
determining the strength and Young’s modulus.  An increase in Young’s
modulus in the region 50 to 100% RH is likely due to the re-entry of water
into the lattice of the tobermorite-like C-S-H.

Highest strength for samples of a given porosity is attained at 0% RH
and the largest reduction of strength is experienced in going from 0 to 15%
RH.  In going to any humidity above 15% RH there is only a slight further
reduction in strength.

The results discussed above (for thin disks) are based on equilibrium
data, avoiding gradients (use of thin samples). and all extraneous processes
such as carbonation by the use of special procedures.
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3.0 CREEP AND DRYING SHRINKAGE
MEASUREMENTS

The factors that affect time dependent strain of cement paste under
sustained load, i.e., creep, include specimen geometry and thickness.
Miniature thin-walled cement paste cylinders have been found to be
effective in minimizing the time required for equilibrium moisture distri-
bution.  This is important for investigations of the mechanisms responsible
for deformation.

3.1 Creep

Bazant and coworkers developed a thin-walled cement paste cylinder
for creep tests at variable humidity or temperature.[22][23]  The specimen
manufacture is described in their publication.  The mold for casting the
specimens is made of teflon reinforced by aluminum.  Cement paste is
mixed under vacuum and spread on the lower part of the open mold.  The
teflon model is then pressed lightly into the paste.  Paste is then spread on
top of the mandrel and the top half of the mold is closed.  A delicate
procedure involving cooling in ice-water is used to unmold the specimen.
The thermal coefficient of teflon exceeds that of aluminum by about 15
times.  This difference allows for the displacement of the mandrel during
the unmolding procedure.  The wall thickness of the specimen produced
was 0.71 mm (0.028 in.).  This permitted the achievement of uniform
humidity distribution in less than one day.  Specimen ends are ground to
achieve a flat surface.  The test specimens were hollow, cylindrical tubes
of wall thickness 0.71 mm, external diameter 15 mm (0.590 in.), and length
92 ± 3 mm (3.62 ± 0.12 in.).  The axial compressive strength (wet) at 28 days
was 37.9 MPa and the initial tangent modulus was 19.0 GPa.  Axial strain
in creep tests was measured using mechanical dial gauges.  This of course
introduces a certain error caused by the fact that the gauges are not attached
to the specimen itself, but to the loading platens.

An apparatus for testing the response of small specimens to con-
trolled environmental changes was also constructed by Day.[24]  The design
provided for controlled changes of temperature and humidity concurrently
with deformations.  A hydraulic system was used for rapid load application.
Rapid environmental change was achieved by keeping the specimen
chamber as small as possible.  The geometry of the specimens was chosen
to facilitate attainment of hydral equilibrium and was essentially a grooved
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Figure 13.  Geometry of miniature creep specimens after Day.[15]

Figure 14.  Miniature creep rig after Day.[15]

prism (Fig. 13).  Three millimeters (0.12 in.) diameter quartz glass rods
were attached to the specimen ends.  The miniature creep rig and specimens
are shown in Fig. 14.
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A copper sleeve with a cavity wall passed tightly around the creep rig.
The cavity wall allowed the use of circulating fluid for a controlled
temperature environment.  Strains were measured using displacement
transducers.  Drying creep results for slotted specimens of hydrated cement
paste have been obtained.  Data are illustrated in Fig. 15.

Figure 15.  Creep data obtained by Day using miniature creep rig.[15]

Creep measurements on cylindrical thin-walled specimens similar to
those produced by Bazant were carried out by Mindess and co-workers.[25]

A schematic of the creep and shrinkage cells is shown in Fig. 16.  Typical
results for hydrated C3S (water/solid = 0.40; degree of hydration = 85%) are
presented in Fig. 17.

Drying creep is at 53% RH with a stress strength ratio of 0.1.  It was
found that creep and drying shrinkage of calcium silicate pastes were less
than that of portland cement paste.  No significant drying creep was
observed with pastes of a low degree of hydration.  The percentage of
irreversible strain was greater for specimens with a low degree of hydration
even though no drying creep was observed.
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Figure 16.  Schematic of miniature creep apparatus after Mindess, et al.[16]

Figure 17.  Creep results for hydrated C3S paste.[16]
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An alternate type of miniature specimen for creep measurements was
developed by Feldman.[26]  The specimen was designed in the form of a
stubby column with a “tee” shaped cross-section.  The web thickness of the
tee was approximately 1.25 mm.  The flange was about 12 mm wide and the
column height 30 mm.  The load was applied through a spring loading
device using specially designed miniature frames (Fig. 18).

Figure 18.  Miniature creep apparatus after Feldman.
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Load was centrally applied and distributed to two specimens on
either side of the frame.  Strain (sensitive to 1 µ strain) was measured using
modified Tuckerman extensometers attached to the flange of the column
specimens.  The entire assembly was placed in a perspex cylinder over a salt
solution for humidity control.  A significant amount of creep in the dry-state
was observed for cement paste specimens subjected to solvent replacement
with methanol prior to drying to 0% relative humidity.  Specimens dried
under normal conditions exhibit very low values of creep.  It is suggested
that processes other than those based on diffusion mechanisms (e.g.,
interparticle shear, sliding) contribute to creep.

3.2 Drying Shrinkage

Drying shrinkage is one of the least understood phenomena in
concrete technology.  It has not been possible to correlate the drying
shrinkage with any one of the many factors affecting it.  Shrinkage itself
imposes severe stress gradients on the material and affects measurements
and in large specimens it is virtually impossible to reach a state of
equilibrium.  However, this could be obviated to a large extent by the use
of miniature specimens.  An investigation was carried out to study the effect
of admixtures and other factors on the drying shrinkage of such specimens.

Specimens were cut in thin wafers, 1.2 mm (0.05 in.) thick, 10 mm
(0.38 in.) wide, and 30 mm (1.18 in.) long, from two cement pastes made
from Type I cements containing total alkali contents of 0.8 and 1.3%.  They
were made with w/c ratios of 0.5 and 0.8 with two different amounts of
admixtures and cured for over a year.  Two methods of drying were used.
In the so-called slow method, each sample was exposed to eleven different
humidities from 100 to 15% RH for a total period of 6 months.  The fast
method involved exposing the samples directly to 40% relative humidity.

Shrinkage values for an admixture-free sample and one containing
three times the normal dosage of calcium lignosulfonate are shown in Fig. 19.
Shrinkage on drying from 100 to 40% relative humidity is 0.44% for the
standard and 0.94 for the sample containing calcium lignosulfonate.  The
residual shrinkage values (nonrecoverable shrinkage after re-wetting to
100% relative humidity) for the corresponding samples are 0.16 and 0.60%.
Shrinkage values for these samples following drying from 15 to 0% RH are
0.94 and 0.92%, respectively.  Extensive data, using samples with different
mixtures and w/c ratios lead to the following conclusions.[27]  Depending
on the type of admixture, varying amounts of first drying shrinkage may be
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obtained, these values increasing with extra admixture dosages.  On first
drying, large shrinkage occurs down to 50% relative humidity, the value of
which depends on the type and amount of admixture.  All samples behave
similarly when dried from 50 to 15% relative humidity, re-wetted to 100%
RH, or dried from 15 to 0% RH.  It was also found that the higher the w/c
ratio, the larger the shrinkage.

Figure 19.  Shrinkage and expansion of cement pastes with and without water-reducing
admixtures.[18]

The fact that large differences in drying shrinkage occur between 50
and 100% relative humidity suggests that admixtures mainly influence the
degree of dispersion of the hydrated cement in terms of the alignment of
sheets and displacement of ends of sheets.  This technique provides a
definitive and rapid method of determining the effect of admixtures on
drying shrinkage of hydrated cements.

4.0 VOLUME INSTABILITY OF POROUS SOLIDS

4.1 Accelerated Test Methods

Typical examples of tests designed to predict the long-term performance
of portland cement systems are the ASTM Test for Potential Expansion of
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Portland Cement Mortars Exposed to Sulfate (C452-75) and the ASTM Test
for Compressive Strength of Hydraulic Cement Mortars (C109-77).

The smallest specimens used in tests at present are 25 by 25 mm (1 by 1
in.) in cross-section of which at least 12.5 mm (0.50 in.) must be penetrated
by elements of the environment before a full response in terms of the
reaction of the whole specimen is recorded by the measurement of length.

Mechanical properties are measured with 50 mm (2 in.) cubes or 75
mm (3 in.) diameter cylinders where changes in response to the environ-
ment may take longer.  Miniature specimens are well adapted to measuring
properties of individual constituents of cement paste or aggregates[28][29]

and permit study of the mechanisms of deterioration.[30]  A sample having
one dimension of about 1.5 mm (0.06 in.) will attain equilibrium with the
environment earlier than larger specimens and will give an indication of the
intrinsic response of the material.  In cases where failures involve critical
stress gradients, specimens of larger dimensions may be needed.  Depend-
ing on the material and conditions of test, several other advantages can
result from the use of miniature specimens.  The use of pressed disks, for
example, eliminates mixing with a binder.  Also, the expansion values in
such specimens are much greater than those formed by normal methods,
thus enabling better sensitivity in measurements.  In a single test more
miniature specimens can be accommodated than would be possible other-
wise, because of their small size.  This results in the saving of space,
material, and total time required to obtain the results.  They are especially
valuable when only small amounts of samples are available.  Miniature
specimens are particularly adaptable to nondestructive test methods because
they can be made with uniform properties and can be exposed more easily to
controlled conditions of exposure.

This section presents examples of some possible applications of
techniques involving miniature specimens in testing the durability of
building materials.  The studies include unsoundness of lime, failure of
white coat plasters, unsoundness of cement containing magnesium oxide
(MgO) and calcium oxide (CaO), durability of cement mortars exposed to
chloride solutions, and the resistance of sulfur-impregnated cements sub-
jected to high humidities.

4.2 Unsoundness of Lime

Failure in plaster finish coat or mortar can occur due to the expansion
resulting from the conversion reaction MgO → Mg(OH)2.  Disks of lime
with a nominal diameter of 31.25 mm (1.25 in.) and thickness 2 mm
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(0.08 in.) were made by pressure compaction at 110 MPa (16,200 psi).[31][32]

The disks were autoclaved at 2 MPa (295 psi) for 3 h. The linear expansion
of the compacts containing varying amounts of a dolomitic lime and
calcium hydroxide was measured and found to vary linearly with the
amount of unhydrated MgO. Compounds such as calcium carbonate,
magnesium hydroxide, and calcium hydroxide, normally present in dolo-
mitic limes, show negligible autoclave expansion and, hence, do not
influence the test results.

4.3 Failure of White Coat Plasters

The pressed disk technique was used to investigate the potential
soundness of a plaster that failed on one wall and not the others of a
particular building.[33]  The autoclave expansion values of disks for the
sound plaster and the failed plaster were 15.4 and 5.4 percent, respectively.
The difference was due to differences in the unhydrated MgO content.  It
was concluded that this expansion was responsible for the failure of white
coat plaster on the wall in question.  The technique appears to have
considerable potential for establishing limits of the amount of permissible
MgO in white coat plasters provided the dependence of percent of expan-
sion on the amount of hydration of dolomitic lime can be established.

4.4 Unsoundness of Portland Cement Containing MgO and CaO

Dead burnt MgO and CaO if present in portland cement in the free
form can promote volume expansion.  A study was undertaken to evaluate
the potentiality of thin disks as a replacement for the 25 by 25 by 282 mm
(1 by 1 by 11¼ in.) prisms normally recommended in standard specifica-
tions for the autoclave test and also to compare the relative expansive nature
of CaO and MgO.

A normal portland cement containing 1.28% MgO and 0.48% CaO
was mixed with dead burnt MgO or CaO (0.5 to 4.5 percent by weight) and
made into disks 12.5 mm (1.2 in.) in diameter by a compaction load of 27.8
MPa (800 psi) or 31.25 mm (1.25 in.) in diameter at a load of 8.25 MPa
(1200 psi).  These disks, and the prisms made according to the ASTM Test
for Autoclave Expansion of Portland Cement (C151-74a), were subjected
to autoclave treatment at 2 MPa (295 psi).

Figure 20 shows the relative autoclave expansion values for portland
cement disks 12.5 mm (0.5 in.) pressed at 27.8 MPa (800 psi) containing
MgO or CaO.
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In the cement containing MgO the expansion is low up to about 4%
addition, after which a steep increase occurs.  The expansion values are
much higher in disks containing CaO.  A molar expansion of 90% for the
reaction CaO→Ca(OH)2 compared with 117% for the MgO→Mg(OH)2
reaction cannot explain these differences.  If expansions are compared on
equivalent molar basis (1 g CaO = 0.018 mol and l g MgO = 0.0248 mol),
MgO would be expected to show more expansion.  It appears that the
particle size of the oxides, the crystalline dimensions, and crystalline
growth pressures, may be important factors influencing the overall expan-
sion.  These results also reveal that in specifications for unsoundness of
cement the limitations should be based on the potential expansive nature of
CaO and MgO and not just on MgO.

Figure 21 compares the autoclave expansion of disks 31.25 mm (1.25
in.) in diameter pressed at 8.25 MPa (1200 psi) with that of prisms
containing different amounts of MgO.  This work is also relevant to that
discussed in the chapter on dimensional changes.

Figure 20.  Autoclave expansion of portland cement compacts containing MgO or CaO.[20]
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At 4% MgO, the prism expands by about 0.75%, close to the limit
specified by ASTM.  At this concentration, the expansion in the disk is
much higher, being 2.4%.  The results demonstrate that disks are much
more sensitive to autoclave treatment than the prisms, providing an
alternate technique for the determination of unsoundness in cements.

4.5 Durability of Cement Mortars Exposed to Chloride Solution

The period for detection of the onset of deterioration due to ingress
and attack from strong solutions of sodium, potassium, calcium, and
magnesium chlorides, can be considerably shortened through the use of
thin samples in the form of disks.[29]  Hence, studies were made using
mortar disks 75 mm (3 in.) in diameter and 6.4 mm (0.25 in.) thick sliced
from 75 by 254 mm (3 by 10 in.) cylinders. The mortars were cured for 15
or 240 days before exposure to a salt solution.  The salt solution contained
27.5% CaCl2, 3.9% magnesium chloride (MgCl2), 1.8% sodium chloride

Figure 21.  Comparison of autoclave expansion of portland cement compacts and prisms
containing different amounts of MgO.[20]
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(NaCl) and 0.1% sodium bicarbonate (NaHCO3). A nondestructive test
involving the measurement of deflection in flexure under constant load as
a function of time of exposure to salt solution was adopted to investigate the
durability of the mortar; this test is similar to one previously described for
disks, but on a larger scale.  Because deflection in this mode of testing is
inversely proportional to the cube of the thickness, a small effect at the
surface can be detected quickly.

Two sulfate-resisting cements and one Type I normal portland
cement were used.  Two samples of fly ash containing 47.6 and 55.6% SiO2

were used as replacements of cement at 20 and 35% forming a blend with
the sulfate-resisting cement.  The blended cements made by mixing Type
I portland cement with 37.5, 50, and 70% blast furnace slag also were
examined.

The results are recorded as the difference between the deflection of
the samples stored in the salt solution and those stored in water.  Results for
some of the samples are presented in Figs. 22 and 23.  Figure 22 for the 15-
day cured samples shows that the slag-containing cement sample has a
relatively high resistance to the salt solution even at 700 days.

Figure 22.  Deflection of mortar disks cured 15 days and exposed to chloride solutions (see
text).[20]
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Of the remaining samples, the sulfate-resisting cement mortar failed
first, followed by the two fly ash-replaced cement mortars, and then the
Type I cement mortar.  The results for the 240-day cured samples in Fig. 23
show a similar sequence as before except that the fly ash-replaced cement
mortars are now much more durable and rank in the same order as the slag
cement mortar.  All the specimens cured for 240 days are more durable than
those cured for only 15 days.

These results are, in general, consistent with the observation that the
greater the amount of free Ca(OH)2 in the specimen, the more susceptible
it is to attack.  This is also true for the sulfate-resisting cements which have
a higher tricalcium silicate content.

Additional information on the volume stability of cement systems in
aggressive media is presented in the chapter on dimensional changes.

Figure 23.  Deflection of mortar disks cured 240 days and exposed to chloride solution (see
text).[20]
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4.6 Miniature Rock Prism Test

A miniature rock prism test was designed to accelerate the determi-
nation of potential expansivity of carbonate rocks.[34]  Expansion of
miniature rock prisms sawn normal to the layering of the rock (to avoid the
effects of anisotropy) and stored in 2N NaOH commences within the first
week compared with the long initiation period typical of the rock cylinder
method ASTM C586.  Miniature rock prisms 3 × 6 × 30 mm (0.12 × 0.24
× 1.18 in.) can be sawn from a slab or rock or even cut from a large gravel
pebble.  Length change measurements (to 0.1 µm) can be made with a linear
variable differential transformer (LVDT).  The rock prism is clamped in an
invar frame.  A nut at the lower end is provided so that the LVDT can be
adjusted to read zero with the sample in place.  The length of the dry prism
is first measured,  then placed in water and its length monitored until a
constant value is obtained.  This is taken as the zero value for expansion in
alkali.  The frame containing the prism is then placed in 2N NaOH and left
undisturbed for the duration of the experiment.  This normality was selected
to maximize the rate of expansion.  Several prisms should be measured from
each sample.

Results of expansion for an alkali-expansive carbonate aggregate
(from the Pittsburg Quarry in Kingston) determined by ASTM C586
correlate well with those determined by the miniature rock prism test.  The
advantage of the miniature test is that a given expansion is obtained in a
shorter time.  Excellent correlation was also found between the expansion
of miniature rock prisms in 2N NaOH and expansion of concrete prisms in
a modified form of CSA 23.2-14A in which samples are stored at 30°C and
100% RH.

The miniature rocks prism test avoids gel-like deposits that occur on
specimen surfaces when the rock cylinder method is employed.

The expansion of concrete containing either opal or agate is due to the
formation and swelling of a gel-like phase not to the direct expansion of the
aggregate as is the case with the alkali-carbonate reactive aggregates.  A
correlation between the rates of expansion or contraction of miniature rock
prisms of classical alkali-silica reactive aggregates and expansion of
concrete made with these aggregates cannot, therefore, be expected.

The miniature rock prism test may be particularly useful for evalu-
ating the potential expansivity of the horizons in a quarry containing thinly
bedded carbonate rocks.  For slowly expanding siliceous aggregates,
quartzites, argillites, quartz-biotite gneiss, and graywackes, the miniature
rock prism test results are not as promising.  The miniature rock prisms first
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expanded then contracted and disintegrated.  Although the rates of expan-
sion or contraction do not give a measure of the potential expansivity of
concrete prisms made with these aggregates they do indicate that the rock
is potentially deleteriously expansive in concrete.

5.0 THE MINI-SLUMP TEST

A miniature slump test was developed by Kantro for neat portland
cement paste.[35]  The new procedure was designed to compare the perfor-
mance of water-reducing admixtures and follow the loss in workability
with time.  Pat areas rather than heights are measured and the results are
expressed as a percentage of water reduction.

A miniature slump cone was fabricated of lucite.  Its dimensions
were: top diameter, 19 mm (¾ in.); bottom diameter, 38 mm (1½ in.); and
height, 57 mm (2¼ in.).  The dimensions are in the same proportions as the
slump cone described by ASTM C143.  The cone (1 minute after filling) is
lifted with a motion rapid enough to remain clear of the flowing paste, but
slow enough to avoid imparting a significant upward momentum to the
paste.  Rapid area determinations can be made from the fresh pats with
callipers.  The area of a circle can be calculated from the average diameter.
The areas show large differences with different workabilities.

Plots of pat area versus water-cement ratio are linear, in the range
0.36 to 0.45 for most cements.  The influence of different sugar derivatives
on mini-slump area is shown in Fig. 24.  Sodium gluconate produces
significant water reduction with relatively small quantities.  Larger quan-
tities of other derivatives are required to produce similar effects.

Collepardi, et al.,[36] and Chiocchio, et al.,[37] employed mini-slump
measurements in investigations of cement pastes containing admixtures.  It
was observed that trends in results obtained from the mini-slump test
corresponded to those from the standard concrete slump test.  Ramachandran,
et al.,[38] extended the use of the miniature slump tests to concrete contain-
ing binary admixture systems.  Slump values of cement paste, mortar, and
concrete, were assessed not only on the basis of height, but also in terms of
base area measurement.  Mini-slump tests for cement paste were carried out
according to the procedure of Kantro, described above.  The mortar tests
were carried out with a slump cone having the following dimensions: top
diameter 37.5 mm (1.5 in.); bottom diameter 75 mm (3.0 in.) and height
112.5 mm (4.4 in.).  Mix proportions were cement:natural sand = 1:2.75
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with water-cement ratio = 0.50.  The method for measuring slump of
concrete conformed to ASTM C192-81 and ASTM C143-78.  The concrete
mix proportions were cement:sand:coarse aggregate = 1:2:3.2 with water-
cement ratio = 0.50.

Figure 24.  The influence of different sugar derivatives on minislump area.[26]

Mini-slump values of cement paste and mortars containing different
amounts of superplasticizer and a water dispersible polymer show a similar
trend to concrete slump values using standard methods.  Mini-slump values
of superplasticized cement paste and mortar show a linear relationship with
concrete slump values determined on the basis of area measurement.  The
relationship between slump measured by area and height for superplasticized
concrete is given in Fig. 25.  Preliminary slump experiments based on area
should be carried out to establish interrelationships between cement paste,
mortar, and concrete containing binary and ternary admixture systems.  It
appears that for superplasticized concrete, slump measurements based on
area are a good indicator of workability.
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Techniques for Corrosion
Investigation in Reinforced
Concrete

Gordon Ping Gu, James J. Beaudoin, and
Vangi S. Ramachandran

1.0 INTRODUCTION

The reinforced concrete corrosion damage is a multibillion dollar
problem in the United States and other countries[1]–[4] and the major
contributing factor to the deterioration of the nation’s highway infrastruc-
ture.  A report by the United States Secretary of Transportation estimated
that there were more than 200,000 deteriorating bridge structures the repair
cost of which exceeded $40 billion in 1982 and $50 billion in 1986.[5]  The
annual expenditure for repair and rehabilitation of concrete structures in the
90s has exceeded fifty percent of the total construction costs[6] and it is
expected that this trend will continue to the year 2000.  Early diagnosis of
corrosion, therefore, has become a very important task to the construction
engineers, repair practitioners, and owners of buildings and bridges, since
it allows preventive action and avoids expensive repair.

441
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Many electrochemical techniques have been used in reinforced
concrete corrosion studies.  Most of the electrochemical techniques are
rapid, nondestructive, and easy to perform.  They are used to determine the
polarization resistance (Rp) from which the corrosion rate is obtained.
Electrochemical techniques for corrosion rate measurement can be catego-
rized into two groups: steady-state and transient.  Tafel slope extrapolation,
linear polarization measurement, and cyclic polarization are examples of
steady-state methods.  The term steady-state implies that measurement is
made at the equilibrium condition of the test system.  In the steady-state
technique, potential is normally varied and the current is allowed to reach
the steady state before it is recorded.  The second group comprises the
transient method.  It includes potential or current steps, small and large
amplitude cyclic voltammetry, and ac impedance spectroscopy.  These
methods involve the application of a rapid potential or current change and
the corresponding current or potential response is recorded.  The corrosion
resistance is obtained along with interface double layer capacitance.

Corrosion monitoring techniques have also played an important role
in concrete corrosion studies.  For example, the macro-cell, electrochemi-
cal noise and open circuit potential measurement techniques are often used
in field monitoring of reinforced concrete structures.  These techniques are
particularly useful since they provide in-situ corrosion evaluation.

Theoretically, the diagnosis of reinforced concrete corrosion should
be relatively easy since one can apply any electrochemical technique to the
reinforced concrete to determine the corrosion resistance and rate.  In
reality, however, determining the corrosion rate of steel in reinforced
concrete is far more difficult than that in the solution phase.  This is because
many factors, as indicated below, make the corrosion rate measurement in
reinforced concrete unique and difficult.

• Non destructive requirement: To maintain the integ-
rity of the steel/concrete interface, the electrochemical
technique used to measure the rebar corrosion rate
must be nondestructive.  If there is any distortion it
should be small.  The measurement should not result
in the decrease of the steel/concrete bond strength.

• Microenvironment: The location and the rate of corro-
sion of the rebar depend mainly on the microenviron-
mental conditions at the concrete/steel interface, e.g.,
the pH value, chloride content, moisture content, oxy-
gen availability, etc.
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• Concrete resistivity: The high resistivity of the con-
crete electrolyte requires a so-called IR drop correc-
tion (the voltage drop through the electrolyte) even in
the linear polarization measurement.  The latter is not
normally required when carried out in the solution.

• Mass transport:The corrosion deterioration process
of reinforced concrete is influenced decisively by the
transport mechanism of the reactants (such as oxygen,
carbon dioxide, and chloride ions) and/or products
(iron oxides) within the pore structure of the concrete.

• Undefined testing area: It is always a problem to
define the rebar area that is polarized when a counter-
electrode is at the surface of the concrete along with
the reference electrode.  This is especially the case if
the rebar is some meters in length and is closely spaced
with other adjacent rebars.

Moreover, reinforced concrete in the field undergoes large changes
in temperature and moisture content. These changes can occur within hours,
and lead to changes of corrosion rate even at the same location.  Sometimes,
corrosion rates can vary by orders of magnitude over a period of time.

It is difficult to obtain meaningful and reliable data from the rein-
forced concrete field structures.  Data analysis and interpretation require
the operator to have a good corrosion knowledge and field experience.  The
objectives of this chapter are to describe the phenomena of ordinary steel
corrosion in concrete, to outline different techniques that are commonly
used for corrosion research and assessment of reinforced concrete in the
laboratory and field, and to discuss the principles, applications, and
limitations of these techniques.  It is not the purpose of this chapter to
include all testing methods used in the field and laboratory investigations,
but those that assist field practitioners in the following:

1. Comprehension of the electrochemical principles of
each test method involved so that proper test procedures
and precautions can be taken to ensure the accuracy of
measurements.

2. Acquisition of knowledge of the application conditions
and limitations of each test method.  This helps to
properly select a test method in accordance with the
survey conditions.
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3. Identification of the cause of corrosion to facilitate a
cost-effective repair.  A clear understanding of the
relevant deterioration processes and reproducible mea-
surement techniques are essential for improving dura-
bility and effective design procedures as well as for
monitoring and developing repair techniques.

2.0 BASIC PRINCIPLES OF CORROSION

2.1 Half-Cell Potential[7]

A potential difference arises at the liquid/solid interface when a piece
of metal is immersed in a solution.  This is because of the uneven charge
distribution in both solid and liquid phases.  It is impossible to determine
either the absolute value or a single interface potential difference; therefore,
a second electrode must be introduced to complete an electrical circuit, as
illustrated in Fig. 1.  The potential measured across the two electrodes is
called the cell potential, which is the sum of two half-cell potentials.
Considering iron dissolution in a dilute acid solution, the cell reaction is
written as:

Eq. (1) Fe + 2H+ → Fe++ + H2

The above reaction represents summation of the following two half-cell
reactions

Eq. (1a) 2H+ + 2e- → H2

Eq. (1b) Fe → Fe++ + 2e-

Eq. (1) Fe + 2H+ → Fe+++ H2

A fixed potential difference can always be obtained with reference to
a common electrode or so-called reference electrode that has a half-cell
potential defined as zero.  Any half-cell reaction can be chosen for this
standard reference point.  It is, however, universally accepted that a
hydrogen-hydrogen ion half-cell potential is zero when the hydrogen ion
activity is unity.  All other half-cell potentials are calculated with respect
to the standard hydrogen reference electrode.  As an example, the iron
half-cell potential of -0.44 V is observed if a high resistance voltmeter is
connected with the two electrodes (Fig. 1).
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The half-cell potential of a system in which the reactant is not at unit
activity can be easily calculated from the Nernst equation[8] as follows:

Eq. (2)
red

oxid

a

a

nF

RT.
log

32
0

0 +Φ=Φ

where Φ0 is the half-cell potential (Φ0 is also called reversible potential if
the half-cell reaction is reversible), Φ0 the standard half-cell potential, R is
the gas constant, T is absolute temperature, n is the number of electrons
transferred, F is the Faraday constant, aoxid and ared are activities of oxidized
and reduced species.

Figure 1.  A electrochemical cell containing hydrogen and iron in equilibrium with their
ions.
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2.2 Butler-Volmer Equation[8]

Considering an iron half-cell, e.g., an iron electrode in ferrous
solution, two reactions will likely happen: the Fe atoms dissolve into the
solution by giving up two electrons and ferrous ions in the solution deposit
back to the solid phase by accepting the electrons as described:

Eq. (3a) Fe → Fe++ + 2e-

Eq. (3b) Fe++ + 2e- → Fe or

Eq. (3) Fe � Fe++ + 2e-

The reaction (3a) is named anodic reaction since it represents an
oxidation process, and the reaction (3b) is called cathodic reaction since it
is a reduction reaction.  If no external potential is applied, the iron electrode/
ferrous solution system will reach equilibrium when the anodic reaction
rate is equal to the cathodic reaction or:

Eq. (4) io = i(anodic) = i(cathodic)

where the io is so-called exchange current density.  The corresponding
potential is called reversible (or half-cell) potential,  To describe how the
reaction rate across a metal-solution interface depends on the potential
difference between the actual non-equilibrium and equilibrium potentials,
we need to introduce the Butler-Volmer equation, one of the most funda-
mental equations in electrode kinetics.[8]

Eq. (5)
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The first exponential term in the Butler-Volmer equation de-
scribes the anodic reaction and the second term the cathodic reaction.  The
1-β and -β are the energy fractions of the reaction in the anodic and cathodic
direction, respectively; the term η, called the overpotential, measures how
far the electrode potential is shifted away from the equilibrium potential.
Depending on which direction the shift is, it can be an anodic or cathodic
overpotential, e.g.:

Eq. (6a) ηa = Φ - Φ0

Eq. (6b) ηc = Φ0 - Φ

If an external potential is large enough, the Butler-Volmer equation
can be simplified according to either anodic or cathodic polarization. For
example, for anodic polarization the current density is given as:
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Eq. (7a)
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or it can be rearranged to equation (7(b)) for convenience in plotting,
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Equation (7b) can be expressed in the general form, η  = a + b log i,
which is the so-called Tafel equation where, b is the Tafel slope for anodic
or cathodic reaction and its value is given by the following expressions:

Eq. (7c)
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2.3 The Evans Diagram

The Butler-Volmer equation can be used to produce a plot of
potential as a function of current density. The symbols Φ and E are
sometimes used interchangeably to denote potential. Figure 2 is an example
plot for the iron/ferrous solution half-cell.  The plot (dotted line) contains
two branches, the iron anodic reaction (top branch) and the iron cathodic
reaction (bottom branch).

The potential-logarithmic current density curves can be simplified
by showing only the solid lines.  Such a simplified plot is referred to as an
Evans diagram, after U. R. Evans who first proposed this type of simplifi-
cation.[9]  The solid lines are the extrapolation of the linear portions of the
anodic and cathodic branches of the potential-logarithmic current density
plot.  The intercept is the point where the anodic current density is equal to
the cathodic current density.  The corresponding potential is the reversible
potential, and current density is the exchange current density.  The Evans
diagram is a very useful tool in understanding not only the electrode
kinetics, but also the corrosion theory.  It will be used frequently in this
chapter.



448 Analytical Techniques in Concrete Science and Technology

Figure 2.  A plot of potential as a function of current density.

2.4 Mixed Potential Theory

Considering the Fe/Fe++ half-cell reaction (Fe = Fe++ + 2e-), if iron
dissolution and re-deposition are the only pair of reversible reactions that
take place on the surface of the iron electrode, there will be no corrosion of
the iron electrode because the system is reversible and the loss of iron is
redeposited back to the electrode at the same rate.  However, if other half-
cell reactions exist and consume the electrons generated by the iron
dissolution reaction, for example, the hydrogen evolution reaction (2H+ +
2e- = H2) in the case of the iron electrode in hydrochloric acid containing
ferrous ions, the iron electrode corrodes, accompanied by the generation of
hydrogen gas.  The hydrogen evolution reaction prevents the iron re-
deposition reaction and the corrosion of iron electrode becomes irrevers-
ible.  The electrode will fail to remain at reversible potentials of either Fe/
Fe++ or H2/H+, but must lie at a potential in between the two.  This potential
is achieved when the hypothesis of the mixed-potential theory is satisfied:
the total rate of oxidation must equal the total rate of reduction.
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The mixed-potential theory can be illustrated graphically by an
Evans diagram.  An example is given in Fig. 3 for iron corrosion in acid,
which contains two reversible reactions, the Fe/Fe++ or H2/H

+.  Both
reversible reactions have anodic and cathodic branches, as indicated by the
subscripts a and c in the figure.  Their corresponding reversible potentials
are Φo

Fe/Fe++ and Φo
H2/H+, respectively.  The intersect between the iron

dissolution curve (the anodic branch of the Fe/Fe++ reversible reaction) and
the hydrogen evolution curve (the cathodic branch of the H2/H+ reversible
reaction) represents the condition at which the anodic (oxidation) and
cathodic (reduction) currents are equal and no net external current flows.
The current value at such a point is defined as the corrosion current and the
corresponding potential is the “mixed-potential” or corrosion potential,
Φcorr.  The value of the corrosion potential must lie between the reversible
potentials of the individual reactions (Fig. 3), e.g.:[10]

Eq. (8) Φo
1 < Φcorr < Φo

2

Figure 3.  An Evans diagram illustrating the mixed-potential theory for iron corrosion in
an acid system.



450 Analytical Techniques in Concrete Science and Technology

According to the mixed potential theory, the current, I, at any
potential, Φ, is the sum of all partial currents for the reactions, e.g.:

Eq. (9) I = I1a + I1c +I2a +I2c

where the reactions 1 and 2 are the Fe/Fe++ and the H2/H+ reversible
reactions, respectively.  The subscripts a and c are the abbreviations of the
anodic and cathodic branches of the reversible reaction.  Assuming a
potential, Φ, is in between the two reversible potentials Φo

Fe/Fe++ and
Φo

H2H+, the iron reduction (cathodic branch) and the hydrogen oxidation
(anodic branch) reactions can be simply neglected.  According to the
equations (7a) and (7c), the current at such a potential, Φ, is expressed as:

Eq. (10) 
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At the corrosion potential, Φcorr, the external current is zero and the
corrosion current is equal to either anodic or cathodic reaction current.

Eq. (11) Icorr = I1a  = I2c , or

Eq. (12) 








 Φ−Φ
=









 Φ−Φ
=

c

o
corr

o
a

o
corr

ocorr b
I

b
II

2

2
2

1

1
1 expexp

Combining equations (10) and (12), leads to

Eq. (13) 
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We define

 Eq. (14a) η á = Φ - Φcorr

 Eq. (14b) η ć = Φcorr - Φ
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Now, Eq. (13) can be rewritten as:

Eq. (15) 
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It should be noted that the Butler-Volmer, Eq. (5), and Eq. (15) are
very similar; but the physical meanings of the parameters are very different,
as indicated in Table1.

Table 1. Comparison of Butler-Volmer Eq. (5) and Corrosion Eq. (15)

Eq. (5): Butler-Volmer Equation Eq. (15): Corrosion Equation

Io; exchange current density Icorr ; corrosion current density

ηa , ηc ; overpotentials for η á, η ć ; overpotentials for corrosion
a half-cell reaction cell reactions

ba, bc; Tafel slopes for anodic and b1a, b2c; Tafel slopes for anodic and
cathodic branches of a half-cell reaction cathodic reactions of a corrosion cell reaction

Equation (13) is the theoretical foundation of many electrochemical
techniques of corrosion rate measurement; therefore, it is important to
understand the assumptions made in the derivation of the equation and its
limitations.  Some of the major assumptions are indicated below:[11]

• The electrochemical kinetics of the corrosion system
can be described by the Butler-Volmer equation

• The ohmic resistance of the electrolyte and surface
films are negligible

• The mass transport or concentration polarization pro-
cess is not the rate controlling step of the corrosion
system

• The corrosion potential does not lie close to the revers-
ible potential of either of the two half reactions
occurring, e.g., the reverse reactions can be neglected

• The whole metal functions simultaneously as a
cathode and an anode rather than separated areas of
cathodes and anodes
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• There are no secondary electrochemical reactions
occurring

Unfortunately, none of the above assumptions are clearly satisfied in
reinforced concrete systems due to the complexity of the concrete environ-
ment.  The mass transport and ohmic resistance are two of the major factors
that control the corrosion rate of reinforcing steel in concrete.

2.5 Corrosion Rate Controlling Mechanisms[12]

There are three types of corrosion rate controlling processes that are
operative, depending on the controlling step of the corrosion kinetics:
activation energy, mass transport, and ohmic resistance.

Activation energy control occurs when the electrode kinetics or
corrosion rate is controlled by a slow electrochemical step.  This slow step
has a very high activation energy.  The larger the activation energy is, the
smaller the corrosion rate would be, as shown in Fig. 4, for an anodic control
corrosion system.

Figure 4.  An anodic control corrosion system.
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Mass transport control occurs when the corrosion rate is limited by
a diffusion or mass transport process involving the reactant at the electrode
surface.  This often occurs in the high density reinforced concrete corrosion
where the rate of oxygen diffusion through the concrete to the reinforce-
ment fails to keep up with the rate of steel corrosion; therefore, the
reinforcing steel corrosion process is mass transport or diffusion controlled
(Fig. 5).

Figure 5.  The effect of a diffusion control process on an electrochemical reaction.

Ohmic resistance control occurs when the corrosion rate is controlled
by the ohmic resistance of the electrolyte or oxide films on the electrode
surface.  In reinforced concrete corrosion the electrolyte is the concrete pore
solution.  The resistance can be very large depending on the environmental
humidity and moisture content in concrete.  Figure 6 illustrates two cases
of ohmic resistance control where the potential available for corrosion
reactions is the difference in potentials between the anode and cathode
minus the relevant potential loss due to the concrete resistance.  The
corrosion current decreases as the concrete resistance increases.
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2.6 The Evans Diagram and Polarization Curve

Both the Evans diagram and polarization curves can be used to
describe a metal corrosion system.  They are related, but different.  The
Evans diagrams are simplified plots of anodic and cathodic reaction curves
of an electrochemical system, while the polarization curves describe  the
potential current density behavior obtained experimentally by applying an
external potential or current.  Figure 7 illustrates the difference between an
Evans diagram (dashed lines) and a polarization curve (solid lines).  The
latter curve is the combination of both cathodic and anodic reaction curves
and it can be obtained experimentally.

Figure 6.  A plot of potential versus current illustrating the resistance polarization effect.
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3.0 REINFORCING STEEL CORROSION IN CONCRETE

3.1 Concrete Properties

Concrete is a heterogeneous material with many special characteris-
tics, including high alkalinity of the pore solution, high electrical resistiv-
ity, structure that acts as a physical barrier for mass transport and crack
behavior.  These characteristics determine the extent of reinforcing steel
corrosion.

High Alkalinity. Concrete is a composite material made with ce-
ment, sand, aggregates, water, and chemical admixtures.  Portland cement
hydration involves initial dissolution of CaO, CaSO4 hemihydrate or
dihydrate, alkalis, and aluminate phases, etc.  This is followed by reactions
between the main components, C3S* and C2S, and free water resulting in

Figure 7.  An illustration of the difference between an Evans diagram (dashed lines) and
a polarization curve (solid lines).

*C = CaO; S = SiO2; H = H2O
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the formation of C-S-H, calcium hydroxide (CH), ettringite, and other
minor compounds.  These reactions bridge the individual particles, fill up
the capillary pores, bind aggregates together, and promote formation of a
rigid microstructure and strength development.[13][14]  The pore solution of
concrete has a pH value between 12–14 because of the presence of calcium
hydroxide along with small amounts of Na2O and K2O.  A well-hydrated
portland cement may contain from 15 to 30% calcium hydroxide by mass
of the original cement.[15]  This is usually sufficient to maintain the pore
solution pH at about 13 in the concrete, independent of moisture content.
The alkalinity of the concrete may be reduced in a number of ways; leaching
of soluble alkaline salts with water and reaction with carbon dioxide are
common processes leading to a reduction of the pH value of concrete.

High Electrical Resistivity.  The conduction in concrete is princi-
pally through the motion of ions, such as Na,+, K+, OH-, SO4

2-, and Ca++,
in the pore solution.  A typical value of the electrical resistivity of pore
solution in cement paste is about 25–35 Ωcm16.  The conventional aggre-
gates used in concrete, however, are relatively good insulators with electri-
cal resistivity values ranging from 105 to 1014 Ωcm.[17]  For air-dried
portland cement paste and concrete, the resistivity is in the region 0.6–1.2
MΩcm.[17]  The moisture content of concrete significantly affects its
electrical resistivity.  Moist concrete and cement paste have values of 2.5–
4.5 kΩcm and 1.0–1.3 kΩcm, respectively.  The progressive drying of
initially weather-saturated concrete results in a rapid increase of the electrical
resistivity.[18]  The chemical admixtures and chloride ions may further reduce
the resistivity of wet concrete.

Mass Transport.  Corrosion of reinforcing steel in concrete is
determined by three mass transport processes: oxygen diffusion, carbon-
ation, and chloride ion diffusion.  Good quality concrete provides a physical
barrier to prevent reinforcing steel from carbonation and chloride induced
corrosion.  It also limits the availability of oxygen, a reactant of the steel
corrosion process, at the steel surface.  The moisture content in the concrete
affects the rate of diffusion processes of the above corrosion reactants.  For
example, the oxygen diffusion rate is slower in the water-saturated concrete
than that of a half dry concrete.[19][20]  Moreover, concrete cracking
accelerates the rebar corrosion since it provides easier access for chloride
ions, carbon dioxide, moisture, and oxygen, to the reinforcing steel.  Cracks
can be formed due to many physical and chemical phenomena that may not
be related to steel corrosion, such as shrinkage, applied stress, alkaline
aggregate or sulfate reaction, and freezing-thawing cycles.
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3.2 Mechanisms of Steel Corrosion in Concrete

Pourbaix Diagrams.  The half-cell potentials can be used to deter-
mine criteria for the onset of corrosion.  The most negative or least noble
half-cell tends to be oxidized and the most positive or noble half-cell tends
to be reduced.  One of the best demonstrations of the application of
thermodynamics to corrosion phenomena is provided by the potential-pH
plots or Pourbaix diagrams.[21]  An example of a pH-potential diagram for
iron is shown in Fig. 8.  Each line in the diagram describes the conditions
of equilibrium between two species, e.g., Fe and Fe(OH)2, or Fe++ and
Fe(OH)3.  The main applications of this diagram are (i) prediction of the
spontaneous direction of the corrosion reactions; (ii) estimation of the
composition of corrosion products; and (iii) prediction of the occurrence of
corrosion as the environment changes.  Reinforcing steel is oxidized to
form a passive oxide film, Fe(OH)2, in a concrete environment (pH = 10–
13) (Fig. 8).  This oxide film converts to Fe++ when the pH value drops
below 9.  However, a potential-pH diagram represents equilibrium condi-
tions of electrochemical systems.  It does not indicate the velocity of the
reactions or corrosion rate of metal dissolution.

Figure 8.  A simplified potential-pH diagram for the Fe-H2O system.
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Steel Passivation.  Passivity can be simply defined as a loss of
chemical reactivity due to the presence of a strong oxidizer resulting in
formation of an ultrathin protective film on the surface of the metal.  The
corrosion rate of a metal is significantly reduced in the passive state.  The
reduction in corrosion rate could be of the order of magnitude of 4–6.[8]  The
passive state is, however, often relatively unstable and subject to damage.
Although passivity offers a unique possibility for reducing corrosion, it
must be used with caution.  Figure 9 schematically illustrates the passiva-
tion behavior of iron in an alkaline environment.  The diagram can be
conveniently divided into three regions: active, passive, and transpassive.
Reinforcing steel in a concrete environment lies in the passive region due
to the high alkalinity (the passivity is also indicated in the Pourbaix
diagram, Fig. 8).  This passivating film appears to be a mixed oxide
composed of γ-Fe2O3 and magnetite, Fe3O4, with a thickness of 10–100
Å.[22]  It protects metallic iron from further corrosion.  The steel corrosion
rate in this region is about 0.1 µm/year[23] which is insignificant for most
concrete structures.

Figure 9.  A schematic of the passivation behavior of iron in an alkaline environment.
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Passivity of steel embedded in concrete will break down if chloride
ions are incorporated in the concrete mix or penetrate from an external
source into the concrete.  A decrease of the pH value in concrete caused by
reactions between the concrete and carbon dioxide in the atmosphere can
also affect the passivity.  Corrosion of the steel reinforcement decreases the
integrity of the steel/concrete interface causing concrete delamination.
Decrease of the rebar diameter weakens the mechanical properties of the
concrete and cracking and spalling of the concrete cover occur.

3.3 General Steel Corrosion Process in Concrete

A corrosion system consists of four basic elements.  These are: an
anode, where electrochemical oxidation takes place; a cathode, where
electrochemical reduction occurs; an electrical conductor; and an electro-
lyte.  The anode and cathode in reinforced concrete can be in the same rebar
or in different rebars.  Moisture in concrete provides an electrolytic path for
electron transfer from anode to cathode.  The rebar is the electrical
conductor that completes the corrosion cell.  The corrosion of reinforcing
steel in an alkaline concrete environment generally involves the following
anodic and cathodic reactions.[24]–[28]

Anodic Reaction:

Eq. (16) Fe → Fe++ + 2e-

3243

222

OFe,OFeFeOOH,
FeOOH,,Fe(OH)OHandO,OHFe

−−
−→+ −++

αγ
α

Cathodic Reaction:

Eq. (17) ½O2 + H2O + 2e- → 2OH-

The anodic reaction involves the oxidation of iron to ferrous or ferric
oxides and the cathodic reaction normally is the reduction of oxygen to
hydroxide ions (Eqs. 16 and 17).  A hydrogen evolution reaction occurs
instead of oxygen reduction in the absence of oxygen and at a pH value less
than 9, as described below:[24]

Eq. (18) 2H2O + 2e- → H2 + 2OH-
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Hydrogen evolution (Eq. 18) rarely happens as oxygen is always
available in the atmosphere.

3.4 Carbonation Induced Corrosion

The maintenance of the passivity of steel in concrete requires a high
pH environment.  Concrete can, however, lose its high alkalinity if
significant carbonation occurs.  Carbonation refers to the reaction of carbon
dioxide gas in the air (0.03%) with ions in the pore solution of hydrated
portland cement paste.  These reactions include the following:

Eq. (19) CO2 + 2NaOH → Na2CO3 + H2O

Eq. (20) CO2 + Ca(OH)2 → CaCO3 + H2O

The moisture condition and permeability of the concrete affect the
carbonation. The dependence of the amount of carbonation of concrete on
the ambient relative humidity is shown in Fig. 10. In dry concrete, Ca(OH)2

reacts very slowly with CO2, but the reaction is much faster when a surface
film of water (50% RH) is present on the grains of Ca(OH)2. The CO2 gas
must first diffuse through the water. If the humidity is high in the pores of
the paste (>75% RH), the diffusion rate is considerably lower than through
the air.[29]

Figure 10.  A plot of concrete carbonation percentage versus ambient relative humidity.
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A simplified “square root of time” equation from Tuutti’s model is
often used to describe the carbonation diffusion process:[30]

Eq. (21) tkx =

where, x is the carbonation depth (mm), t is time (s), and k is a constant
depending on concrete characteristics and ambient conditions.

The change of pH in concrete due to carbonation is very steep with
a very narrow zone  referred to as the “carbonation front” separating two
sides.  One side towards the surface has pH values below 8, the other into
the concrete core has pH values above 12.  When the carbonation front
reaches the reinforcement, the passive film is no longer stable and corrosion
rate, therefore, increases.  Figure 11 is an Evans diagram that shows the
effect of carbonation on steel corrosion.  Curve “C” is the cathodic reaction
(oxygen reduction) and the “A” curves are anodic reaction curves for the
steel oxidation.  As the steel/concrete interface pH value decreases, there
is a reduction in the passive region and the anodic reaction curves shift to
the right from A1 to A2.[31] The corrosion potential decreases from Εcorr to
Ε ćorr and the corrosion rate increases from Icorr to I ćorr .

Figure 11.  An Evans Diagram illustrating the effect of carbonation on steel corrosion.
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The reinforcing steel corrosion process due to carbonation is nor-
mally homogeneous, producing over the long term a reduction in the cross-
sectional area of the steel and a significant amount of oxides which may
crack the concrete cover or diffuse through the pores to the surface of the
concrete.

Groundwater or drain water can also cause a reduction of pH value
by leaching out the alkaline ions associated with K2O and Na2O in hydrated
cement paste.  Subsequently, CH is leached.  The leaching mechanism for
CH relies on the reaction with carbonic acid and bicarbonate ions.[32]

Carbonic acid neutralizes CH directly.  Steel corrosion rate can be acceler-
ated when the pH value is less than 8.  This may occur when significant
carbonation or decalcification (leaching of CH ) takes place.  Both pro-
cesses produce a loss of lime (calcium hydroxide); however, carbonation
is a very slow process especially in concrete with low permeability.

3.5 Chloride Ion Induced Corrosion

Source of Chloride Ion.  Chlorides can be introduced into concrete
through two main routes, (i) as a contaminant or an additive in the original
mix, and (ii) as a result of “post-setting” exposure to the environment.  The
common sources of chloride are listed below:

• Construction error involving the use of excessive
calcium chloride as an accelerating agent for the
hydration of portland cement

• Use of admixtures (e.g.,. some water-reducing agents)
containing small amounts of calcium chloride to offset
the set-retarding effect of the water reducer

• Use of chloride contaminated aggregates and water in
the concrete mix

• Use of NaCl as a deicing salt for winter traffic control

• Exposure to seawater or chloride-bearing air in marine
areas

Introduction of chloride through the first source initiates corrosion
reactions immediately; however, the most common source of chloride (the
second route) is from an external source and involves penetration into the
concrete.  The chloride builds up with time, possibly leading to a condition
where the concrete is no longer able to protect the reinforcement from
corrosion.  Chlorides can penetrate through the cracks and capillary pores.
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The suction of salt water into a dry concrete can also result in several
millimeters of penetration in a few hours.  In contrast, the penetration is
much slower by diffusion of the chloride ions through the cement paste pore
solution when driven by the concentration gradient in a wet or highly moist
concrete.  The typical diffusion rate for fully saturated cement paste is in the
order of 10-12 m2/s.[33]–[35]

Chloride Binding.[36]–[37]  Concrete can immobilize chloride ions.
Chloride ions can be incorporated in the lattice of crystalline hydration
products in the form of 3CaO·Al2O3·CaCl2·1OH2O (Friedels salt) and
3CaO·Al2O3·3CaCl2·32H2O. The C3A content of the cement has a signifi-
cant influence on the amount of chloride remaining in solution. Chloride
ions are also chemisorbed at the surface or intercalated into the structure of
the C-S-H hydration product. The amount of immobilized chloride is dependent
on the presence of other anions, e.g., sulfates, carbonates, and cations, e.g.,
Ca++, K+ or Na+. Temperature and pH are also contributing factors.

The major sources of chloride ions are marine water and deicing salts.
It is assumed by many authors that the ingress of chloride ions within
concrete follows diffusion mechanisms described by a simplification of
Fick’s second law of diffusion.[38]–[40]

Eq. (22)
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where Cx and Cs are the chloride ion concentration at a certain depth x and
the surface, respectively.  The parameter D is the chloride diffusion
coefficient (m2/s) and t is the time.  Using this model it is possible to
calculate the time required for the critical chloride corrosion initiation
threshold to be reached at the level of the reinforcing steel.  The time taken
to obtain the critical chloride concentration is dependent on the diffusion
properties of the concrete, the surface concentration of chloride, and the
depth of the concrete cover above the reinforcing steel; however, such a
prediction model has been questioned since it neither considers the effect
of chloride adsorption nor the concrete cracking.

Chloride attack is a major cause of reinforced concrete deteriora-
tion.[24]–[28][41][42]  Figure 12 is an Evans diagram that illustrates the effect
of chloride ion contamination on steel corrosion.[31]  Curve “C” is the
cathodic reaction and the “A” curves are anodic reaction curves in the
presence of various chloride ion concentrations.  As chloride ion concen-
tration increases there is a reduction in the passive region and the anodic
reaction curves shift from “A1” to “A3.”  In the extreme case (“A4”), the
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passive region disappears.  The corrosion potentials decrease toward more
negative values (Εcorr4 < Εcorr3 < Εcorr2 < Εcorr1) and the corrosion rate, Icorr,
increases (Icorr4 > Icorr3 > Icorr2 > Icorr1).

Figure 12.  An Evans diagram illustrating the effect of chloride ion contamination on steel
corrosion.

Mechanism of Chloride Attack on Reinforcing Steel.  There are
three modern theories to explain the effects of chloride ions on steel
corrosion:[43]

1.  The Oxide Film Theory—It is believed that the oxide
film is responsible for passivity and protection of the
rebar against corrosion.  This theory postulates that
chloride ions penetrate the film easier than other ions
(e.g., SO4

=).  Alternatively, the chloride ions may colloi-
dally disperse the oxide film, thereby making it easier to
penetrate.

2.  The Adsorption Theory—Chloride ions are adsorbed
on the rebar surface in competition with dissolved O2 or
hydroxyl ions.  The chloride ion promotes the hydration
of the iron ions and thus facilitates the corrosion of steel.
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3. The Transitory Complex Theory—According to this
theory, the chloride ions become incorporated in the
passive film replacing some of the hydroxides increas-
ing both its conductivity and its solubility.  The film,
therefore, loses its protective character.  The reactions
may be expressed as follows:

Eq. (23) Fe(OH)x + xCl- → FeClx + xOH-

followed by

Eq. (24) FeClx + xOH- → Fe(OH)x + xCl-

where x can be 2 or 3, depending on the oxidation state of iron.  It should
be noted that the consumption of chloride ions in the reaction described
by Eq. (23)  is balanced by the release of chloride ions in Eq. (24).  The
presence of chloride ions promotes the disruption of the iron oxide layer
through the looping reaction process.  The product of Eq. (23), FeClx , also
accelerates the disruption of the protective oxide film due to its high
solubility.  The non-homogeneous distribution of chloride ions over the
steel surface and the imperfections of the passive iron oxide film allow easy
incorporation of the chloride ions and breakdown of the passive film
locally.  This local phenomenon results in the creation of macro-cells.  The
local active areas will act as anodes where the iron will easily dissolve at
a relatively low potential.  The remaining passive areas will act as cathodes
where oxygen reduction takes place at a higher potential.  The rate of
dissolution of iron in the macro-cells will depend, in addition to the normal
controlling factors for corrosion, on (i) the cathode:anode area ratio and (ii)
the electrical resistivity of the concrete between the cells.

The expansion of the iron oxides as they are transformed to higher
oxidation states is the major cause of concrete failure.  The specific volume
of the hydrated iron oxides can be up to nearly seven times that of the iron
from which it is formed.[24]  The resulting stresses generated in the concrete
are considerably greater than its fracture strength and lead to cracking and
spalling of the concrete cover.

4.0 CORROSION ASSESSMENT TECHNIQUES

Many electrochemical techniques are applied in reinforcing steel
corrosion research.  Most of them are still limited to laboratory scale
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investigation and a few can be used in the field.  The commonly used
electrochemical techniques are either steady-state or transient types.  If the
interface double layer capacitance effect is taken into account, Eq. (13) can
be rewritten as:[44]

Eq. (25) 
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where C is the interfacial capacitance associated with the electrochemical
double layer and (∂Φ/∂t) is the potential scan rate.  The steady-state
techniques focus on the first term of Eq. (25), which describes the steady-
state behavior of the electrode kinetics.  In order to reduce the errors
induced by the second term, the potential scan should be as slow as possible,
e.g., the term C(∂Φ/∂t) approaches zero.  ASTM standard G-59[45] recom-
mends a potential scan rate of 0.167 mV/s, which is desirable to obtain the
corrosion rate at steady state, especially in the polarization method.  The
steady state techniques require a slow potential scan rate so that the effect
of the interfacial double layer capacitance, the second term of Eq. (25), can
be minimized.  In contrast, the transient techniques require rapid potential
scan rates to measure the interfacial effect.  The interface is modeled using
a Randles equivalent circuit that consists of a solution resistance (Rs) in
series with a parallel circuit of a double layer capacitance (Cdl) and a charge
polarization resistance (Rp) (Fig. 13).  The circuit parameters (Rs, Cdl and
Rp) can be determined by applying a transient potential (or current) signal
such as pulse, triangle wave or sinusoidal wave, to the interface.  Long term
monitoring techniques are also often applied to the reinforced concrete
corrosion studies.  Parameters such as corrosion potential and macro-cell
corrosion current are commonly measured for a long period of time to
monitor the progress of rebar corrosion.  The ASTM G109-92[46] procedure
and the electrochemical noise technique are examples of these methods.

Figure 13.  The Randles equivalent circuit.
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In this section the techniques discussed are mass loss, half-cell
potential, linear polarization, Tafel extrapolation, macro-cell corrosion
monitoring, electrochemical noise monitoring, coulostatic, potential and
current steps, and the ac impedance methods.  It is difficult to address all
the techniques that are used in electrochemical corrosion studies; therefore,
only those techniques that have been used in reinforced concrete corrosion
work will be discussed.  Techniques including half-cell potential, linear
polarization, and ac impedance spectroscopy, are particularly suitable for
field assessment of corrosion in concrete structures.  They are, therefore,
described in greater detail.

4.1 Mass Loss

The mass loss technique is one of the oldest and most reliable
methods of determining the corrosion rate of steel.  The corrosion current
or rate can be calculated from the mass loss over a known period of time
using Faraday’s Law:[44]

Eq. (26) Fn

MtI
W

corr=
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Eq. (27) Mt
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where W is the mass loss (g), t is time (s), n is the number of electrons
involved in the corrosion reaction, F is Faraday’s constant (96487 C/g-eq.)
and M is the molecular weight of the iron.

Corrosion rate can be expressed as the penetration rate assuming that
Icorr (µΑ/cm2) is uniformly distributed over the entire wetted surface area
or known actively corroding area:

Eq. (28)
d
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Where CR is the corrosion rate (mm/per year), E.W. is the equivalent weight
(dimensionless), and d = metal or alloy density, g/cm3.  The constant,
3.27 × 10-3, has units of mm-g/µA·cm·year.

The mass loss method is often used in atmosphere and immersion
corrosion studies.  It is also used as a tool to validate other electrochemical
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methods such as linear polarization and ac impedance techniques.  It is,
however, not as commonly used as the latter two in reinforced concrete
corrosion studies because of the following disadvantages:

• It is a destructive method.  It requires destruction of the
reinforced concrete specimens and careful cleaning
work to obtain the mass loss of the reinforcing steel.

• It is a time consuming and tedious process since there
is not any electrochemical acceleration of the
corrosion process.

• It may not be applied in the field corrosion assessment
due to the nature of the method.

4.2 Half-Cell Potential Measurement

The half-cell potential measurement is the most common method
used in the bridge deck corrosion surveys.[41]–[42][47]–[54]  An indication of
the relative probability of corrosion activity can be empirically obtained
through measurement of the potential difference between a standard
portable half-cell placed on the surface of the concrete and the steel rebar
underneath.  The copper-copper sulfate (Cu/CuSO4) and silver-silver
chloride (Ag/AgC1) standard reference electrodes are normally used.  The
data analysis guideline described in ASTM C876-91 provides general
principles for evaluation of reinforcing steel corrosion in concrete.[55]

These are outlined in the table below.

Table 2. General Principles for Evaluation of Reinforcing Steel Corrosion
in Concrete

Half-cell potential reading, vs. Corrosion Activity
Cu/CuSO4

less negative than -0.200V 90% probability of no corrosion

between -0.200 V and -0.350V an increasing probability of corrosion

more negative than -0.350V 90% probability of corrosion

Figure 14 is a schematic of a half-cell potential measurement in a
reinforced concrete system where the concrete (containing a certain amount
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of moisture) acts as the electrolyte.  A high input resistance (at least 10 MΩ)
voltmeter is required for the actual measurement.  The measured voltage is
the sum of steel/concrete potential, Vsteel/conc, the concrete/reference poten-
tial, Vconc/ref , the potential drop across the concrete, IRconc and the contact
resistance, Vcontact, as expressed below:

Eq. (29) ∆Vmeasured = Vsteel/conc + VCconc/ref + IRconc + Vcontact

Figure 14.  A schematic illustration of the half-cell potential measurement procedures in
a reinforced concrete system.

Half-cell potential measurement is more sensitive to active corrosion
areas of the rebar than the passive areas.  The potential may only represent
the corroding bar when actually two rebars are crossing.  This point can be
further demonstrated by considering a hypothetical situation of a single
corroding area on a passivated rebar.  The resultant half-cell potential
readings of three different locations are shown in Fig. 15.  It is clear that cell
placement location is critical in the actual measurement of the corroding
potential.  Readings should be taken at close spaces to correctly evaluate the
corrosion activity.[56]
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Half-cell potential measurement is one the most commonly used
electrochemical techniques in field corrosion assessment.  It has many
advantages including:

• Rapid estimation of the extent of corrosion; nonde-
structive character

• Cost-effectiveness

• Ease of operation

• Use of data to guide corrosion measurements

• Application of data to confirm surveys obtained by
other techniques

Unfortunately, data analysis and interpretation of half-cell potential
measurement have become more complicated due to advances in concrete
technologies.  Factors such as chloride and moisture content, cell place-
ment, electrical continuity, and temperature, are known to have a signifi-
cant influence on half-cell potential readings.  Steel fiber reinforcement,
dense material overlays, and concrete sealers, tend to make the potential
measurement more difficult and sometimes impossible.  Cathodic protec-
tion systems, stray currents, and previous repair patches, etc., can also cause
interference.  Confirmation with other nondestructive corrosion rate deter-
mination methods is, therefore, necessary in evaluating half-cell potential
results.  A simple comparison of potential data with the ASTM guideline
could prove meaningless.

Figure 15.  The effect of position of a reference electrode on the half-cell potential reading.
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As an example, oxygen concentration at the rebar interface affects the
half-cell potential readings as well.  A low oxygen concentration at the rebar
surface may result in a more negative potential reading as illustrated in Fig.
16.[31]  Curve “A” represents the anodic reaction and curves “C1”–“C3”
cathodic reactions representing various initial oxygen concentrations avail-
able at the reinforcing steel surface.  The corrosion potential, Φcorr , shifts
toward more negative potential values(Φ ćorr and Φ´́corr) as the initial
oxygen concentration decreases.  However, Icorr remains small when the
intercept falls in the passive region.

Figure 16.  The effect of oxygen concentration on the electrochemical behavior of iron
corroding with a diffusion-controlled cathodic process.

A more negative reading of potential in general is considered to
indicate a higher probability of corrosion.  This general “rule” may not be
valid all the time.  Comparison of the differences in the half-cell potential
across a structure is more indicative of the level of corrosion activity than
absolute values.[56]  For example, a variation of 100 mV (from -150 mV to
-250 mV) in half-cell potential reading may indicate more active rebar
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corrosion at a given section than a similar section with a 30 mV variation
(from -250 mV to -280 mV).  Evaluation of rebar corrosion only from the
“absolute” half-cell potential values may be misleading and cause errors in
judgment if other factors are not taken into account.

4.3 Linear Polarization Measurement

Basic Principle.  The electrochemical principle behind the linear
polarization technique is expressed by the Stern-Geary equation:[57]
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The polarization resistance, Rp, of the corroding electrode is defined as
the slope of a potential-current density plot at the corrosion potential, Φcorr.
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Equation (30) can be derived from Eqs. (12) and (13).  References 11
and 13 provide mathematical detail.  The Stern-Geary constant B is a
function of the anodic and cathodic Tafel slopes (ba and bc , the subscript
numbers are omitted for simplification) of the corrosion cell reactions and
their values should be determined using the weight loss method.  However,
a  B value of 26 or 52 mV has been utilized in the calculation for the bare steel
in the active and passive stages, respectively, for the rebar corrosion.[58]

The linear polarization technique involves application of a slow
potential scan (usually 0.167 mv/s) close to the corrosion potential, Φcorr,
(ranging from -20 mV to +20 mV).  The response, polarization current
density, I, is recorded.  The measurement can also be made in a galvanostat
mode in which the current is monitored in order to obtain a small polariza-
tion potential.  Figure 17 is a schematic potential-current density plot in
which the slope is Rp.  The corrosion rate, C.R., can be computed using
Faraday’s Law (Eq. 28),[44] and the reduction of rebar diameter in the steel
cross section can be calculated according to the following equation:[59]
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Εq . (33) φ(t) = φi - 0.023 Icorr t

where φ(t) = remaining diameter (mm) at time, t, (years), φi = initial
diameter and 0.023 is a factor to convert µA/cm2 to µm/year.

Figure 17.  A schematic of a linear polarization plot (potential versus current density).

Experimental Set-Up.  A normal setup for linear polarization
measurement consists of three electrodes, as shown in Fig. 18.  A working
electrode connects to the rebar and auxiliary (or counter) and reference
electrodes are placed on the concrete surface over the reinforcing steel.  A
direct application of a laboratory instrument to reinforced concrete corro-
sion studies has proved to be difficult.  The area of the working electrode,
e.g., the reinforcing steel bars, is normally much larger than that of the
counter electrode.  Thus, the current distribution between the working and
counter electrodes is not defined precisely.  Neither the area of the working
electrode that is polarized nor the contribution of the signal received from



474 Analytical Techniques in Concrete Science and Technology

the defined working electrode area is known.  Two approaches have been
taken to solve this difficulty.  The first uses a “guard ring,” i.e., a second,
concentric counter electrode surrounding the first counter electrode.  The
same potential is applied at the guard electrode to confine the current paths
between the central counter electrode and the working electrode ensuring
that they are essentially straight.  Only the current passing through the
center counter is recorded.  Thus, the area of the working electrode
polarized by the central counter electrode is, in theory, equal to the area of
the central counter electrode (Fig. 19).[5][60]  Preferably, the “guard ring”
should be placed symmetrically on concrete over the rebar.  The reference
electrodes should be in contact with the concrete, aligned over the rebar.
Displacement of the probe from the center of the rebar will increase the
polarization area resulting in a smaller Rp value (Fig. 20).  The second
approach, involving tedious mathematical calculation, is to model the steel/
concrete system using electrical transmission line theory to determine the
effective polarization range of the counter electrode.[28][61][62]

Figure 18.  A schematic of a normal three electrode linear polarization measurement.
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Figure 19.  A schematic of an experimental setup for the linear polarization measurement
with a guard electrode.

Figure 20.  The effect of positioning of the linear polarization probe (from the center of
the rebar) on the Rp value.
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Guidelines for Data Interpretation.  Three types of linear polariza-
tion devices with the guard ring feature are commercially available for
corrosion evaluation of reinforced concrete:  PR Monitor (Cortest Colum-
bus Tech., Inc.), Gecor (GEOCISA), and NSC (Nippon Steel Corp.).  The
basis of operation for the first is linear polarization theory.  However, the
latter two devices are slightly different; they operate using a galvanostatic
pulse.  The measured Rp will vary due to the differences in the type of
equipment.  It has been reported that the corrosion current density values
obtained from NSC and 3LP equipment are much larger than those obtained
from the Gecor.  The relative magnitude of Icorr values is Gecor < NSC <
3LP.[60]  The high variation of data from the 3LP device is attributed to the
absence of current distribution confinement.  Data analysis requires caution
because of the inconsistency of the Rp values obtained from different
devices.  Different devices may have their own data analysis guidelines.
Guidelines for the estimation of corrosion extent using Icorr, and C.R. in
reinforced concrete practice for the 3LP and Gecor, respectively, are given
in the following table.[49][63]

Table 3.     Guidelines for Estimation of Corrosion Extent for 3LP and Gecor

Corrosion current Corrosion Rate Extent of corrosion
Density (µA/cm2) (µm/year)

Applied to devices without guard ring

Icorr < 0.22 < 2.57 No corrosion damage

0.22 < Icorr < 1.08 2.57 < C.R. < 12.6 Corrosion damage is possible
in the range of 10 to 15 years

1.08 < Icorr < 10.8 12.6 < C.R. < 126 Corrosion damage is possible
in the range of 2 to 10 years

Icorr > 10.8 > 126 Corrosion damage is expected
in 2 years or less

Applied to devices with guard ring (mainly Gecor)

Icorr < 0.1 < 1.17 Passive condition

0.1 < Icorr < 0.5 1.17 < C.R. < 5.85 Low to moderate corrosion

0.5 < Icorr < 1 5.85 < C.R. < 11.7 Moderate to high corrosion

Icorr > 1 > 11.7 High corrosion rate
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Corrosion rate can be reported in units of mils per year (mpy),
milliamps per square foot (mA/ft2), or microamps per square centimeter
(µA/cm2).  The conversion factors are mA/ft2/0.96 = µA/cm2 and
µA/cm2 × 0.4615 = mpy.

The linear polarization technique is the most successful nondestruc-
tive, relatively fast, cost-effective, and a quantitative approach in rein-
forced concrete corrosion assessment to date.  It allows the corrosion rate
of rebar to be determined and the remaining diameter to be estimated.  It is
a very useful technique in the field assessment of the remaining service life
of the reinforced concrete structure.

4.4 The Transmission Line Model Approach

An alternative approach to overcome the nonuniform current distri-
bution during the linear polarization measurement is to determine the
effective polarization range of the counter electrode using the electrical
transmission line model. This approach involves a tedious analytical solution
of the Laplace equation or numerical calculations, and it is often found difficult
to apply in the field. However, a simplified method based on a unidirec-
tional transmission line model has been developed by Andrade, et al.[61][62]

A reinforced concrete beam can be represented by a unidirectional
transmission line model (Fig. 21a, b) which consists of the unit length
electrolytic resistance of concrete, Re, and unit length polarization resis-
tance, Rt, of the rebar.  Taking an infinitesimally small beam, dx, in the
lengthwise direction and considering du as the change in potential and di the
variation of current (Fig. 21c), the following equations are obtained:[61][62]

Eq. (34) du = -iRedx
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The general solution of Eqs. (36) and (37) is given below.

Eq. (38) u(x) = Ae-α 'x + Beα 'x

Eq. (39) u(x) = A'e-α'x + B'eα 'x

where

Eq. (40) te RR=′α

and A, A', B and B' are constants.  Based on this model, three methods were
proposed by Andrade, et al.,[61][62] to determine the corrosion polarization
resistance of the reinforcing steel.  They are critical length, signal attenu-
ation, and double-counter, as briefly discussed below.

Critical length.  It is assumed in this method that the potential signal
reaches a limiting length beyond which point the current (the response
variation) is equal to zero (Figure 21(d)).  Such a length is defined as the
critical length:

Eq. (41) etcrit RRL 5.1≈

and the unit length polarization resistance, Rt, can be expressed as:

Eq. (42) Rt = 4(Rṕ) 2 /Re

where the Rp' is the apparent polarization resistance which can be directly
obtained in the measurement.

Signal Attention.  The α´ term can be determined from the following
equation by taking readings of potential u(x) at two different distances from
the counter electrode, say, x1 and x2,

Eq. (43)
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and the R1 is calculated using Eq. (27), i.e.:

Eq. (44) R1 = Re /α´ 2



Corrosion Investigation in Reinforced Concrete 479

Figure 21.  (a) A reinforced concrete beam; (b) a unidirectional transmission line model;
(c) an infinitesimally small beam of length, dx; and (d) the critical length.
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Double-Counter. This method is also based on the existence of
critical length, Lcrit , beyond which the applied signal has little effect on the
distribution of the current on the rebar. By using two different sizes of
counter electrodes, say L2 and L1, the measured current difference between
L2 and L1 is considered to be equal to the current measured by using a
counter electrode with the size of L2 - L1 and the corrosion resistance, Rp,
is determined by:

Eq. (45) ( )
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where p is the perimeter of the rebar (or the sum of the perimeters if more
than one rebar is considered), R ṕ(L1) and R ṕ(L2) are the apparent corrosion
resistance values measured using the two counter electrodes with a size of
L2 and L1, respectively.  It is noted that the double counter method measures
the Rp directly; however, both the critical length and signal attenuation
methods require knowledge of the unit length electrolytic resistance of
concrete, Re, in order to calculate the Rt and Rp.  Normally, the Re can be
approximated as

Eq. (46) Re = 2RwD/S

Eq. (47) Rp = pRt

where D is the diameter of the small disk electrode and S is the section area of
the reinforced beam.  The Rw is the ohmic resistance between the disk electrode
and a very large electrode located at a distance at least higher than 1.5 D.

The accuracy of the electrical transmission line model approach in
determination of the corrosion resistance of reinforced concrete has been
studied mainly in the laboratory.  A relatively good agreement appears to
exist between the data obtained from nonuniform current distribution
measurements, analyzed using of the transmission line model equations,
and the data obtained using uniform current distribution measurements.[62]

4.5 Tafel Extrapolation (Anodic/Cathodic Polarization) Technique

This method involves a large range of anodic and cathodic potential
polarization that is applied to the working electrode.  The polarization curve
is normally presented in a potential versus log (current density) plot (or so-
called Tafel plot) as shown in Fig. 22.  The linear portion of the curve
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describing a relatively high polarization potential follows the Tafel relationship
(η = a  + b  log i);  the slope is referred to as the Tafel slope. Icorr is determined
from extrapolation of the current curve from either the anodic or the
cathodic Tafel region to the open-circuit potential (corrosion potential).
This method is commonly used in corrosion studies and also used by
reinforced concrete corrosion pioneers in the 1950s.[65][66]  However, there
are some complications associated with this method when it is applied to
the corrosion of reinforced concrete:

• This method may damage the reinforcing steel/concrete
interface since a large overpotential must be applied.
This is particularly true in the case of anodic polariza-
tion, in which the steel surface is changing because of
corrosion and/or passivation.  This may weaken the
steel/concrete interface bond strength.

• The ohmic resistance arising from the resistivity of the
concrete, location of the reference electrode, and magni-
tude of the current, can contribute a large error to the
measured potential (Fig. 22).

• The concentration polarization complication is signifi-
cant.  The Tafel relationship depends on pure activation
control.  In the reinforced concrete system, the oxygen
reduction rate is fast enough that the mass transport of
the oxygen process becomes the kinetic limitation.  There-
fore, cathodic reaction may be under mixed charged
transfer-mass transport or mass transport control.  The
cathodic polarization behavior associated with mixed
control makes the Tafel extrapolation difficult because
the Tafel region is not extensive.

Considering the above problems, this method may not be suitable for
field corrosion assessment of reinforced concrete structures.

4.6 The Potential Step and Current Step Techniques

The potential and current step are among the simplest methods for Rp

determination.[67][68]  Basically, a small amplitude of potential or current is
applied to the steel/concrete interface and the current or potential response
is recorded. Figures 23 and 24 show the current and potential response in the
determination of Rp by applying a potential step of 10 mV and current step
of 10 µA, respectively.[69] The decay of the current response (Fig. 23) and
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Figure 22.  A potential versus log (current density) plot (or Tafel plot).

Figure 23.  A plot of the current response in the determination of Rp by applying a potential
step of 10 mV.

the slow increase of potential response (Fig. 24) are due to the presence of
the double-layer interface capacitance; therefore, a certain time is required
to reach a constant ∆I and ∆Φ to ensure the Rp accuracy.
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Although these two methods are simple they require a small ampli-
tude of either potential or current, e.g., small polarization within the linear
potential-current behavior near the corrosion potential.  This may lead to a
small signal/noise ratio that makes the measurement difficult and, in the
extreme case, impossible.

4.7 The Coulostatic Method[70]

The theory behind this method is that when a small amount of charge,
∆Q, is applied to an interface, the potential across the interface will
instantaneously shift to a value, ηo.  This potential value is expressed as:

Eq. (48)
AC

Q

d
o

1

∆
=η

where Cd1 is the steel/concrete interface double-layer capacitance, A is its
surface area of the rebar, and ηo is the initial polarization.  As soon as the

Figure 24.  A plot of the potential response in the determination of Rp by applying a current
step of 10 mA.
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charging is over, the potential of the rebar will decay back to the corrosion
potential Φcorr .  Assuming the Randles equivalent circuit model is appli-
cable (Fig. 13), the decay process at a time, t, is described by the equation
below:

Eq. (49) 01 =+ td
p

t dC
R

dt
η

η

Integration leads to

(Eq. (50) ηt = ηo exp(-t/Cd1Rp)

Taking the logarithm of both sides of the equation gives rise to

Eq. (51) ( ) ( )
pd

ot
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t
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lnln −= ηη

A plot of ln (ηt) versus t yields a straight line the slope of which allows
the time constant, CdlRp, to be calculated (Fig. 25).  The Rp value can also
be determined since Cd1 is known through Eq. (48).  This method is
potentially applicable for field corrosion investigations because the current
pulse results in a small perturbation of the system and provides a simulta-
neous rapid response.

Figure 25.  A plot of log (ηt) versus time; the slope allows the time constant, Cd1Rp , to be
calculated.
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4.8 Cyclic Voltammetry

Depending on the amplitude of the potential signal, small or large
amplitude cyclic voltammetry techniques have been applied to study
reinforced concrete corrosion.  The small potential amplitude is normally
within tens of mV, and it can be used to determined the polarization
resistance, Rp.  Figure 26 is an example that shows results of a test of a steel
reinforcement embedded in mortar containing 2% Cl-. The interface
capacitance, Cd1, and polarization resistance, Rp, are calculated using the
equations below:

Eq. (52) Cd1 = ∆I(2dΦ/dt)

Eq. (53) Rp = ∆Φ/∆I

where dφ/dt is potential scan rate, ∆Φ is the potential amplitude and ∆I is
current difference of the forward and backward scan.

Figure 26.  An example of the small potential amplitude cyclic-voltammetry in the
determination of the polarization resistance, Rp.
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The large amplitude cyclic voltammetry involves polarizing the test
specimen anodically from the corrosion potential and recording the current
needed for this polarization.  The potential is then returned to the
original corrosion potential using a constant sweep rate of the potential
(usually 10–100 mV/s).  The peaks in the current versus potential plot can
be analyzed to provide useful information regarding the electrochemical
corrosion processes occurring at the steel/concrete interface.  This allows
one to make predictions about the mechanism of the corrosion process and
analyze the passivation behavior to determine the reactions which went into
making the passive film.  A voltammogram of iron obtained at a sweep rate
of 50 mv/s in a fresh cement slurry solution (pH = 12.7), after 80 cycles of
potential sweeping between -1.35 V to 0.85 V (vs. SHE), is shown in Fig.
27.  Two anodic peaks (B) and (C) and two corresponding cathodic peaks
(H) and (I) are distinguished.  These anodic/cathodic peaks correspond to
the iron dissolution reactions including formation of a ferrous hydroxide
film and ferrous-ferric transformations, etc.[71]  Analysis of the
voltammogram provides useful information regarding the electrochemical
corrosion processes occurring at the steel/concrete interface.[72]–[75]  How-
ever, this method requires polarization of several hundred mV for the
corrosion potential which may reduce the steel/concrete bond strength.

Figure 27.  A voltammogram of iron obtained at a scan rate of 50 mv/s in a fresh cement
slurry solution (pH = 12.7), after 80 cycles of potential sweeping between -1.35 V to
0.85 V (vs. SHE).
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4.9 Alternating Current (ac) Impedance Spectroscopy (ACIS)

Alternating Current (ac) Impedance Spectroscopy (ACIS) is a pow-
erful method of characterizing many of the electrical properties of materials
and their interfaces.  It is widely used in both fundamental and applied
electrochemical studies including aspects of electrode kinetics, battery
performance, corrosion, and high temperature electrochemistry.  This
technique has been used extensively in determining the corrosion rate of
reinforcing steel in concrete.[76]–[87]  However, due to the sophistication of
the measurement and relatively high cost of the equipment, this technique
is more frequently used in laboratory studies rather than in field surveys.
Nevertheless, ACIS was validated as a useful tool in field corrosion
assessment of reinforced concrete structures in a SHRP report.[28]  It allows
the corrosion rate of rebar to be measured quantitatively, provides rebar
corrosion kinetics information, and insight into corrosion mechanisms vital
to repair and protection decision making.

Basic Principles.  The ac impedance spectroscopy technique in-
volves application of a small amplitude sinusoidal voltage or current signal
to a system.  A response current or potential signal is generated and
recorded.  The impedance of the system is easily evaluated through the
analysis of the ratio of the amplitudes and phase shift between the voltage
and current.  The impedance is defined as a vector:

Eq. (54) ( )
I

V
Z =ω

A plot of real and imaginary components is the so-called “complex
plane” plot.  This leads to definitions of impedance in terms of the complex
quantities.

Eq. (55) Z(ω) = Z´(ω) - jZ´́ (ω)

Eq. (56) Z´(ω) =  Z cos (θ)

Eq. (57) Z´́ (ω) =  Z sin (θ) 
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where  Z  is the modulus and (θ ) the phase angle, Z´(ω) is the real
component and Z´́ (ω) is the imaginary component of the impedance.  The
complex plane type of plot was first introduced by Cole and Cole[88] and
plots of log  Z  and phase angle vs. log frequency are referred to as Bode
plots.[89].

Equivalent Circuit Models for Reinforcing Steel and the Steel/
Concrete Interface.  A simple parallel combination of a pure resistor and
capacitor along with the corresponding impedance plots in the complex
plane (Cole-Cole plot) and log | Z | and phase angle vs. log  frequency  (Bode
plots) are illustrated in Figs. 28 (a–d).  The impedance of the circuit can be
described by the following equation:

Eq. (58) ( ) ( ) ( )2
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where ω = 2πf, and j = 1- .  A plot of Eq. (58) in the complex plane (Fig.
(28b) gives rise to a perfect semicircle characterized by a single conductiv-
ity relaxation time (τ = RC); the maximum value of the imaginary imped-
ance occurs at the characteristic frequency fo = ½πRC.  An ideal semicircle
is generally not observed in practice for most materials.  It is normally an
inclined semicircle with its center depressed below the real axis by an angle
αi , Fig. (29a).  This behavior normally associated with a spread of
relaxation times that cannot be described by the classical Debye equation
employing a single relaxation time.  A dispersive, frequency-dependent
element or so called constant phase element (CPE)[89]–[90] as depicted in
Fig. (29b) is used to account for the shape of the depressed complex plot.
The corresponding impedance is expressed as follows:

Eq. (59)
( )

( )[ ]ijRC

R
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αω+
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1

where αi (0 < αi < 1) can be used to represent the degree of perfection of the
capacitor and represents a measure of how far the arc is depressed below the
real impedance axis.
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Sagoe-Crentsil, et al.,[82] have proposed a physical model to describe
the steel/concrete interface as shown in Fig. 30. The model consists of a
layer of compact iron oxide film and interfacial film adjoined by the
concrete matrix. It was suggested that the interfacial film consisted of
Ca(OH)2 and other cement hydration products deposited onto the surface
of steel.  Interpretation of an impedance spectrum requires modeling with
a selected equivalent circuit until the electrical response of the elemental
microstructure of the cement paste is well simulated.  The usefulness of the
analyses is strongly dependent on how the electrical components are
selected and the extent to which they represent the structure of the steel/
concrete interface. Many equivalent circuits have been proposed to de-
scribe the different stages of the steel/concrete corrosion process including
active and passive corrosion processes, diffusion control, and passivated
film, etc.[81][84][87] A more complicated model such as the one dimension
transmission line analysis was also used to describe corrosion in a large
reinforced concrete slab.[28]

Figure 28.  (a) A simple parallel equivalent RC circuit consisting of a pure resistor and
capacitor; (b) corresponding impedance plot in the complex plane (Cole-Cole plot); (c)
phase angle vs. log (frequency); and (d)  Z   vs. log (frequency).
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Corrosion Rate Measurement and Rp Determination.  RC param-
eters can easily be determined through a computer simulation of the
experimental spectra using the electrical equivalent analysis method.  This
applies especially at very low frequencies when data is difficult to obtain
experimentally due to time or equipment limitations.  The corrosion rate
determination involves acquisition of impedance spectra and data process-
ing using electrical equivalent circuit fitting.  As an example, Fig. 31 shows
an impedance spectrum in both Cole-Cole and Bode plots for a mild steel
reinforced concrete specimen.[91]  The circles represent the experimental
data and the solid line is a computer simulation curve.  There are three
regions in the frequency domain, as indicated in the figure.  Only a tail of

Figure 29.  (a) An impedance plot containing an inclined semicircle with its center
depressed below the real axis by an angle α ; and (b) an equivalent circuit containing a
constant phase element (CPE).
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a semicircle is depicted in the high frequency range.  This is attributed to
concrete matrix microstructure.  A depressed semicircle at frequencies
ranging from kHz to Hz represents the interfacial film.  The large and
incomplete semicircle in the very low frequency region is due to double
layer and polarization resistance contributions.  Corrosion rate is estimated
from Rp obtained from the impedance spectra simulation process using the
Stern-Geary equation (Eq. 30).

Figure 30.  A physical model to describe the steel/concrete (or cement paste) interface.

The problem of extracting the polarization resistance, Rp, from
impedance data has essentially been solved.  This development is important
for the engineers in the field since a practical technique (based on sound
theory) is available for nondestructive evaluation of rebar corrosion rate.
However, similar to the linear polarization technique, this method also
encounters the same difficulties as experienced by the former in the field,
i.e., nonuniform current distribution and non-defined polarized area.
Lemoine, et al.,[82] have attempted the application of a guard ring counter
electrode (same principle as the linear polarization) and it appears that such
an approach enables the operator to distinguish the active and passive areas
in a reinforcing steel bar in the concrete slab. It is reasonable to expect that an
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impedance field instrument package might consist of the following
components:

• A test probe which consists of guard ring, counter and
reference electrodes

• Frequency generator and analyzer

• Data acquisition hardware/software driven by micro-
computer

• Data analysis software based on electrical equivalent
circuit fitting or simulation

Figure 31.  An impedance spectrum for a mild steel reinforced concrete specimen (a) Cole-
Cole; (b) and (c) Bode plots.  The circles represent the experimental data and the solid line
is a computer simulation curve.
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The ac impedance technique is one of most powerful electrochemical
methods used in steel or reinforced steel corrosion investigation. It provides
information on corrosion mechanism and kinetic process.  The information
is important in understanding the nature of corrosion.  In addition to the
determination of Rp and corrosion rate of rebar, ac impedance measurement
provides information relating to steel/concrete interface structure and
capacitive constants that other techniques do not.  The impedance tech-
nique is also a relatively fast and nondestructive, quantitative technique.

This method requires substantial knowledge and working experience
in order  to interpret the spectra correctly.  The extraction of corrosion
polarization resistance is tedious since the curve fitting has been proven to
be time consuming.  It is an electrochemical technique.  It will, therefore,
have similar difficulties in actual field performance as the half-cell poten-
tial and linear polarization methods.  The cost of an impedance instrument
could be much higher than a linear polarization field instrument.

4.10 Macro-Cell Monitoring Techniques

The embedment of macro-cell devices in reinforced concrete has
been used frequently for long term corrosion monitoring.  The electro-
chemical principle behind the technique is to deliberately set up a macro-
cell using dissimilar metals (stainless steel is often used)[92] or embedding
steel in concrete containing a large amount of chloride to create a corrosion
chloride concentration cell.  ASTM G109-92[46] is a typical example of the
latter method for evaluation of the chemical admixtures on the corrosion of
embedded steel reinforcement in concrete.  Concrete specimens are made
with a single top rebar and two bottom rebars.  The top rebar is located in
concrete contaminated by chloride solution ponding on the concrete sur-
face.  The two bottom rebars are in a chloride free concrete environment
(Fig. 32).  The current flow between the top and bottom is measured through
a precision resistor.

The chloride that permeates through the concrete reaches the top
rebar causing the corrosion potential to change and a potential difference
occurs between the upper and the bottom bars (Fig. 33).  As a result, a
macro-cell forms.  The top bar becomes the anode where it begins to corrode
while the bottom bars act as cathodes.  The macro-cell potential of the
system is determined by the sums of all the individual anodic and cathodic
currents obtained for each material at each potential when the following
condition is met

Eq. (60) IaAa = IcAc
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where Ia and Ic are the anodic and cathodic current densities, and Aa ,  Ac are
the anodic and cathodic areas.  The macro-cell potential can be determined
by direct measurement with a reference electrode.  The macro-cell corro-
sion rate may be estimated by measuring the potential between the resistor
or using a zero-resistance ammeter with direct connection between the two
layers of bars.

Figure 32.  A schematic of concrete specimen for macro-cell study.

Figure 33.  A potential difference occurs between the upper and the bottom bars due to the
chloride that permeates through the concrete and reaches the top rebar.
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One of the advantages is that this technique can be permanently set
up for a long-term monitoring of the reinforced concrete corrosion process.
In this method the macro-cell current is directly determined as a function
of time.  However, what actually is measured and how representative the
macro-cell current is to the true corrosion current in the reinforcing steel is
moot.[31][93]  This is because the measured macro-cell corrosion rate is
affected by the coupling of additional cathodic reactions and is not equal to
the true corrosion rate measured by the linear polarization method.  This is
illustrated in Fig. 34, where point “a” is the intercept of anodic and cathodic
reactions without a macro-cell and Icorr is the corresponding corrosion rate
(which can be measured with LPM).  The  intercept with macro-cell is at
point “t” and its corresponding corrosion rate (measured by ASTM C-109)
is Icorr’ which is larger than Icorr.

Figure 34.  The coupling of additional cathodic reactions leading to a large macro-cell
corrosion rate.
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4.11 Electrochemical Noise Monitoring

This technique involves the measurement and analysis of the random
events occurring naturally during a corrosion process.  The events are
observed as fluctuations in corrosion potential at µV-mV level) and
corrosion current (at nA-µA level).  A correlation between potential noise
and corrosion rate has been reported in laboratory investigations.[94][95]

Several data interpretation methods including electrochemical,[96] statisti-
cal,[97][98] and spectral,[99][100] have been proposed to determine pit sizes
and current density.

It is apparent that the noise monitoring technique could be used as an
indicator in the field application of corrosion monitoring since it does not
perturb the system during measurements.  This method is also sensitive to
the destruction of the protective film on steel.  However, more research is
required since this method is still not often used in reinforced concrete
corrosion studies.  Individual measurements may also take a long time and
substantial experience is required to interpret the results correctly.  The
reinforced concrete structures can act as antennae to capture non-corrosion
noise that may mask the actual effects of corrosion.

5.0 CONCLUDING REMARKS

Corrosion has been identified as a major cause of the deterioration of
the built infrastructure.  Considerable research and numerous field surveys
have been performed both in Canada and the United States to resolve the
problem and seek possible solutions.  It is believed that an understanding
of the factors causing the reinforcing steel corrosion, the basic principles of
corrosion, and the advantages and limitations of the techniques to assess it,
will facilitate the process.  It will also reduce the chance of introducing
errors during data acquisition and analysis.  This is essential to decision
making regarding repair and maintenance of reinforced concrete structures.

A decision as to what technique should be applied in a field survey
or for a laboratory investigation may depend on the actual situation and
availability of the equipment and budget.  Comparison of these techniques
is difficult as every single technique has its advantages and limitations.
Table 4[69] provides a comparison of various electrochemical techniques.
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Surface Area Measurements

Jan Skalny and Nataliya Hearn

1.0 INTRODUCTION

Surface size and surface quality are two of the most important
parameters of organic and inorganic solid materials.  Surfaces of most
solids, in tandem with other basic materials properties and environmental
conditions, control to a large degree the rate of the relevant chemical and/
or physicochemical reactions, thus the behavior of the material in real-
world applications.  The degree of this control relates to the surface area of
the reacting material(s), aided by their reactivity—a quality depending on
the crystallographic and other basic physical and chemical properties of the
reacting solid.

Specific surface area is defined as the surface area per unit of mass,
typically expressed in square centimeters per gram (cm2/g) or square
meters per kilogram (m2/kg).  Specific surface area depends on the particle
size, particle shape, and any imperfections or flaws present at the surface.
Although not linearly related, knowledge of the surface area of a system of
particles (and assuming that they are monosized, nonporous spheres)
allows estimation of the average particle size of the powder and vice versa.
The particle size of a solid body depends on the degree of  natural or man-
made growth or size-diminution. A larger particle will have a larger mass
and volume per unit of surface area than a smaller particle.  When a larger

505



506 Analytical Techniques in Concrete Science and Technology

particle is subdivided into smaller particles by cutting, grinding, or other
similar process, the total surface area will dramatically increase.  For
example, division of a 1 m3 cube into one micrometer cubed particles would
increase the surface area from 6 m2 to 6 × 106 m2, a millionfold increase.

The surface area of a solid also depends on the shape of the particle
which, theoretically, can vary from a perfect sphere (minimum surface
area-to-volume ratio) to a collection of atoms bonded along a one-dimensional
chain (maximum surface area-to-volume ratio). The particle shape of real-
world particles lies between these two extremes and so does the related
surface area. Exact determination and classification of the three-dimen-
sional shape of a particle is difficult; the best approximation is achieved by
two-dimensional evaluation by means of computerized image analysis.

In addition to its size and shape, the surface area of a particle depends
on the amount, size and shape of the flaws (surface imperfections), varying
from visible flaws to flaws at the atomic or crystal lattice level.  Porosity
of a particle can be then defined as the volume of those surface flaws which
have a depth greater than the width.[1]  Depending on the size and shape of
the flaws or pores, the surface area of a solid can vary widely and the
influence of flaws/pores can often overwhelm other factors controlling the
surface area.  Because of the above phenomena, the technical literature
often distinguishes between internal and external surface area and between
surfaces (often expressed in terms of porosity) accessible or inaccessible to
certain chemicals or measurable by a particular methodology.

Considering the above, it is clearly understandable that surface area
is much more influential with respect to the properties of a material in
highly divided or dispersed solids with higher concentrations of flaws and
pores than in a coarse material with lesser concentration of flaws and pores.
Thus, for example, the surface of a concrete aggregate is less important with
respect to concrete properties than is the surface area, thus reactivity, of the
cement.  Another example:  it is the grinding of the clinker granules to high
surface area that enables production of a highly reactive portland cement.

It is important to realize that the value of the measured surface area
will depend on the experimental technique used to measure it.  For example,
as discussed in Sec. 2.1, the surface area measured by gas adsorption
techniques such as BET method[2] will vary with the quality (cross-
sectional area and other properties of the molecule) of the gas used as the
sorbate.  In a similar manner, the surface area of a powder calculated from
particle size distribution measurements will differ from the surface area of
the same powder estimated on the basis of image analysis techniques.  Other
examples abound.



Surface Area Measurements 507

Please note that some of the test methods described in this chapter
overlap with the measurements of porosity and pore size distribution
discussed elsewhere.  This overlap is caused by the inherent relationship
between porosity, pore size distribution, and surface area.

It is impossible to discuss all available techniques in detail.  Each
section, therefore, contains references to the original publications or a more
detailed text for specifics in the derivation and application of each method.

1.1 The Importance of Surface Area in Cement/Concrete
Science and Technology

Treval C. Powers and Stephen Brunauer were among the first who
recognized the extraordinary importance of surfaces in explaining the
complex  phenomena leading to the development and degradation of
physical properties of cement-based material.  The rates of hydration
reactions of individual components of portland and other cements are
related to the surface area of the particular cement, thus controlling the rate
of development and the quality of the desired physical properties.  This is
true in particular for the calcium silicate components of the portland cement
clinker, tricalcium silicate (alite, Ca3SiO5) and dicalcium silicate (belite,
beta-Ca2SiO4), both of which hydrate to form high-surface area calcium
silicate hydrates (C-S-H, the “heart of concrete”),[3]] the most important
component of the portland cement paste.[4]  It is the semi-amorphous
structure of the C-S-H and its complex porosity and high surface area that
are mostly responsible for the time-dependent engineering properties of
concrete, e.g., volume stability, strength, and modulus of elasticity.

It should be recognized, however, that surface area alone is not an
adequate measure of the quality or reactivity of a material.  For example,
it is known that two cement clinkers made from the same raw material, but
in two different kiln systems, may produce clinkers that when ground to the
same surface area will have different  rates of reaction with water.  This is
related, among other factors, to the differences in the flaws concentration,
thus surface quality.[5][6]  Presence of heat-induced crystal lattice defects in
the clinker minerals such as C3S and C3A influences the reactivity of the
clinker and the resulting cement.  In a similar fashion, clinker quality may
be modified by introduction of flaws due to rapid rate of cooling or the
intensity of grinding.
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Conversely, it is the quality of the cement paste, primarily its porosity
and permeability, that controls the rate of concrete deterioration.  Whether
the concrete deteriorates due to physical processes (e.g., freezing-thawing,)
or chemical reasons (such as sulfate attack, acid attack, or alkali-silica
reaction), the overall porosity and its distribution are crucial in controlling
the time dependency of the damage.  At a more technical level it is the
increase in the liquid-accessible pore surface area as well as the rate of
movement of moisture through the concrete rather than the porosity itself
that cause a highly porous and permeable concrete to deteriorate at a rate
higher than a less porous, less permeable concrete.

The importance of surface area as a measure of cement quality is
widely recognized by the research and business communities and by
ASTM, CSA, CEN, and other standardization organizations; for example,
ASTM requires all cement types to pass certain minimum surface area
(fineness) requirements, thus helping the cement producer and user to
control the product quality.[7]  On the other hand, the practical importance
of the surface area of the hydration products formed as a consequence of the
water-cement reactions is much less appreciated by the typical field
engineer and some of the underlying details and principles are still not
completely understood.

On the following pages a brief review of the most common techniques
of surface area determination is presented.  The review is not meant to be
a comprehensive state-of-the-art compilation of the existing knowledge,
just a brief introduction to the most important approaches used. The method-
ologies discussed include air permeability methods, methods based on
particle size distribution, gas adsorption techniques, and scattering techniques.

2.0 TECHNIQUES OF SURFACE AREA MEASUREMENT

In the area of cement and concrete research, two main types of
materials need to be characterized:  powder materials such as cement, fly
ash and silica fume (microsilica), and solid materials such as hardened
cement paste and concrete.

The surface area of the powder material is of importance due to its
effect on the reactivity. That is why the rapid-hardening portland cement
(ASTM Type III) has a specific surface area of 450 to 600 m2/kg as
compared to 250 to 400 m2/kg for ordinary portland cement (ASTM Type I).
Measurement of the surface area of powders is dependent on the particle
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size, with coarser powders measured using sedimentation or elutriation
(such as Wagner turbidimeter—ASTM C115-93).  For cements, air perme-
ability—Blaine method (ASTM C204-94), which is a modified Lea and
Nurse method, is used to determine surface area.  For powders finer than
portland cement (silica fume or fly ash) nitrogen adsorption or mercury
intrusion porosimetry are used to determine the surface area.

The hydration process increases the surface area as the fragile
calcium silicate hydrate gel structure is formed.  Figure 1 shows the
increase in the surface area with the progress of hydration. The surface area
of hydrated cement paste is a thousand times greater than that of the
unhydrated cement with the reported values dependent on the measurement
technique used and sample conditioning.  For instance, the water adsorption
results yield surface area of 200,000 m2/kg,[8] while x-ray scattering gives
600,000 m2/kg.[9]

Because concrete is by nature an inhomogeneous material, sample
preparation often damages the finest portion of the pore structure and many
test methods use only very small samples, it is very difficult to obtain
statistically significant results.  Also, to further complicate the situation, the
pore sizes and surfaces to be measured span several orders of magnitude.

Figure 1.  Total surface area as a function of hydration time.[10]

To overcome these difficulties, several techniques based on different
principles were developed over the years. Some of these techniques measure the
resistance of a material to flow of an inert gas/liquid or the adsorption of
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gases and vapors, some measure the porosity by monitoring the pore size
filled with a liquid at an applied pressure, and others use the deflection of
electron and neutron beams.

2.1 Gas Sorption Techniques

Gas sorption techniques are based on physical adsorption of gases or
vapors on surfaces of solids.  In contrast to chemical adsorption, also called
chemisorption or irreversible adsorption, during physical adsorption the
sorbed molecules are not restrained to specific sites on the surface of the
measured solid and are free to cover the whole surface.  For this reason,
determination of surface areas is possible.

Physical adsorption is fully reversible and, with the exception of
small pores, equilibrium can be easily achieved since no activation energy
is involved.  Because physical adsorption does not occur at elevated
temperatures, sufficiently clean surfaces can be prepared prior to the actual
low-temperature surface area measurements.

Although numerous methods for surface area measurements based
on physical adsorption of gases were developed,  the best known  method
for determination of surface areas of porous solids is the so-called BET
method grounded on the work of Brunauer, Emmett, and Teller.[2][3]  Since
its development in the late 1930s, this method became the most universally
used method for surface area determination of such diverse materials as
catalysts, carbon blacks, finely divided silica, and hydrated cement pastes
and components.  The BET methodology gives surface areas two to three
times higher than the Lea and Nurse and Blaine methods discussed above.

The term sorption is used to describe the interaction of a gas with a
solid surface; this interaction may be in the forms of adsorption, absorption,
or capillary condensation.  When a gas is removed from a surface the
process is called desorption.  The gas interacting with the surface is usually
referred to in the literature as a sorbate.

The BET method as well as some previous related work is based on
the experimental establishment of the relationship between the pressure of
a gas that is in equilibrium with a solid surface and the volume of the gas
adsorbed at the particular pressure at the surface. The theoretical basis for this
approach is the Langmuir theory based on the kinetic theory of gases.[11][12]

Gas sorption techniques are based on the assumption that gas mol-
ecules are strongly attracted and adsorbed on a virgin surface.  The method
assumes also that the sorbent molecules have access to the walls of the pores
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within the studied solid and that the distance between the walls of a pore is
large when compared to the molecular dimensions of the sorbate.  As a
monolayer of the sorbent gas forms on the surface the repulsion of the
previously adsorbed gas molecules makes the formation of a second and
subsequent layers less likely.  This process is gas pressure dependent, thus
with increased  relative pressure the degree of gas adsorption increases.  Gas
molecules may be adsorbed in subsequent layers before the underlying
layer is completely covered.

The BET Method.  To enable generalization of the Langmuir’s
approach to multilayer adsorption, the BET theory makes two basic
assumptions regarding the heat of adsorption:

1. It is constant throughout the formation of the first layer
of adsorbed gas.

2. In the second and higher layers it is equal to the heat of
liquefaction.

More about the accuracy of these BET assumptions can be found in
Refs. 2, 12, and 13.

A plot of the amount of gas adsorbed at a certain temperature against
the relative pressure is called a sorption isotherm.  It is usually presented
as the volume of adsorbed gas versus the relative pressure, p/po , see Fig. 2.[12]

From such a plot the amount of gas needed to form a monolayer can
be determined and, assuming the cross-sectional area of the sorbate
molecule, the surface area of the measured solid can be calculated.  The
relative humidity at which a monolayer completely covers the solid surface
depends both on the nature of the used sorptive gas and the nature of the
solid.  Table 1 gives the approximate cross-sectional areas of some
commonly used sorbates.

Because the capillary condensation in a set of pores of certain size at
adsorption does not occur exactly at the same relative pressure as capillary
evaporation from the same pores at desorption, the combined adsorption-
desorption isotherms may, and usually do, show a hysteresis.  A schematic
example is shown in Fig. 3.[15]  Several types of adsorption-desorption
isotherms were identified.[16]

The BET equation can be given as:

v/vm = ckx/(1 - kx) [ 1 + (c - 1) kx]

or in its  linear form as:

kx/v(1 - kx) = (1/vm c) + [(c - 1)/vmc]kx



512 Analytical Techniques in Concrete Science and Technology

where: x is the relative pressure, p/po

k is a number smaller than 1 (see Ref. 11)
c is the BET (“adsorption coefficient”) constant
vm is the volume of the sorbate at monolayer coverage
v is the volume of the adsorbed sorbate

Figure 2.  Sorption isotherm for a planar surface (adopted from Ref. 12, Fig. 2).

Table 1.  Most Commonly Used Sorbates

Sorbate Area in Å

Argon 14.2
Benzene 40.0
Nitrogen 16.2
Oxygen 14.1
Water vapor 10.8
Xenon 2.5
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Figure 3.  Adsorption isotherm showing capillary condensation (Fig. 1, Ref. 15).

The actual analysis is usually done by plotting  x/[v (1 - x)] against
x  for the linear (multilayer adsorption) region of the isotherm.  This plot,
referred to as the BET plot, is fitted with a least-square algorithm.  The
equations for the slope (SBET) and intercept (IBET) of the BET plot are
given as:

SBET  =  (c - 1)/vmc

IBET  =  1/vmc

The BET method is applicable for solids with pore diameters from
above ~4 nm.  Below 8 nm the calculations are believed to be inaccurate.
It is accepted that BET gives the most accurate results for the mesopores
(160 nm to about 10,000 nm).  The range of relative humidities (p/po) at
which the BET method applies is from about 0.05 to 0.35.  For additional
information see, for example, Refs. 12, 17, and 18.
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The BET method has been used in cement science for several decades
now.  Whereas the technique enabled better understanding of the nature of
the hydration products and of the mechanisms of hydration, it also led to
controversies regarding the best sorbate to be used in determination of the
“true” surface area of the hydrates.

The sorbates used most often are water vapor and nitrogen, neither of
which can measure accurately all the surface area located in the complex
pore system.  Water sorption may give erroneous results due to the possible
adsorption of the polar water molecules within the vacated interlayer spaces
of C-S-H.  Nitrogen (N2)

 and other nonpolar sorbents, on the other hand,
may give much lower surface areas; this phenomenon is related, among
other reasons, to the failure of these nonpolar sorbents to reach the surface
of the pores of certain size or shape (e.g., so-called ink-bottle pores). For
more information, see Refs. 12, 15, and 19.  The differences can be quite
substantial.  BET surface areas computed from N2 adsorption isotherms are
between 13,000 and 84,000 m2/kg, while calculations made from the water
adsorption isotherms are about 200,000 m2/kg.  Oxygen, argon, and organic
vapors (cyclohexane and isopropanol), give results similar to the N2, and
methanol, 50,000 to 114,00 m2/kg.[20]  The preparation of specimens for the
adsorption methods requires drying.  Techniques which do not require pre-
drying of specimens, such as small angle x-ray scattering, small angle
neutron scattering, and nuclear magnetic resonance, show that 200,000
m2/kg obtained by water BET is up to three times lower than the surface area
of saturated specimens (Table 3).

The primary advantage of the BET method is its capability of
measuring disconnected microcracks and cracks that are open only at one
end.  The main disadvantage is its complexity—it requires skilled labor and
is time consuming; however, automated BET equipment is now available
for routine use.  The method does not make any assumptions regarding the
pore size or pore size distribution.

At relative pressures higher than about p/po above 0.35–0.40, capil-
lary condensation can take place and pore size distribution can be obtained
from Kelvin equation linking the vapor pressure of the sorbate with
curvature of the meniscus formed by the liquid inside the pores.  Several
approaches to complete pore structure analysis were developed.[15][21]  In
most such calculations assumptions must be made about the shape of the
pores.
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2.2 Mercury Intrusion Porosimetry (MIP)

One of the best  known techniques used for determination of particle
size or pore size distribution that can also be used to indirectly determine
the surface area is the Mercury Intrusion Porosimetry.  MIP is based on the
relationship between pressure and the corresponding volume of pores filled
with a non-wetting liquid.  Due to the high pressure needed  to infiltrate the
pores, this method is applied mainly to hydrated cement paste and concrete
both of which can withstand the applied pressure without much damage to
the measured microstructure.

The liquid typically used is mercury.  It is a non-wetting liquid having
a contact angle with concrete of 130–140°.  The applied pressure and the
resulting volume of mercury entering the tested material can be related to
the pore diameter and the amount of pores of the particular size:

 2·γ ·cos θ = P · r

where: γ is the surface tension of mercury
θ is the contact angle
P is pressure
r is the radius of pore

The method uses two major assumptions:  (i) the surface tension and
the wetting angle are constant throughout the tested specimen, and (ii) all
pores have the shape of an ice cream cone.  The first assumption may not
be accurate because the contact angle changes with the changing pore
solution in the tested material.  The second assumption causes the space
behind the neck of the ink-bottle to be treated as a cylinder with radius of
the pore opening.

The pressures typically applied during testing ranges from 0.5 psi
(~3,800 Pa) to about 60,000 psi (~45 MPa).  These pressures allow the
measurement of pores from about 2 nm to about 20 µm.[22]–[24]  The upper
limit on the pressure used for testing is set to limit the damage caused to the
pore structure damage.

MIP is one of the more useful methods because it enables measure-
ment of porosity over several orders of magnitudes; however, the range of
pores present in hydrated portland cement or concrete is wider than what can
be measured by MIP.  Smaller pores are not detected due to the restraint on
the applied pressure, whereas larger pores are misrepresented because it is
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difficult to define boundaries between the largely interconnected pores.[25]

Furthermore, MIP does not measure the true pore distribution, but rather,
indicates the accessibility to mercury of the overall porosity as a function
of pore size.  This is a form of invasion percolation.

The use of MIP requires complete drying of the pore structure.  This
process damages the microstructure and subsequent measurement of the
surface area may yield erroneous results.

As with many other techniques used to measure surface area the
tested sample is typically very small, on the order of a few grams.  One has
to, therefore, bear in mind the possible analytical errors, the heterogeneity
of concrete and of the other measured solids, and the statistical significance
of the obtained results.

Rootare and Prenzlow derived another method for surface area
measurement using mercury.[26]  This method is based on the amount of
work (given by the area under the pressure vs. volume curve) needed to
cover the surface of the examined solid with mercury.  This method requires
no assumptions  regarding the pore shape distribution; however, it has been
thirty years since its development and it has been hardly used.

2.3 Wagner Turbidimeter

The primary use of this technique is in  measurement of surfaces of
powders.  The Wagner turbidimetry is based on measurement of the
terminal free fall velocity governed by Stoke’s law.  By using a beam of
light, the concentration of particles suspended in kerosene is measured by
determining the percentage of light transmitted through the suspension to
a  photocell.[27]  The method was adapted by ASTM as  Standard Test
Method C 115.

The  technique usually gives consistent results, the main error being
the assumption of uniform distribution of particles smaller than 7.5 µm.
The use of  the average particle size of 3.8 µm below the 7.5 µm is an
overestimation resulting in the lower calculated surface area.  The assump-
tion that the average particle below 7.5 µm is 3.8 µm is overestimated; thus
the calculated surface areas are too low.  Because it is these finest pores that
govern the specific surface area, their influence on the calculated results is
overwhelming; a modification to reduce this error was proposed by Hime
and LaBonde.[29]

Both MIP and Wagner Turbidimeter results have to be recalculated
into specific surface area using the equation:
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where: S  is the specific surface area in m2 kg-1

F is an empirical constant that takes into account the
assumed pore shape distribution specific surface area

f the weight fraction of material consisting of grains
assumed to have a diameter d, in µm

r is the density, given in kg m-3

These techniques of surface area measurement do not always yield
satisfactory results because, among other reasons, the specific surface area
is highly dependent on the assumed particle or pore shape distribution.
More about these techniques is given in Ch. 14.

2.4 Permeability Methods

Permeability measurements are applicable for situations when the
flow through a material is caused mainly by pressure gradient.  If this
assumption is true, permeability is the property of a porous material which
characterizes the ease with which a fluid may be made to flow through the
material.  The coefficient of permeability can thus be related to the surface
area of the tested material.

The relationship that governs the flow through porous media was
developed first by H. Darcy in the late 1800s.[30]  Originally, it was meant
to define the flow of water through sand.

The principal equation is given as:

L

Pk
AQ

∆
∆⋅

⋅=

where: Q is the flow rate

A is the cross-sectional area
∆P/∆L is the pressure gradient.

Lea and Nurse applied Darcy’s law to describe the surface area of
materials.[11]  They developed an apparatus which measures steady state
flow of air through a bed of material with known porosity.  The surface is
then calculated as:
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where: ρ is the density of cement

ε is the porosity of cement bed (0.475 in the British
Standard test)

A is the cross-sectional area of the bed (5.066 cm2)

L is the height of the bed (1 cm)

h1 is the pressure drop across bed

h2 is the pressure drop across the flowmeter capillary
(between 25 and 55 kerosene)

K is the flow meter constant

Blaine modified the Lea and Nurse method; instead of measuring
pressure drop during the steady state flow, the Blaine approach measures
the pressure change as a specified volume of air passes through the tested
material.[31]

The Lea and Nurse and Blaine methods yield similar results, but
because both of them measure only the interconnected pores the surface
areas are low compared to some other techniques.  By leaving out the
disconnected pores, especially the very small pores which are highly
desirable in good quality concrete, they underestimate the magnitude of the
surface area.

The Blaine method is used as the standard method to measure the
fineness of cement in North America.[32]  It has two main advantages: the
method is simple and fast.  The main disadvantage, not critical in determi-
nation of cement fineness, is its poor accuracy which becomes worse with
increasing variability of the particle size, pore tortuously, and surface area.
Due to these factors the Blaine method becomes extremely unreliable at
surface areas exceeding 500 m2/kg.

The use of permeability methods requires complete drying of the
pore structure.  This process damages the microstructure and subsequent
measurement of the surface area yield erroneous results.  This is one of the
reasons that it is primarily used to measure fineness of cements and other
dry powders, but not surfaces of hydrated materials or materials that have
to be dried.

Table 2 shows the surface area of two types of cements measured
using the above described methods.
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2.5 Small Angle X-Ray Scattering (SAXS) and Small Angle
Neutron Scattering (SANS)

The basic principle of SAXS and SANS is the scattering of the beam
of radiation as it passes through a material.  At low angles the scattering is
particularly noticeable and can be monitored to describe the inhomogene-
ities or boundaries in a two phase system (e.g. solid and air, or solid and
water).  Figure 4 shows schematics of an x-ray scattering arrangement.  The
detailed explanation of the theory and treatment of SAXS and SANS data
can be found in Refs. 34 and 35.  In brief, the interpretation of the x-ray or
neutron scattering for calculating specific surface area is based on the
Porod’s theory.[36]  The theory is based on the scattering purely by the
interfaces where a sharp boundary between phases exists.  In cementitious
systems other sources of scatter exist, such as pore fluid in the gel spaces,
so that the data has to be corrected by subtracting the non-boundary
scatter.  Mathematical models for interpretation of the experimental data
are needed[37] and work has been done relating SAXS data and fractal
geometry.[38]

The main advantage of the scattering techniques for measurement of
the specific surface area is that they do not require any drying or pretreat-
ment of the samples, thus measuring unaltered microstructure of the
cementitious systems.[39]  The x-ray and neutrons can readily penetrate
small size pores which are inaccessible to nitrogen and mercury with SAXS
lower limit of detection of 30 nm and SANS of 0.1 nm.

Extensive work by Winslow and Diamond using SAXS to analyze
the effect of pretreatment conditioning on the pore structure characteriza-
tion of hydrated cement pastes has shown the effectiveness of the technique
to assess the evolution and destruction of the surface area.  Their results are
shown in Table 3.

Table 2.  Surface Area of Cements (m2/kg) [Adapted from Ref. 33]

Cement Wagner Method Lea & Nurse Method Nitrogen Adsorption

I 179 260 790

II 227 415 1000
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2.6 Nuclear Magnetic Resonance (NMR)

One of the new techniques for determination of the total pore volume
and surface areas is NMR, specifically the technique referred to as spin-spin
relaxation.[10][40]  The method is based on the relaxation of longitudinal or
transverse magnetization at the interface between a solid and the liquid, in
other words, on the dependence of the exact resonance frequency upon the
local magnetic field.

Because the measured relaxation is surface dominated, the NMR
experiments enable determination of the total surface area and of the
distribution of the surface-to-volume ratio, in other words, of the pore
volume distribution function. In theory, interconnected pore structure can
be completely characterized by surface-to-volume ratio.  The method may
be used for saturated samples, does not require drying of the sample, thus
damage to the pore structure is not an  issue and the volume of the fine pores
can be accurately measured.

Table 3. Surface Area of Cement Pastes of Different w/c Ratios and in
Saturated and Dry Conditions[9]

w/c Age Hydration Condition Surface Area
(days) (%) (m2/g)

0.3 513 78 Saturated 527
0.3 513 78 D-dried 159
0.4 514 86 Saturated 708
0.4 514 86 D-dried 224
0.6 512 91 Saturated 782
0.6 512 91 D-dried 284

Figure 4.  Schematic of scattering arrangement.[39]
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The NMR theory is quite complex.  Its use for surface area
determination is based on two principles:

• In the region containing evaporable water, the first
molecular layer on the hydrated surface has a uniform,
well-defined relaxation time

• All conditions for fast exchange of water present in the
first surface layer and of the remaining evaporable
water in the pore structure are met

The absorption spectrum of a material will depend on the environment
of the protons in the sample, thus the technique allows estimation of the
water mobility or its state in the sample.  For more information, see Ref. 41.

2.7 Image Analysis

Image analyses of visible light (optical) or backscattered electron
images of specially pretreated samples can be, in principle, used for
determination of pore size distributions and surface areas.  However, as
discussed elsewhere in this book (Ch. 19), in addition to some advantages
(e.g., no need for drying), the technique suffers from several disadvantages:

• Two-dimensional images have to be recalculated into
three-dimensional pore distribution data

• The visible pore images do not represent reality be-
cause the measured cross-sections are smaller than the
cross-section at the maximum pore diameter

• Inadequate resolution of the instrumentation at high
magnifications

• Limitation on the number of displayable pixels

Because of these and some other reasons, at this stage of develop-
ment, estimation of surface areas from pore size distributions based on
image analysis is not practical and is not used routinely.[42][43]

3.0 APPLICATIONS

Knowledge of the surface area is of utmost importance in many
concrete-related applications.  Whereas some of the techniques discussed
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above are routinely used in the production and quality control/assurance
others are of interest only at the scientific level and in the development of
new products.  The following paragraphs will give a few, very superficial
examples of such applications; the list is certainly not complete and serves
only as a reminder of the importance of surfaces in better understanding and
control of materials properties.

Cement Raw Meal.  The quality of a cement clinker and the
productivity of its manufacturing depends among others, on the rate at
which the components of the raw meal are transformed during its burning
into the clinker of desired quality.  Under otherwise constant conditions the
raw meal-to-clinker transformation depends on the surface area of the kiln
feed.  Knowing the differences in the reactivity of the raw meal compo-
nents—for example the relative reactivates of the carbonaceous versus
siliceous versus iron-containing components—the fineness of the kiln feed
can be adjusted to give a surface area that will guarantee a burning rate
acceptable from both economic and technical points of view.

For the above reasons the surface area of the kiln feed is closely
monitored, primarily by control of its particle size, a measure of the
available reactive surface.

Concrete Mixture Components.  The concrete mixture compo-
nents for which surface area plays a crucial role are the cement and mineral
admixtures, such as fly ash, condensed silica fume (microsilica), and
granulated blast furnace slag.  The quality and quantity of the fine and
coarse aggregate surface are important, however, to a lesser degree than the
above components.  The reason for this is the fact that whereas the
cementitious materials participate in chemical reactions of hydration
(reactions between water and the components of cement, blending materi-
als, and chemical admixtures), the aggregate surface can be under most
conditions considered to be inert.

Based on this knowledge, the concrete manufactures expect to
receive from the materials suppliers cement and mineral admixtures that
conform to the codes and the  standards requirements, and enable them to
produce high quality concrete (primary requirement) within the essential
time and budget (secondary consideration).

The most common techniques of mixture components surface area
evaluation are particle size measurements and air permeability techniques.

Hydrated Portland Cement and Concrete.  As implied above,
surface area plays a most important role in chemical reactions that lead to
development of concrete properties.  Whereas the surface area of the
anhydrous cement compounds does affect the rate at which a given cement
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contributes to the development of the concrete engineering properties, it is
the surface area and other qualities of the newly formed hydration products
that are responsible for the microstructural behavior and physical perfor-
mance of concrete.

The cement paste component of most influence on concrete proper-
ties is calcium silicate hydrate, C-S-H.  It constitutes about 50–60% of the
volume of the solids in a fully hydrated cement paste and its surface area,
depending on the conditions of its formation (temperature, humidity,
water-to-cement ratio, etc.), and the type of measuring technique, is
reported to vary between 10 and more than 250 square meters per gram.
Most literature data agree today that the surface area of a fully hydrated,
D-dried portland cement paste is about 200 m2 g-1.[31]  However, values as
high as 700 to 800 m2 g-1 per ignited weight were obtained using small angle
x-ray scattering.[45]

The primary properties of concrete that are influenced by the surface
area of the C-S-H are the dimensional changes, creep, strengths, and
modulus of elasticity.  This is related to the structure and composition of the
C-S-H, in particular to the movement of water between and within the
C-S-H particles.[4][31]

Because of this importance, the issue of the surface area of C-S-H and
cement paste is an important topic of research for several decades, and
many of the obtained results remain controversial.[25]  Different experimen-
tal techniques give different results and some of the data interpretations are
inconsistent and confusing.  This is not only related to the differences in the
measurement principles of the individual techniques, but also to the fact
that the chemistry and fine internal structure of the C-S-H and thus, its
“true” surface area, are unknown.  Also unknown are the basic differences
between the surface properties of the individual forms of C-S-H that can be
observed by electron microscopic techniques (e.g., the so-called “inner”
versus “outer” C-S-H product).

As mentioned earlier, the most common classical research technique
for determination of surface areas of cement paste and hydration products
is the BET technique.[2][3]  Primarily water vapor and nitrogen, but also
other gases are used as sorbents.  In  recent years, these gas adsorption
techniques were supplemented by others, such as SANS, SAXS, and NMR,
discussed in more detail above.  Novel data are being obtained, but clear and
experimentally proven interpretations are lacking.

Concrete Durability.  In a sense, deterioration of concrete is the
reverse process when compared to the hydration reactions.  In the former
case, discussed above, the chemical reactions lead to formation of a
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microstructure that controls or guarantees certain mechanical properties of
the concrete. In the latter case the chemical reactions lead to destruction of
the previously formed microstructure by transformation or decomposition
of the matrix components from those possessing cementitious properties,
primarily of C-S-H, to new compounds that do not possess them.

Because, as discussed earlier, the accessibility to liquids of the
surface area in cement-based materials is closely dependent on the porosity
and its structure (pore structure, spatial distribution, connectivity), the rate
of concrete deterioration by most if not all of the possible mechanisms of
chemical deterioration is porosity dependent (e.g., alkali-silica reaction,
alkali-carbonate reaction, sulfate attack, acid attack).  Thus, stated in a
somewhat oversimplified form, the durability is controlled by the water-to-
cement ratio.

The absolute size of the surface area exposed to chemical reactions
of deterioration and its time dependency are difficult to measure or are not
needed, thus the most common modes of evaluation of the deterioration rate
are the changes in porosity, pore structure, water or certain ions permeabil-
ity, and vapor transmission.  These methods constitute an indirect measure
of the effects of the reacting surfaces.

REFERENCES

1. Lowell, S., Introduction to Powder Surface Area,  John Wiley & Sons,
New York (1979)

2. Bruanuer, S., Emmett, P. H, and Teller, E., Adsorption of Gases in Multi-
Molecular Layers, J. Am. Chem. Soc., 60:309 (1938)

3. Brunauer, S., The Adsorption of Gases and Vapors, Oxford University
Press, London (1943)

4. Skalny, J., and Young, J. F., Mechanisms of Portland Cement Hydration,
Vol. I, Proc.7th. Int. Symp. Chem. Cem., Paris, II-1/3 (1986)

5. Sakurai, T., Sato, T., and Yoshinago, A., The Effect of Minor Compo-
nents on the Early Hydraulic Activity of Portland Cement Clinker, Proc.
5th. Int. Symp. Chem. Cem., p. 300, Tokyo (1968)

6. Maycock, J. N., Skalny, J., and Kalyoncu, R., Crystal Defects and
Hydration, I. Influence of Lattice Defects, Cem. Concr. Res., 4:835
(1974), see also ibid 3:701 (1973)

7. ASTM, see for example the Standard Test Methods C 115-94, C 184-94,
C 204-94a, C 430-94, and C 786-94.



Surface Area Measurements 525

8. Powers, T. C., Structure and Physical Properties of Hardened Portland
Cement Paste, J. Amer. Ceramic Soc., 41:1–6 (Jan., 1958)

9. Winslow, D., and Diamond, S., Specific Surface of Hardened Portland
Cement Paste as Determined by SAXS, J. Amer. Ceramic Soc.,
57:193–197 (May, 1974)

10. Halperin, W. P, .Jehng, Y-Y., Song, Y-Q, Application of Spin–Spin
Relaxation to Measure of Surface Area and Pore Size Distribution in a
Hydrating Cement Paste, Magnetic Resonance Imaging, 12(2):169–173
(1994)

11. Langmuir, I., The Adsorption of Gases on Plain Surfaces of Glass, Mica
and Platinum, J. Am. Chem. Soc., 40:1361–1403 (1918)

12. Rarick, R. L., Bhatty, J. I., and Jennings, H. M., Surface Area Measure-
ment Using Gas Sorption: Application to Cement Paste, Materials
Science of Conc, (J. Skalny, and S. Mindess, eds.), 4:1–40, The American
Ceramic Society, Westerville, OH (1995)

13. Brunauer, S., Skalny, J., and Bodor, E. E., Adsorption on Nonporous
Solids, J. Coll. Interface Sci., 30:546–552 (1969)

14. Gregg, S. J., and Sing, K. S. W., Adsorption, Surface Area, and Porosity
(2nd Ed.), Academic Press, New York (1982)

15. Brunauer, S., Skalny, J., and Odler, I., Complete Pore Structure Analysis,
Pore Structure and Properties of Materials, Proc. RILEM-IUPAC Int.
Symp., Prague (1973)

16. Brunauer, S., Demming, L. S., Demming, W. S., and Teller, E., On a
Theory of the Van der Waals Adsorption of Gases, J. Am. Chem. Soc.,
62:309–319 (1938)

17. DeBoer, J. H., The BET Method International Symposium on the Surface
Area Determination, (D. H. Everett and R. H. Ottewill, eds.), Butterworths,
London (1969)

18. Milburn, D. R., and Davis, B. H., Comparison of Surface Areas Calcu-
lated from Nitrogen Adsorption and Mercury Porosimetry, Ceram. Eng.
Proc., 14:130–134 (1993)

19. Taylor, H. F. W., Cement Chemistry, Academic Press, London (1990)

20. Mikhail, R. S., and Selim, S. A., Adsorption of Organic Vapors in
Relation to the Pore Structure of Hardened Portland Cement Paste,
Highway Res. Board, Spec. Rep. No. 90, p. 123 (1966)

21. Wheeler, A., Advan.Catalysis, 3:250 (1951)

22. Winslow, D., Some Experimental Possibilities with Mercury Intrusion
Porosimetry, Mat. Res. Soc. Symp. Proc., 137:93–103 (1989)

23. Milburn, D. R., and Davis, G. H., Comparison of Surface Areas Calcu-
lated from Nitrogen Adsorption and Mercury Porosimetry, Ceram. Eng.
Proc., 14:130–134 (1993)



526 Analytical Techniques in Concrete Science and Technology

24. Diamond, S., Rapid Particle Size Analysis of Fly Ash with Commercial
Laser Diffraction Instrumentation, Mat. Res. Soc. Symp. Proc., 137:83
(1989)

25. Lange, D. A., Jennings, H. M., and Shah, S. P., The Influence of Pore
Structure on the Properties of Cement Paste, Mat. Res. Symp., Proc.,
147:47–54 (1989)

26. Rootare, H. M., and Prenzlow, C. F., J. Phys. Chem., 71:2733 (1967)

27. Wagner, L. A., A Rapid Method for Determination of Specific Surface
Area of Portland Cement, Proceedings, ASTM, ASTEA, Vol. 33, Part II,
p. 553, (1933)

28. Standard Test Method for Fineness of Portland Cement by the
Turbidimeter, ASTM C 115-94, (1994)

29. Hime, W. G., LaBonde, E. G., Particle size Distribution of Portland
Cement From Wagner Turbidimeter Data, J. Protl. Cem., Assoc. Re-
search and Development Laboratories, 7:66–75 (1965)

30. Darcy, H., Determination of the Laws of the Flow of Water Through Sand,
Victor Dalmont Publisher, Paris (1856)

31. Blaine, R., Measurement of Specific Surface by Air Permeability, ASTM
Bull. 108, pp. 17–20 (1943)

32. Standard Method for Fineness Of Hydraulic Cement by Air Permeability
Apparatus, ASTM C 204-94a, (1994)

33. Sereda, P. J., and Ramachandran, V. S., Predictability Gap Between
Science and Technology of Cements:  1.  Characterization of Hydraulic
Cements, J. Am. Ceramic Soc., 58, 3–4, pp. 94–99 (1975)

34. Neutron, X-Ray and Scanning:  Introduction to an Investigation Tool for
Colloidal and Polymeric Systems, (P. Linder, and Th. Zemb, eds.), North
Holland, Amsterdam (1991)

35. Kratky, O., and Laggner, P., X-Ray Small Angle Scattering, Encyclope-
dia of Physical Science and Technology, Academic Press, London,
17:727–781 (1992)

36. Porod, G., Die Rontgenkleinwinkelstreuung von Dichtgepackten
Kolloiden Systemen, Kolloid-Z., I. Teil, 124, pp. 83–113 (1951)

37. Haussler, F., Eichor,. F., Rohling, S., and Baumbach, H., Monitoring of
the Hydration Process of Cement Pastes by Small Angle Neutron Scatter-
ing, Cement and Concrete Research, 20:644–654 (1990)

38. Kriechbaum, M., Degovics, G., Laggner, P., and Tritthart, J., Investi-
gation on Cement Pastes by Small-Angle X-Ray Scattering and BET:
The Relevance of Fractal Geometry, Advances in Cement Re-
search, 6(23): 93–100 (1994)

39. Winslow, D. N., Bukowski, J. M., and Young, J. F., The Early Evolution
of the Surface of Hydrating Cement, Cement and Concrete Research,
24:1025–1032 (1994)



Surface Area Measurements 527

40. Bhattachrja, S., Moukwa, M., D’Orazio, F., and Jehng, J. Y., Microstruc-
ture Determination of Cement Pastes by MNR and Conventional Tech-
niques, Advn. Cem. Bas. Mat., 1:67–76 (1993)

41. Feldman, R. F., The Porosity and Pore Structure of Hydrated Portland
Cement Paste, Mat. Res. Soc. Symp. Proc., 137:59–73 (1989)

42. Eberly, D., Lancaster, J., and Alyassin, A., On Gray Scale Image
Measurements, Graphical Models and Image Processing, 53:550–562
(1991)

43. Barnett, M. I., Optical Microscopy for Particle Size Analysis, Interna-
tional Symposium on the Surface Area Determination, (D. H. Everett and
R. H. Ottewill, eds.), Butterworths, London (1969)

44. Winslow, D. N., and Diamond S., Specific Surface of Hydrated Portland
Cement Paste as Measured by X-Ray Scattering, Coll. Interface Sci.,
45:425 (1973)



14

Pore Structure

James J. Beaudoin and Jacques Marchand

1.0 INTRODUCTION

The development of the pore structure of hydrating portland cement
systems is fundamental to the physico-mechanical and chemical behavior
of concrete exposed to a variety of aggressive environments.  It influences
mass transport of ions into the material and their interaction with concrete
constituents as well as the diffusion characteristics of concrete.  Deleterious
reactions with chlorides and sulfates and the corresponding kinetics are
particularly affected by pore size and continuity and are of wide interest to
the research community.

The characterization of the pore structure of portland cement paste is
difficult due to the uncertainties associated with the lack of a universal
definition of the primary structural elements, i.e., the calcium silicate
hydrates.  This complicates interpretation of data provided by individual
techniques.  Clarification of some of these points will be attempted for the
techniques described in this chapter.

Numerous experimental techniques have been employed to describe
the microstructure of cement paste. This chapter will focus on six tech-
niques: helium inflow, gas adsorption, ac impedance spectroscopy, nuclear
magnetic resonance, mercury porosimetry, and solvent replacement.  These
techniques represent a blend of more recent and traditional methods.  Pore

528



Pore Structure 529

structure-property relations and their relevance to concrete durability
issues will also be examined.  An attempt is made to provide a critical
analysis of the techniques in terms of their relevance to arguments for
various pore structure models and the nature of the calcium silicate hydrate
structures in the paste.

2.0 THE HELIUM INFLOW TECHNIQUE

2.1 The Concept

The helium inflow technique was originally developed by Feldman
to follow changes to the solid phase in hydrated portland cement microporous
systems that result from the removal of the interlayer and physically
adsorbed water.[1]–[4]  The volume of the space that was originally occupied
by water can be penetrated by helium and determined using elementary gas
laws.  The penetration of helium is time dependent and generally nears
completion after 48 hours.  The density of the water removed can, therefore,
be calculated using the mass difference and the volumes determined by
helium gas that enters vacated space in the C-S-H structure.  Changes to the
solid envelope comprising C-S-H, adsorbed water and interlayer water can
also be determined by measuring the differences in the instantaneous solid
volume resulting from an incremental removal of water as detected by
helium displacement prior to the onset of inflow into the structure.  The
technique can be used to study changes to the pore structure of hydrated
portland cement on drying and rewetting.[2]–[4]

2.2 The Helium Comparison Pycnometer

The volumes of helium that enter the cement paste systems can be
determined using a helium comparison pycnometer as shown in Fig. 1.

The sample is placed in a cylinder illustrated in Fig. 1 which is then
evacuated. Helium is allowed to fill the two cylinders at approximately 1
atm. The cylinders are then isolated and compressed to 2 atm by moving the
reference piston to the forward fixed position (Fig. 1); in doing this the volume
is exactly halved and the pressure is doubled. The sample piston is moved
simultaneously with the reference piston, and by reference to the differen-
tial pressure indicator, the pressure in the two cylinders is kept the same.
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In the actual experiment, the sample is evacuated for 10 min and
helium is then admitted to the sample for 15 sec. Pressure equalization
between the cylinders and compression takes a further 1 min 45 sec. Helium
inflow readings begin as soon as compression to 2 atm is complete. The sample
cylinder is always returned to 2 atm before a reading is taken by comparing
with the reference cylinder through the differential manometer.  Inflow is
plotted as milliliters of helium at 2 atm per 100 g of sample versus time.

Density values and parameters associated with collapse of structure
due to dehydration of other layered silicates, gypsum and other microporous
hydrates can be determined using helium inflow methods.

2.3 General Procedure

Cement paste samples are conditioned at 11% RH prior to helium
inflow measurements. The samples are heated under vacuum before a run,
in a separate vacuum vessel to remove increments of water. After a prescribed
period of time, dry air is allowed to enter the vessel and the sample is
transferred to the pycnometer’s samples cylinder in a glove-box dried with

Figure 1.  A simplified schematic diagram of a helium comparison pycnometer.[1]
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magnesium perchlorate.  The sample is usually in the form of several disks
(3.20 cm diameter × 1 mm thick), the total mass varying from 15 to 30 g.
The runs on the hydrated cement samples are done at different moisture
contents. At first, moisture is removed by evacuation alone and then by
heating at increasing temperature for different periods of time. The samples
are weighed after the helium inflow run, which extends over 40 hrs, so the
change in flow characteristics can be plotted as a function of mass change.
All runs are performed in a temperature-controlled laboratory at 22°C.

2.4 Helium Inflow as a Function of Time

The inflow of helium versus time curves for the paste with water-
cement ratio 0.4 (mass loss up to 10.8%) are presented in Fig. 2.  The curves
in Fig. 2 can be divided into three types.  The curve for the sample at 11%
RH and the subsequent two curves up to a mass loss of 1.92% show a very
rapid helium inflow for approximately the first 50 min.  From about 8 to 10
hrs onward, the rate is no greater than that of the blank run and one can
assume that helium is no longer flowing into the sample.  This is the first
type of curve, designated Type I.  Further mass loss, up to 4 or 5%, yields
curves which show even more rapid helium flow at the early periods and a
less rapid decrease in rate.  The rate at 10 hrs is still significant, but becomes
insignificant at 40 hrs.  This second type of curve (Type II) is observed up to
a mass loss of 6 to 7%.

The rate in the first 50 min becomes less than for Type I curves, but
the curves crossover at a later period, with more helium penetrating
ultimately.  The rate at 40 hrs at 6% mass loss now exceeds that of the blank
run and it appears that at 40 hrs helium has not yet fully penetrated.  The
third type of curve (Type III) occurs beyond 6 to 7% mass loss.  A decrease
compared to Type II curves is observed before 1 hr and a net decrease in
helium flow at 40 hrs.  Mass loss beyond 7% shows the rate decreasing at
both the early and late periods.  The rate at 10.82% mass loss after 40 hrs
is quite low even though little penetration has occurred.

2.5 Mass Loss and the Volume of Helium Inflow

Helium inflow varies with moisture content.  The volume that flowed
into the sample at 50 min and at 40 hrs was plotted as a function of moisture
removed from the 11% relative humidity condition, Fig. 3.
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Figure 2.  Typical helium inflow versus time curves for portland cement paste (water-
cement ration 0.40).  Changes in mass on drying from the 11% RH condition are indicated
in the legend for each curve.[1]
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The maximum inflow was approximately 4.2 ml/100 g for the water-
cement ratio of 0.4.  Helium inflow increased up to a mass loss of about 4%.
The curves show a decreasing amount of helium inflow after 50 min at
approximately 4 to 4.5% mass loss, while the amount that flowed in after
40 hrs decreased very steeply after 6 to 6.5% mass loss.  There is little
further decrease in helium flow after 8 to 9% mass loss.

Figure 3.  Helium inflow at 40 min and 40 hrs plotted as a function of weight loss for cement
paste (water-cement ratio 0.40).[1]
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2.6 Space Vacated by Water Versus Degree of Drying

A term that represents the space occupied by water prior to its
removal from the C-S-H can be calculated from the helium inflow data.  It
is the algebraic sum of the change in solid volume (∆V) and the change in
helium inflow (∆D).  Hence the parameter, ∆V - ∆D is obtained, where the
decrease in solid volume is negative and the increase in inflow is regarded
as positive.  Figure 4 is a plot of ∆V - ∆D and ∆V versus mass loss on drying
for 10 different cement pastes.  The parameter ∆V - ∆D is linear up to about
5.5% mass loss.  The inverse of the slope is an estimate of the density of
water from 0 to 5.5% mass loss.  This value is 1.27 ± 0.08 g/cm3.  The data
beyond 5.5% mass loss show considerable scatter.  The removal of water
in this region cannot be described as the simple removal of water from
pores.  The process corresponds to an increase in the rate of change of ∆V
and a very abrupt decrease in the amount of helium inflow into the
microspaces of the sample.

2.7 Pore Structure Models

Results of the helium inflow experiments can be used to examine the
validity of pore structure models for cement paste. Models based on the
existence of narrow-necked pores of fixed dimension or the presence of layered
crystals with interlayer water between adjacent layers have been postulated.

An increase in inflow would be expected from both models as more
water is removed from the sample.  Volume change can be explained in the
early stages for both models if it is assumed that the monolayer of adsorbed
water on the external surface was being removed.  In either model this can
only be used to explain a small part of the volume change, however, because
the complete monolayer would occupy less than 1 ml/100 g of a sample.
The interlayer model can explain this since one would expect a diminution
in “solid volume” as dehydration proceeds further into the layers due to a
slight collapse of the layers.  The rest of the volume vacated by water will
result in increased inflow for the Type I flow curves.

At a mass loss of 5.2%, ∆V is too large to be explained by the fixed-
dimension narrow-necked pore model.  The flow curves and the value of
density for the water would be consistent with both models up to about 4%
mass loss.  Beyond this loss, however, the flow curves show a decrease in
initial rate although more helium has flowed in at 40 hrs.  This cannot be
explained by the fixed-pore model.  There is no mechanism in this model
to account for a decrease in flow rate or total inflow.
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These results can be completely explained by the interlayer model.
As water is removed from the interlayer spaces, more space is vacated and
some collapse occurs.  The rate of volume change with mass loss increases
significantly where the mass loss is between 5 and 6%.  This fits in well with
the flow curves, Fig. 2. Figure 3 shows how rapidly the rate of flow decreases

Figure 4.  Plot of ∆V - ∆D and ∆V as a function of weight loss for 10 different cement pastes.
The terms are defined in the text.[1]
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over a very small mass loss range.  It is suggested that in this region the
collapsing layers not only present “narrow necks” to the helium atoms, but
also long narrow slits which greatly restrict inflow.

In effect, the collapse of the layers has trapped space vacated by
water, and helium cannot enter this space even after 40 hrs of exposure.
Thus, the interlayer model also explains the behavior of the ∆V - ∆D versus
mass loss plot.  The restricted-pore model would predict this plot to
continue in essentially a linear fashion.

2.8 Surface Area and Hydraulic Radius Calculations

The helium inflow technique has been used to study changes to the
C-S-H structure that occur during removal and reentry of water and of the
pore structure as well.  Interlayer spaces and other pores can also be
distinguished.

The surface area and hydraulic radius of interlayer and capillary pore
systems can also be calculated from helium inflow data.[5]  Length change
and the determination of the solid volume change by helium pycnometry as
the sample is exposed to different relative humidity (RH) conditions can be
used to calculate the surface area of the material.  The total surface area of
hydrated portland cement paste (determined by low-angle x-ray scattering)
and the total volume of interlayer space (by the helium inflow technique)
can be used to calculate the hydraulic radius of the interlayer space.

The instantaneous solid volume change measured by helium dis-
placement is made up of four main components:

1. Volume change due to change in solid surface-free
energy, depending on the quantity of adsorbed water.

2. Volume change due to the attachment or removal of
interlayer or structural water.

3. Volume change due to aging effects, i.e., further align-
ment of sheets.

4. Volume change due to removal or attachment of adsorbed
water on the solid surface.

Change in length should be due to components (1) and (2) if aging is
not a factor.  The difference between ∆V/V and 3∆� � � should then leave
component (4), the adsorbed water.  Thus,
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Eq. (1) ∆V/V - 3∆� � � = ∆v/V

where v is the volume of the adsorbed layer and V is the volume of the d-
dried sample.

If the experiments are carried out by exposing specimens equili-
brated at 0 to 11% RH, or vice-versa, assuming that an adsorbed monolayer
exists at 11% RH, then ∆v is the volume of an adsorbed water monolayer.
Using the value of the density of the water as 1.20 g/ml the mass of the
monolayer of adsorbed water per unit mass of d-dried sample, W, is ∆v ×
1.20/W 3.  The surface area may thus be calculated, assuming that one water
molecule covers 10.8 Å2.

The hydraulic radius is calculated by dividing the total pore volume
of a pore system by its bounding surface area. For definite shapes, the diameter
is a fixed multiple of the radius and is useful for defining systems. For parallel
plates, the distance separating the plates is twice the hydraulic radius.

2.9 Volume and Length Change Measurements on
Rewetting to 11% RH

The helium inflow technique can be applied to hydrated cement
systems re-wet from the dry conditions.  The results for several hydrated
cement, C3S pastes, and autoclaved cement systems containing sulfur are
presented in Table 1.  Columns 2, 3, 4, present, respectively, the percent
mass of water sorbed, the percent solid volume change, and the relative
length change, on a d-dried basis following exposure of d-dried specimens
to 11% RH.  The actual values for the d-dried solid volume and its mass are
tabulated in columns 5 and 6, respectively.  Calculation of the term (∆V/V
-  3∆ � � �) × 1.2 V/100 gives the mass of the monolayer of adsorbed water for
volume, V (column 5), on the basis of the d-dried sample.  The monolayer
of adsorbed water per 100 g of d-dried sample is tabulated in column 7 and
the surface area calculated from this in column 8.  Surface areas from
nitrogen adsorption measurements are tabulated in column 9.  A plot of the
surface area determined by nitrogen adsorption versus surface area com-
puted from Eq. (1) is presented in Fig. 5.  The points vary somewhat from
the line of equality, especially at low surface areas, but overall agreement
is considered good.  It is possible that some of the assumptions may not be
strictly valid at low surface areas.

Using the same method of calculation, surface areas are computed
from data for drying the material from 11% RH to the D-dry condition (i.e.,
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the vapor pressure of dry-ice at -78°C).  These results are tabulated in
column 10 and it is clear that the surface areas are much higher than those
in columns 8 and 9.  Previous results have shown that under  this condition
aging occurs in the sample, and Eq. (1) does not take this factor into account.
In addition, it is probable that the porosity of the specimen decreases with
drying and that 3∆ � � �  is not equal to the volume change of the solid phase
transmitted through the body.  Surface area may, however, decrease, but the
process is difficult to quantify through the simple analysis of Eq. (1).

Rewetting Drying
Percent at 11% RH M2/g M2/g

Sample ∆W/W ∆V/V ∆�/� V W w SAHe SAN2 SAHe
× 100 × 100 × 100 Percent

1 2 3 4 5 6 7 8 9 10

Portland Cement

w/c  0.25 3.78 1.706 0.332 40.16 91.30 0.38 13.6 5.2 236

w/c 0.40 4.74 2.827 0.362 41.98 91.83 0.96 34.8 30.1 65

w/c 0.60 4.96 3.567 0.342 40.59 91.71 1.35 49.0 52.0 110

w/c 0.80 5.36 3.420 0.359 38.72 89.38 1.22 44.4 52.0 188

C3S

w/c 0.50 4.81 4.033 0.304 41.31 92.82 1.67 60.4 56.5 83

w/c 0.80 5.01 4.137 0.278 40.95 92./87 1.74 63.5 67.3 138

Lignosol

w/c 0.80 5.04 4.238 0.394 39.87 91.44 1.77 58.1 70.0 –

Sulphur Aut 0%

w/c 0.35 1.23 1.197 0.057 37.17 98.45 0.47 16.9 8.9 –

Sulphur Aut 2%

w/c 0.35 2.96 1.990 0.176 38.48 95.16 0.71 25.8 12.9 –

Sulphur Aut 10%

w/c 0.35 3.30 2.54 0.306 35.46 91.87 0.75 27.3 24.0 179

Aut = Autoclaved

Table 1.  Data for Calculation of Surface Area from Helium Pycnometry
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Figure 5.  A relation between surface area of cement systems determined by helium
pycnometry and by nitrogen adsorption.[5]

2.10 The Hydraulic Radius of the Internal Space of Hydrated
Cement Paste

The hydraulic radius of the internal space, using the ratio of volume
of the internal structure to internal surface area, can be estimated.  Until
recently this calculation could not be carried out without assuming a
particular structure for the C-S-H gel.  The low-angle x-ray scattering data
of Winslow and Diamond, however, has provided the internal surface area.

Previous work has shown that the “internal structure” is reopened by
exposure (of d-dried specimens) to over 42% RH when more water enters
the structure.[3]  Helium can, at this condition, fully enter the internal space
within 40 hrs.

The volume of the internal structure (interlayer space) can thus be
measured in the open or partially open state, depending on the relative
humidity of exposure (using helium to measure the remaining internal volume).

Calculation of the surface area of the capillary pore structure shows
that 1.35% of the water for the paste formed at 0.6 w/c is sorbed on the outer
surface following exposure to 11% RH; after exposure to 100% RH and re-
drying to 11% RH, 10.8% of the water is retained.  This leaves 9.45% in the
internal structure.  In addition, 2.4 ml of space, unoccupied by water, is also
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measured in the structure by helium inflow.  Using the density of water as
1.20 g/ml the volume of the internal space amounted to 10.28 ml and using
the surface area of the internal space as 670 - 49 = 621 m2/g, the hydraulic
radius was equal to 1.65 Å (0.165 nm).

Assuming that the pores are bounded by two parallel plates, the
average separation between the plates is 3.3 Å (0.33 nm) (twice the
hydraulic radius).  This model is consistent with the concept of the internal
system being composed of layers separated, on the average, by one water
molecule.  The validity of this calculation is further supported by the
following calculation. If 9.45% of water is held as a single layer between
two sheets, it will cover twice the normal area per molecule, i.e., 10.8 × 2
Å2 (0.216 nm2).  This will result in a surface area of 687.2 m2/g, close to 621
m2/g given by low-angle x-ray scattering.  The calculation assumes,
however, that all the water is held as a single layer.  There may be “kinks”
in the alignment of the sheets, leaving room for more than one layer of
water.  On the other hand, the value of 10.8 Å2 (0.108 nm2) for the coverage
per molecule may be too high.

The hydraulic radius can also be calculated for the sample exposed
to 42% RH, a state that corresponds to 5.15% water and 2 ml of space
between the sheets.  An average hydraulic radius of 1.0 Å (0.1 nm) is
obtained because of a partial collapse of the interlayer space.

The evidence strongly suggests that the microstructure of the hy-
drated silicates is composed of two structures: one made up of relatively
coarse pores whose size distribution can be measured by nitrogen adsorp-
tion and possibly by mercury porosimetry and whose total porosity can be
measured by helium and other fluids such as methanol; the second, a
layered structure composed of poorly aligned and poorly crystallized sheets
separated by spaces approximately 3 Å wide.  The material has the ability
to stabilize itself further when subjected to various treatments like wetting,
drying, and application of stress.

3.0 GAS ADSORPTION METHODS

3.1 Introduction

Gas adsorption techniques have been used extensively in cement
science to characterize the pore structure of hardened cement systems.[6]

Methods based on the interaction of water vapor or other adsorbates with
the solid surfaces of microporous adsorbents such as hydrated portland
cement are briefly described.
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The application of models employing capillary condensation theory
(e.g., the Kelvin equation) and adsorption-desorption processes (the
Brunauer-Emmett-Teller [BET] equation) is presented.[7]  Procedures for
determining pore size distribution, surface area, and the significance of
sorption isotherms and related V-t curves, will be outlined.  Surface area
techniques are described in greater detail in the chapter dedicated to this
topic.  The ‘modelless’ method of pore structure analysis developed by
Brunauer and co-workers[8] coupled with the Micropore Analysis or MP
method[9] is presented as a means of obtaining a “complete” pore-size
distribution, including micropores and capillary pores.

It is emphasized that the basis of much of the pore-size analysis for
hardened cement systems is predicated on the assumption that the cement-
paste is representative of an ideal adsorbent and the paste-water interaction
is a reversible thermodynamic adsorption process.  This has been chal-
lenged by Feldman and coworkers who account for intercalation of the
adsorbate (into a layered silicate structure) in their analysis.[10]

3.2 BET Adsorption Theory

Brunauer, Emmett, and Teller (BET) developed a multilayer adsorp-
tion theory that is widely used.[7]  Surface area values can be readily
calculated from application of the BET equations to sorption isotherm data.
Typical isotherms (nitrogen adsorbate) for hardened portland cement paste
(water-solid ratio 0.20) are shown in Fig. 6.[11]  The number of molecules
of adsorbate required to form a monolayer on the surface of the adsorbent
can be readily determined.  This is in reality a fictitious quantity as
adsorption takes place in several layers simultaneously.  All sorption sites
are assumed to be energetically similar.  The heat of adsorption of the
second and higher layers are assumed equal to the heat of liquefaction.

The BET equation was derived after equating the rate of condensa-
tion and the rate of evaporation for a given layer and summing over an
infinite number of layers.  It is expressed as follows:

Eq. (2) { }oo
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where: V = volume of gas adsorbed (cm3)

Vm = monolayer capacity (cm3)

c = constant, related to the average heat of adsorption
of the monolayer
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Figure 6.  Nitrogen adsorption-desorption isotherms of four cement pastes (water-cement
ration, 0.20).  Curve 1, hydrated 1 d;  curve 2, 3 d;  curve 3, 7 d;  curve 4, 28 d.  A diethyl
carbonate grinding aid was used.[11]

p = vapor pressure (kPa)

po = saturation vapor pressure (kPa)

It is convenient to rearrange the BET equation in linear form as follows:

Eq. (3)
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A plot of p/{V(po - p)} vs p/po generally gives a straight line in the
adsorption (reversible) region of the isotherm (i.e., 0.05 < p/po < 0.35).

The monolayer capacity, Vm, and the BET constant c can be deter-
mined from the slope and the intercept of the linear plot.  The total surface
area can be calculated using the equation:
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where A is the projected area of one adsorbate molecule on the surface
(m2/molecule), M is the molar volume (cm3/g·mole) and N = Avogadro’s
number (6.023 × 1023 molecules/g·mole).

The BET theory underestimates the extent of adsorption at low
pressures (p/po < 0.05) and overestimates it at high pressures (p/ po > 0.35).

A single point BET method is described in ASTM D4567.

3.3 The Kelvin Equation

The theory for condensation effects in pores is attributed to Kelvin.
The Kelvin equation relates the size of a pore to the partial pressure at which
capillary condensation occurs for the fluid (adsorbate) within the pore.  The
thickness of the adsorbate film on the pore walls increases with relative
pressure and condensation occurs first in small diameter pores and progresses
into larger ones.

The accuracy  of the Kelvin equation decreases with decreasing pore
size.  It is not applicable in the micro-pore filling region of the sorption
isotherm, i.e., up to the partial pressure where the sorption and desorption
branches join when nitrogen is the adsorbate.

The Kelvin equation for cylindrical pores is given by the following
equation.

Eq. (4)
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where:  rcp = radius of the pore in which condensation occurs

φ = contact angle with which the liquid meets the pore
wall

V = molar volume of the adsorbate (for liquid nitro-
gen = 3.5 × 10-5 m3/mol at 77°K)

γ = surface tension of the adsorbate (8.85 × 10-3 N/m
for liquid nitrogen)

R = gas constant (8.31 J/K·mol)

T = temperature (°K)

p/po = relative pressure

p = equilibrium vapor pressure

po = saturation vapor pressure
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Adsorption within the pores includes layers of adsorbate attached to
pore walls in addition to bulk condensate.  The radius of the pore calculated
from the Kelvin equation is smaller than the true pore radius by an amount
equal to the thickness of the surface adsorbed layers.  The thickness of the
adsorbed layer, t, as a function of pressure may be estimated by adsorption
measurements on nonporous solids.[12]

The thickness of the adsorbed layer can be estimated from the use of
the Halsey equation.[13]

Eq. (5)
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where, σ is the thickness of a monolayer of adsorbate molecules, i.e., 3.54
Å (nitrogen).

Wheeler employed the Halsey equation for pores having radii in the
range of 20 Å to 300 Å.[14]

3.4 Pore Size Distribution

The equation governing the determination of a pore size distribution
based on capillary condensation methods has the following form.[13]

Eq. (6) ∫
∞
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where:  Vs = volume of adsorbate at the saturation vapor
pressure

Va = volume of adsorbate at an intermediate vapor
pressure, p

L(r)dr = total length of pores whose radii fall between r
and r + dr

r = pore radius

t = multilayer thickness at pressure p

The pore size distribution is obtained by constructing a plot of the
derivative of the cumulative pore volume-pore radius curve versus pore
radius.

The pore size distribution function is unknown in Eq. (6).  Particular
distribution functions and subsequent numerical integration methods have
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been adopted.[12]  A simpler and reasonably accurate procedure using the
Kelvin equation to characterize a porous alumina sample is briefly de-
scribed.  A spread sheet (Table 2) can be constructed to facilitate calculation
using sorption isotherm data.[15]  The distribution is given in Fig. 7.

Table 2. A Spread Sheet for Calculation of Pore Size Distribution in
Porous Alumina (Nitrogen Adsorption)

p/po r rk rp ∆t ∆v ∆vf ∆vk ∆vp ∆sp ∑(∆sp)

--- --- --- --- --- --- --- --- --- --- ---
--- --- --- --- --- --- --- --- --- --- ---

The terms in Table 2 are defined as follows:

t = thickness of the adsorbed layer

rk = Kelvin radius at a particular value of p/po (Eq. (4);  r̄k

= average value in the interval between two values of p/po

rp = rk + t; r̄p = average value in desorption step

∆t = diminution of film thickness on desorption/adsorption
from p1 to p2

∆v = element of volume desorbed in the pressure interval

∆vf = element of volume desorbed from the adsorbed layer on
the pore walls = 0.064 ∆t ∑(∆sp)

∆vk = element of volume ascribed to the cylinder core derived
from capillary condensation = ∆v - ∆vf

∆vp = element of actual pore volume = ( )2
kpk rrv∆

∆sp = surface of the pores associated with incremental desorption

pp rv∆2

A pore size distribution curve is obtained by plotting ∆vp /∆rp vs. rp .
The distribution is limited to pore radii exceeding about 16 Å as the Kelvin
equation is not applicable to micropore filling.

The analysis is completed at a value of p/po of about 0.32, i.e., the
point where the primary hysteresis collapses and the reversible adsorption
region is reached. Micropore-filling occurs at lower values of partial
pressure.
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Figure 7.  A pore-size distribution curve for alumina determined from a nitrogen sorption
isotherm (a) isotherm: o, adsorption; • desorption (b) pore-size distribution curve.[15]
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3.5 Micropore Filling and V-t Plots

The use of the Kelvin equation is considered inappropriate for pores
smaller than 15–20 Å.  The Dubinin-Radushkevich equation[16] has been
applied to determine values of micropore volume and pore width.

Eq. (7)
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V = micropore volume at a relative pressure of p/po (cm3/g)

Vo = total micropore volume (cm3/g)

E = adsorption potential (J/mole); the work required to com-
press a mole of gas from p to po

R = gas constant = 8.31 J/K · mol

T = temperature (°K)

K = shape constant for pore size distribution

β = solid dependent affinity coefficient; the ratio of charac-
teristic adsorption energies of test and reference vapors

p = equilibrium vapor pressure

po = saturation vapor pressure

Equation 7 can be written in the form
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The micropore volume Vo can be obtained graphically from the intercept of
a plot of log V vs. [log (po /p)]2.

V-t plots can be constructed from sorption isotherm data and the
corresponding t values for a given relative humidity.  The slope of the linear
V-t plot yields an estimate of surface area.  A downward deviation from
linearity indicates that micropores become filled by multilayer adsorption
at low humidity reducing the surface available for continued adsorption.
Combining
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for nitrogen, S = 4.35·Vm where:

Va = volume of adsorbate (cm3/g)

Vm = monolayer capacity (cm3/g)

tm = monolayer thickness

S = surface area (m2/g)

A = projected area of adsorbate molecule (m2/molecule)

M = molecular volume (cm3/g·mole)

N = Avogadro’s number (6.02 × 1023 molecules/g · mole)

A schematic illustrating the character of V-t plots for different
mechanisms of pore filling is provided in Fig. 8.

3.6 The Modelless Pore Method

A method of pore structure analysis was developed by Brunauer and
coworkers in which pore volume and surface distributions were obtained
without assuming any shape for the pores.[8]  The hydraulic radius, rh,
defined as V/S (V is the volume of a pore group and S is the surface area of
the pore walls) was utilized instead of the Kelvin radius.  Adsorption and
desorption isotherms were used conventionally to determine pore volumes.
The surface values were calculated using a different procedure which will
be described in this section.

Mikhail, et al., found good agreement with BET areas and pore wall
areas in most cases when the adsorption branch of the nitrogen isotherm for
portland cement pastes was utilized.[9]  They, therefore, used the adsorption
branches of their isotherms for pore structure analysis.

The inference of the modelless method is only that no pore shapes are
assumed.  The hydraulic radius is, therefore, employed as a measure of the
average width of a group of pores independent of pore shape.  The Kiselev
equation for capillary condensation is employed.

Eq. (8) γ ds = ∆µ da

where, γ is the surface tension of the adsorbate, ds is the surface area that
disappears when a pore is filled by capillary condensation, ∆µ is the
chemical potential, and da is the number of moles of liquid taken up by
the pore.[17]  The term ds is not the surface of the walls of a pore, but the
surface of the inner core.
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Integration of Eq. (8) results in the following expression for the
surface area of the entire adsorbent

Eq. (9) daXs
s

H

a

a
a∫=

γ
1

where, Xa = -∆µ = -RT ln p/po is the differential free energy of adsorption,
aH is the number of moles adsorbed at the inception of the hysteresis loop
and as is the number of moles adsorbed at saturation.  The total surface area
of the inner cores is estimated from the Kiselev integration.  The core area
is generally smaller than the BET area.

The computational steps for determining the surface areas on desorp-
tion are described as follows.  The surface area of the first group of pores
(e.g., desorption in the region l ≥ p/po ≥ 0.95) can be determined by
graphical integration of Eq. (9).  The core volume divided by the core
surface gives the hydraulic radius of the cores.  The volume desorbed (v2)
in the second interval (e.g., 0.95 > p/po > 0.90) is not the volume of the inner
cores of the second group.  The volume desorbed must be corrected for the
amount desorbed from the pore walls of the first group (v2´).  The volume
of the cores of the second group is then v2 - v2́ .  The core hydraulic radius
of the second group is obtained by dividing the core volume by the core
surface.  The correction terms increase from core group to core group and
eventually the volume correction becomes equal to the volume desorbed
when the hysteresis loop closes.

The correction terms are calculated on the basis of a t-curve.  The
thickness of the adsorbed film is obtained by dividing the volume of
nitrogen adsorbed by the BET surface area.  The thickness is then plotted
against p/po .  A pore shape model must be assumed in order to make the
corrections.  The correction (parallel plate model) for the second group of
pores (0.95 ≥ p/po ≥ 0.90) is given by v2´  = 10-4 (t1 - t2) S1.  The terms t1 and
t2 are the statistical thicknesses of the adsorbed film at p/ps = 0.95 and 0.90,
respectively and S1 is the core surface area of the first group of pores.  The
core surface area of the second group is calculated using this
correction term.  The correction term for the third group of pores is given
by v3´  = 10-4 (t2 - t3) (S1 + S2).  The procedure continues in a similar manner
for all subsequent groups.

It was demonstrated that the corrections add little significant infor-
mation to that obtainable from the uncorrected values.  The pore volume
distribution curves, ∆v/∆r vs. r, calculated from the uncorrected and the
corrected data are not significantly different.



Pore Structure 551

An example of a typical spread sheet is provided by Table 3.
Pore volume distribution curves for hardened cement paste having

water-cement ratio = 0.50 are illustrated in Fig. 9.  Curve 1 is the completely
modelless structure curve without correction.  Curve 2 was calculated from
the corrected data.  Curve 3 represents the structure curve obtained by the
method of Cranston and Inkley (cylindrical model).[12]

Figure 9.  The pore volume distributions of cement paste (water-cement ratio, 0.5)
determined from a nitrogen desorption isotherm.  Curve 1: modelless method; curve 2:
corrected  cores; curve 3: method of Cranston and Inkley.[8]

Table 3.  Analysis of a Nitrogen Desorption Isotherm[8]

p/po Vads Vdeg Vdes Vdes S S rh rh

(STP) (STP) (ml) (ml) (m2/g) (m2/g) (Å) (Å)

uncorr corr uncorr corr uncorr corr

--- --- --- --- --- --- --- --- ---
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The maxima of the Cranston and Inkley curves appear at larger
hydraulic radii than those of the other curves and the corresponding ∆V/∆r
values are considerably higher. Curve 3 is based on cylindrical pore volumes
and hydraulic radii and curves 1 and 2 on core volumes and hydraulic radii.

The modelless method can analyze pores up to p/po = 1 because the
hydraulic radius is finite at saturation pressure.  Comparison of adsorbents
on the basis of core dimensions leads to larger differences than comparison
based on pore dimensions.

3.7 The Micropore Analysis or MP Method

A complete pore structure analysis requires distribution data for the
micropore system and the capillary pore system.  Micropores are pores that
have widths of the order of 16 Å or less.

Mikhail and coworkers developed a method of micropore analysis
referred to as the MP method.[9]  It is basically an extension of the
“t-method” of de Boer and his coworkers.[18]  The volumes, surfaces, and
hydraulic radii of groups of pores are calculated from the downward
deviations of the straight line in the de Boer v-t plot.

A combination of the MP method for narrow pores and the corrected
modelless method for wide pores can give the complete pore volume and
surface distribution of the silica gels.

The statistical thickness of the adsorbed film is obtained by dividing
the volume of nitrogen adsorbed as liquid at a given relative pressure p/po

by the BET surface

Eq. (10) t = 10-4 v/SBET

The thickness, t, is obtained in angstroms when v is in ml and SBET in
m2/g.  The molal volume of liquid nitrogen is 34.65 ml at 77.3°K.  The slope
of the straight line in the v-t plot gives the surface area of the adsorbent
designated St .  St should be equivalent to SBET.  This will be true if the t-
curve is based on adsorbents that have approximately the same heats of
adsorption.  The values of c in the BET equation indicate the relative
magnitude of the heats of adsorption.  It is imperative that a correct t-curve
be employed in the micropore analysis.  The first points on the v-t plot
determine the slope of the straight line from which St is calculated.

The MP procedure is briefly described.  The isotherm is converted into
a v-t plot, e.g., Fig. 10.  The downward deviations from a straight line (a part
of the surface has become unavailable due to micropore filling) are used for
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determining the pore volume and pore surface distributions of micropores.
The volume of the group of pores (between t1 and t2) is given by:

Eq. (11) v S S
t t

1 10
4

1 2
2 1

2
= −

+



( )

where, S1 and S2 are the surface areas obtained from the slopes of curves 1
and 2 and t1 and t2 are the thicknesses of the films in the narrowest and
widest pores of the group.

The hydraulic radius of a group of pores is defined as V/S (volume
of the pores/surface area of the pores).  It is half the distance between the
plates in a parallel plate pore model.

The slope of curve 3 gives the surface S3.  The surface, hydraulic
radius, and volume of the second group of pores are calculated in a similar

Figure 10.  A de Boer v-t plot.  The surface areas of the pore walls for the different pore
groups are obtained from differences between the slopes of straight lines 1 to 9 and the pore
widths are obtained from the abscissa values.  The figure illustrates the MP method of
analysis of micropores.[9]
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manner to that of the first group.  The analysis is continued until there is no
further decrease in the slope of the v-t plot and multilayer adsorption is
essentially complete.

A micropore volume distribution curve for a silica gel is shown in
Fig. 11.  It was concluded that a combination of the MP method for
micropores and the corrected modelless method makes possible a complete
analysis of the pore system.  A “complete” analysis of micropores and wider
pores (using the methods of Brunauer and coworkers) for hardened cement
paste of low porosity is illustrated in Fig. 12.  The agreement between
cumulative surface and BET surface as well as between cumulative volume
and total pore volume would appear to be valid criteria for the correctness
of the analysis.

Figure 11.  A pore-size distribution curve for silica gel.[9]
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Figure 12.  Pore-size distribution curves of type II cement pastes (water-cement ratio,
0.20).  Curve 1:  5°C, 180d; curve 2:  25°C, 28d; curve 3:  50°C, 7d.  All pastes were
approximately 70% hydrated.[9]

4.0 ALTERNATING CURRENT IMPEDANCE
SPECTROSCOPY (ACIS) FOR PORE STRUCTURE
CHARACTERIZATION

Alternating current impedance spectroscopy (ACIS) is widely used
in both fundamental and applied electrochemical studies.[19]  The scope of
applied ac impedance spectroscopy work is wide.  A brief description of the
relevant aspects of ACIS related to the pore structure of cement systems
will be presented.

4.1 Basic Principles

The ac impedance spectroscopy technique involves application of a
small amplitude sinusoidal voltage or current signal to a system; a response
current or potential signal is generated and recorded.  The impedance of the
system is easily evaluated through analysis of the ratio of the amplitudes
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and phase shift between the voltage and current.  The electrodynamics
theory of sinusoidally alternating currents and voltages is based on rela-
tively simple laws.

If the alternating voltage is given by V = Vm sin (ωt), the resulting
current for a resistance, R, would be:

Eq. (12) ( )t
R

V
i m ωsin=

The terms ω, t and Vm are angular frequency, time and maximum voltage,
respectively.

The impedance Z is defined as a vector with modulus  Z =Vm/im and
phase angle (θ).  The following expressions are derived from the imped-
ance plot (Fig. 13):

Eq. (13) Z´(ω) =  Z  cos (θ )  and  Z´́  (ω) =  Z sin (θ )

The real component is plotted as the abscissa and the imaginary
component as the ordinate in the so-called “complex plane” plot.  This leads
to definitions of impedance and admittance in terms of the complex
quantities.

Eq. (14) Z(ω) = Z´(ω) - jZ´́ (ω)

where, Z´(ω) is the real component and Z´́ (ω) is the imaginary component
of the impedance.  The complex plane type of plot was first applied by Cole
and Cole[20] in their study of relaxation effects in the dielectric polarization

Figure 13.  The impedance vector plotted in the complex plane.
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of a polar medium.  A similar expression was applied to the kinetic behavior
of electrode processes by Rehbach and Sluyters[21] in 1961.  The complex
plane method of analysis has since become widely used in the treatment of
surface kinetics and other processes at electrodes.[20][21]  Plots of log  Z
and phase angle vs. log frequency can also be employed to provide a
description of the impedance behavior.  These are referred to as Bode plots.[22]

4.2 Experimental Procedures

The most common ACIS procedure is to measure impedance directly
in the frequency domain by applying a single-frequency voltage to the
testing system and measuring the phase shift and amplitude, or the real and
imaginary parts of the resulting current at that frequency. Commercial
instruments are available, such as the HP-4192A impedance analyzer and
Solatron 1260 frequency response analyzer that can be used to measure the
impedance as a function of frequency automatically.  The analyzer is
usually interfaced to a microcomputer with real-time plotting capability. A
signal amplitude of less than 0.5 V[23] is used throughout the sweep. The
advantages of this technique include operationally simple instrumentation and
the capability and possibility of controlling the frequency in the range of
most interest.

Cement paste and concrete specimens are usually cast in rectangular
or cylindrical shapes[24][25] with stainless steel used as electrical contacts.
An example of typical impedance data plotted in the complex plane (real vs.
imaginary) for hydrating cement paste at various hydration times is given
in Fig. 14.[26]  A single arc in the high-frequency range and part of a second
arc in the relatively low-frequency region are observed at later hydration
times.  The high-frequency arc is attributed to the bulk paste impedance
behavior and the second arc to the cement-electrode surface capacitance
effect.  The reliability of the data depends on:

• Maintenance of specimens at 100% relative humidity
in an environmental chamber during the measure-
ments.  Since the frequency scanning may take more
than a minute, the bulk resistance can increase due
to the loss of water resulting in a highly disturbed
high-frequency arc.

• Correction of conductive or lead effects in the MHz
frequency range (since there is an impedance contri-
bution from a conductor, Z = 2πfL).  The electrical
wiring should be kept as short as possible.
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4.3 Equivalent Circuit Models

Impedance spectra can be interpreted by an equivalent circuit model
made up of ideal resistors, capacitors, and perhaps inductance and various
disturbed circuit elements.  In these circuits a resistance element represents
a conductive path; capacitance and inductance elements are generally
associated with space charge polarization regions and special adsorption
effects at electrode interfaces.  This approach is often applied in electro-
chemistry and solid-state studies because of the simplicity of simulation
and good approximation of the results.  It also provides a fundamental
understanding of most impedance spectra.  A simple parallel combination
of a pure resistor and capacitor is illustrated in Fig. 15(a) and (b) along with
the corresponding impedance plot in the complex plane.  The impedance of
the circuit can be described by the following equation:

Eq. (15) ( ) ( ) ( )2

2

2 11 CR

CR
j

CR

R
Z

ω
ω

ω
ω

+
−

+
=

where, ω  = 2πf, and j = 1− .  A plot of Eq. (15) in the complex plane (Fig.
15b) gives rise to a perfect semicircle characterized by a single conductivity
relaxation time (r = RC); the maximum value of the imaginary impedance

Figure 14.  A plot of the imaginary versus real impedance for cement paste (water-cement
ratio, 0.35) hydrated for various periods.[26]
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occurs at the characteristic frequency fo = ½πRC.  In practice, an ideal
semicircle is generally not observed in most materials.  It is normally an
inclined semicircle with its center depressed below the real axis by an angle
αdπ/2 (Fig. 15c).  This behavior, normally associated with a spread of
relaxation times, cannot be described by the classical Debye equation
employing a single relaxation time.  A dispersive, frequency-dependent
element or so-called constant phase element (CPE)[21][22] can be introduced
to account for the shape of the depressed complex plot.  The impedance
contribution of this element can be expressed as follows:

Eq. (16) Z(CPE) = Ao
-1( jω)-n

where n  = 1 -α d and αdπ/2 is the depression angle.  Therefore, n can be used
to represent the degree of perfection of the capacitor and represents a
measure of how far the arc is depressed below the real impedance axis.

Figure 15.  The impedance behavior of cement paste:  (a) a simple parallel electrical circuit;
(b) the corresponding impedance plotted in the complex plane; (c) the impedance plot
showing a semicircle arc inclined at αo π/ 2.
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Disturbed circuit elements are associated with two types of physical
interpretation.  The first is associated directly with a non-local process, for
example, diffusion.  The other arises because microscopic material prop-
erties are themselves often distributed.

4.4 Electrical Circuit Models for Cement Paste

Numerous equivalent circuit models have been proposed for cement
pastes.[23]  A typical equivalent circuit model to investigate the mechanism
of hydration of portland cement paste is briefly described.  The electric
circuit was chosen so that its RC parameters would physically represent
microstructural elements of the cement paste.  A layer model of hydrating
portland cement paste was applied for equivalent circuit construction.  The
electric network of the cement paste was represented by many unit cells in
series as shown in Fig. 16(a), in which the Rs, Rl , Rint ,  and Cint terms are the
resistance of solid, liquid, and interface phases and the capacitance of the
interface in the nth unit cell, respectively.  The total impedance of the
cement paste, taking the electrode effect into account can, therefore, be
simulated by the circuit displayed in Fig. 16(b).  A modified equivalent
circuit containing a frequency-dependent resistance element, R´tint = B/ω
(where B is a real constant) is applied to simulate the depression phenom-
enon.[26]  This equivalent circuit indicates that the impedance behavior of
hydrating cement paste depends on the existence of solid-liquid interfaces.

4.5 The High Frequency Arc

An understanding of the significance of the high frequency arc is
relevant to interpretations of pore structure based on electrical measure-
ments.
The total impedance for cement paste can be expressed as follows:

Eq. (17) ( ) ( )2
2

2
2

2
2

2
1

11 R/C

RC
j

R/C

R
RZ

d

d

d ω
ω

ω +
−

+
+=

where

Eq. (17´) R1 = ( )
�

σψ
1

1

1

sS

L

−
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Figure 16.  (a) An equivalent circuit for a single layer of cement paste based on a “solid-
liquid interface unit cell” model; (b) a simplified equivalent circuit for one layer of cement
paste including a frequency-dependent element.[26]

Eq. (17´́ ) R2 = NRf and Cd = Cf /N

L = thickness of the specimen in the direction of
the electrical field

S = area of specimen normal to the electrical
field

ψs = area fraction of the solid phase

σ
�

= electrical conductivity of the liquid phase

Rf and Cf are the electrical resistance and capacitance of the solid-
liquid interfacial zone and N is the total number of solid-liquid interfaces
within the specimen in the direction of the electric field.

The corresponding arc and electrical circuit are depicted in Fig. 17.
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Figure 17.  (a) The equivalent circuit for an ac impedance spectrum for hydrated cement
paste and (b) the corresponding high-frequency semicircle.[28]

The value R1 (expressed in Eq. 17) is a function of both microstruc-
ture of the solid phase and the ion concentration of the pore solution.

Consider the following two part (A and B) analysis of Eq. (17).

A. ψs is constant. In the case where ψs is constant, Eq. (17´) becomes
R1 = κ´ (1/σ1) where κ´ = K/(1 - ψs).  The pore solution conductivity
is equal to σ1 = λ c/103 with λ  given by the Kohlrausch’s law, that
is, λ = λo (1 - β ´√c̄ ).  Equation (17´) then gives:

Eq. (18) 















′−
=







cc

'R
o βλ

κ
1

103

1

where, λ is the equivalent conductivity, λo is the equivalent
conductivity at infinite dilution, and β ´ is the experimental constant
related to ionic interactions and viscosity of the solution, etc.

B. σ1 is constant.  In the case where σ1 is constant, Eq. (17´) can
be expressed as R1 = K[ρ

�
 /(1 - ψs)] where ρ

�
�is the resistivity of

pore solution.  Since the cement particles can be considered as
small spheres, it is reasonable to assume that the area fraction of
solid is proportional to its volume fraction, for example, ψs =
α‘ϕs , and ϕs = 1 - P.  Equation (17´) then becomes:

Eq. (19) ( )
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Combining Eqs. (18) and (19), the HFR, R1, can be expressed as:

Eq. (20) ( ) ( ) 
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−−

=
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o βλα 1
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11

1
1

A plot of 1/R1 vs. P gives a straight line if the pore solution resistivity
can be obtained.  Equation (19) is a very simple relation between the HFR
and porosity.  It is applicable to hydrated cement systems in which the
conductivity of pore solution has reached a relatively constant value.
Figure 18 contains experimental plots of 1/R1 versus porosity for hydrating
cement paste systems with water/cement ratios varying from 0.25 to 0.55,
respectively.  Porosity values were determined at hydration times of 3–27
days.  A linear relation was obtained for all cement systems as predicted by
Eq. (19).[27]

Figure 18.  Plots of the inverse high-frequency resistance, I/R, versus porosity for cement
paste systems at various hydration times (water-cement ratios 0.55 to 0.25.)[27]
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4.6 The High-Frequency Arc Diameter, R2

The high frequency arc diameter appears to be a function of specific
pore structure descriptors of cement paste.  The arguments are developed
below.

The ac impedance behavior of the hydrating cement paste system is
controlled by the solid-liquid interfacial zone in the system.[28]  The solid-
liquid interfacial zone consists of two parts, the Stern layer and a diffuse
layer.[29]  The Stern layer is a layer of counter-ions strongly adsorbed to the
solid surface.  The ions in the Stern layer are difficult to move due to the
attraction of the solid surface.  A diffuse layer exists behind the Stern layer.
The diffuse layer contains a net excess of counter-ions compared with the
neutral bulk liquid.  It is apparent that the interfacial zone has a different
electrical conductivity than the bulk liquid.

Expressions for Rf , σf , and δ (conductivity and thickness of the
interfacial zone) are given as follows, assuming Kohlrausch’s law is valid
in the double layer.[29][30]

Eq. (20´)
fs

f
f

S
R

σ
δ 1

⋅=
�

Eq. (21) ][][1 ffof CC 


 ′−= βλσ

Eq. (22) δf = δst + δd = δst + 
c

k1

where, δst and δd are the thickness of the Stern layer and diffuse layer and
c and [Cf] are the concentrations of ions in the bulk pore solution and diffuse
layer, respectively.  Rf is the interfacial resistance.  The specific constant,
k1, varies with temperature and the valences of various ions in the pore
solution.

Consider [Cf ] to be approximately constant for cement-based mate-
rials,[27] as σf is relatively constant.  The R2 - c relation can be obtained by
combining Eqs. (20´), (21), and (22):

Eq. (23) constants)  are  ,( 32
3

22 kk
c

k
kR +=
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This linear relation between HFA diameter, R2, and the reciprocal of
the square root of the concentration of ions in pore solution was
examined experimentally in mature portland cement systems.[31]  A plot of
R2 vs. 1/ c  is given in Fig. 19.

Figure 19.  A plot of the high-frequency arc diameter, R2, versus the ionic concentration
term 1/ c, for a mature cement paste system.[31]

The HFA diameter, R2, is also dependent on porosity, P, and mean
pore size, ro.  The following relationship was derived by Xu, et al.,[31] and
validated by experiments.

Eq. (24) constants) are  ,(
1

54
54

2 kk
rPc

kk
R

o
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f
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+= δ

σ
It is apparent from Eq. (24) that the occurrence of the high-frequency

arc in porous materials depends on the product of porosity and mean pore
size in addition to ionic concentration.  High porosity, large pore size, and
the increasing ionic concentration, result in a very small high-frequency
semicircle.  If the pore ion concentration is relatively constant, R2 can be
expressed as:
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Eq. (25) constant) is (     6
0

6
2 k

rP

k
R

⋅
=

A plot of R2 vs. 1/(P · r0) is illustrated in Fig. 20.  Linear regression
analysis resulted in a correlation coefficient of 0.99.  The linear Eq. (25) is
validated by the experimental results.[31]

The impedance behavior of hydrating cement paste systems in
accordance with the above discussion is attributed to solid-liquid interface
phenomena.  Characteristics of the RC parameters can be summarized as below.

• The high-frequency resistance, R1, is an inverse func-
tion of both porosity and ionic concentration in the
pore solution

• The high-frequency arc diameter (or chord), R2, is an
inverse function of porosity, mean pore size, and ionic
concentration of the pore solution.

Figure 20.  A plot of the high frequency arc diameter, R2, versus the inverse of the product
of porosity and mean pore size, 1/(P · r0), in a cement paste system.[31]
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4.7 Microstructural Parameter, βββββ

Complementary work (based on electrical conductivity methods) at
Northwestern University and the National Institute for Standards and
Technology (NIST, USA) supports the view that ACIS techniques can
reveal useful time-dependent microstructural information for hydrated
cement systems.

Garboczi[32] has described the conductivity of cement paste using the
following equation:

Eq. (26) σ = σoβ Vf

where, σ is the composite conductivity, σo is the conductivity of the pore
solution resident in the capillary pores, Vf is the volume fraction of capillary
porosity and β is a microstructural parameter related mainly to the
tortuosity and connectivity.  The parameter β is an empirical constant
related to the spatial distribution of conductive phases.

A plot of the normalized conductivity, σ/σo versus volume fraction
of the dominant conductive phase, Vf , for portland cement paste is given in
Fig. 21.[33]  The upper and lower bounds for simple two phase models
(parallel and series) are also plotted.  It would appear that the cement paste
microstructure changes character from parallel to predominantly series as
capillary porosity decreases.  It was concluded (despite suggestions of de-
percolation) that the hydration reaction can be explained by an increase in
tortuosity of the capillary pore structure without considerations of discon-
nected porosity on the basis of a description of two-arc behavior presumed
related to the tortuosity of the capillary pore structure blended with a
continuous C-S-H phase.

Christensen, et. al., obtained similar data to that presented in Fig.
21.[34]  The relative conductivity is plotted versus porosity in Fig. 22 for
white cement paste.  Computer simulation results agree reasonably well
over the entire range of capillary porosities.  It is noted that the experimental
conductivity values do not conform to a φ1.5 power law at porosities less
than about 50%.  The corresponding degree of hydration is approximately
coincident with final set time and the departure from criteria applicable to
suspensions.  The separation of bulk conductivity into microstructural and
pore solution components provided the basis for a rapid method of pore
structure investigation.
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Figure 22.  Simulation and experimental results for relative conductivity versus capillary
porosity for white cement paste (water-cement ratio, 0.5).[34]

Figure 21.  Normalized conductivity data for two ordinary portland cement pastes
[w/c: (•) 0.50, (o) 0.35].  Parallel (.......) and series (—) bounds.[33]
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5.0 THE SOLVENT REPLACEMENT TECHNIQUE

5.1 Introduction

The solvent replacement technique has been used by numerous
researchers for various applications.[35]  Some authors have relied on
organic solvents to stop the hydration of cement.[36][37]  Attempts have also
been made to use some organic solvents as cement-hydration retarding
admixtures [38]–[40] or to study the rheological properties of fresh cement
paste mixtures.[40]

As can be seen in Table 4, organic solvents (such as benzene, acetone,
ethanol, methanol, and isopropanol) have physical properties that present
numerous advantages from the standpoint of pore structure characteriza-
tion.  For instance, solvents are characterized by a surface tension which is
usually much lower than that of other liquids, such as water.  The replace-
ment of the cement paste pore water by a low surface-tension organic fluid
has been extensively used by several authors as a precursor treatment to
minimize pore structure damages upon drying.[35][41]–[43]  It has been shown
that the removal of the solvent after it has replaced the pore water attenuates
the stresses induced in the system and preserves, at least to a certain degree,
the fine pore structure of the materials.[41]–[43]

The specific gravity of most organic solvents is also significantly
lower than that of water, see Table 4.  Due to their reduced density, organic
solvents tend to naturally replace the hydrated cement paste pore solution
by a simple counter-diffusion process.  In recent years many researchers
have relied on organic solvents to assess the diffusion properties of various
cement systems.[44]–[46]  Organic solvent diffusion measurements have also
been used to investigate the pore structure alterations induced to cement-
based materials by drying-resaturation treatments.[46]–[48]

A brief overview of the suitability of organic solvent for microstruc-
tural characterization will be presented.  The remaining discussion will
focus on the use of the solvent replacement technique for the determination
of the diffusion properties of cement-based materials.  The application of
the technique to the investigation of drying-induced pore structure alter-
ations will also be discussed.  The effects of solvent replacement as a
precursor treatment on pore size distribution measurements by mercury
intrusion porosity will be addressed in the following section.
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5.2 Suitability of Organic Solvents for Microstructural
Characterization

The primary assumption in the use of organic solvents is that these
liquids do not physically or chemically interact with cement systems.  The
question is obviously of importance from the standpoint of microstructural
characterization.  The subject is also of interest for diffusion experiments
since any interaction of the solvent with the solid will significantly
influence the interpretation of the experimental data.

The hypothesis of minimal interaction of organic solvents with
cement-based materials has been challenged by a number of investigators.
Although opinions on the subject tend to differ, evidences of chemical
reactions and strong physical interaction have been brought forward by
many investigators.[35]  For instance, in a comprehensive investigation of
the interaction of organic liquids with tricalcium silicate pastes, Taylor and
Turner found that acetone could react with the solid to form mesityl oxide,
phorone, and isophorone.[49]  In a recent investigation of the length change
response of calcium hydroxide compacts immersed in various organic
solvents Beaudoin, et al.,[50] observed a significant color change for the
samples immersed in acetone.  The change of color and the length change
response were interpreted as signs of strong chemical interaction between
acetone and calcium hydroxide; however, the nature of the chemical
reaction products was not identified.

Table 4.  Characteristics of Various Organic Solvents

Organic Chemical Surface Specific Cross- Diffusion Coefficient
Solvent Composition       Tension        Gravity Molecular  in Water

(mN/m) Area, Å2 (× 10-5 cm2/s)

Water H2O 70.80 1.0000 11.4  —

Acetone C3H6O 23.46 0.7899 — 1.28

Benzene C6H6 25.00 0.8765 — 1.02

Ethanol C 2H6O 21.97 0.7893 — 1.24

Isopropanol C3H8O 20.93 0.7855 -18.1 2.02

Methanol CH3OH 22.07 0.7914 27.7 1.28
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Numerous reports have suggested that other solvents, such as etha-
nol, methanol, or isopropanol, were probably more suitable as replacement
fluids.  On the basis of DTA analyses, Dollimore[51] and Parrott[52][53] could
not identify any signs of chemical interaction of cement pastes with organic
liquids and specifically methanol.  These observations were supported by
Thomas[54] and Marchand[46] who concluded that methanol and isopro-
panol were suitable for the preparation of the samples for pore structure
characterizations.  Techniques employed in both studies included TGA,
XRD, IRS, and mercury intrusion porosimetry.  Thomas’ investigation was
carried out on Ca(OH)2 compacts and hydrated OPC pastes while Marchand’s
study was conducted on four different blended cement pastes.

The conclusions of these various studies have been challenged by
different authors.  Methanol, for instance, has been found to react with
portlandite to form “carbonate-like materials.”[55]  Similar observations
were made by Beaudoin[56] who determined that the surface area of calcium
hydroxide samples nearly tripled after twenty-four hours of immersion in
methanol.  Calcium methoxide or a methylated complex were identified by
XRD, DTA, and IRS, as reaction products between methanol and Ca(OH)2

(see Figs. 23 and 24).[56]  More recently, length-change experiments
reported by Beaudoin et al.,[50] suggest that other solvents, such as benzene
and isopropanol, could also chemically react with calcium hydroxide.
Strong interaction of methanol with hydrating and mature cement paste has
also been reported in the literature.[38][57]

Although the nature and the extent of the chemical interaction
between the various organic solvents and the hydrated cement paste is still
a matter of discussion, several investigations suggest that methanol is not
a suitable fluid for pore structure determinations.  In addition to its potential
chemical reaction with the cement paste hydration products, methanol has
been found to alter the cement paste pore structure.[43][45][56][58]  For
instance, length-change measurements reported by Feldman[45] (see Fig.
25) clearly indicate that immersion of thin cement paste samples in
methanol results in large expansions while samples immersed in isopro-
panol shrink.  The increase of volume was associated with the penetration
of the layered silicate structure by the relatively small methanol molecules
(see Table 4).  The separation of the sheets by methanol leaves a marked
imprint on the sample pore structure.  Evidence of pore structure alterations
reported by Sellevold and Bager[58] indicate that methanol can also affect
the coarser part of the distribution.
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Figure 23.  Nitrogen surface area of Ca(OH)2 samples immersed in methanol.[56]
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Figure 24.  DTA curves in air for (a) Ca(OH)2 and (b) Ca(OH)2 immersed in methanol for
three days.[56]

Figure 25.  Length change of hydrated cement paste samples immersed in methanol and
isopropanol as a function of the square root of time.[45]
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Numerous investigations also clearly demonstrate that most solvents
tend to be strongly adsorbed on the pore walls and cannot be entirely
removed by conventional drying techniques like vacuum or oven dry-
ing.[46][50][54]  As can be seen in Fig. 26, isopropanol and methanol vapor
isotherms reported by Mikhail and Selim[59] were characterized by a
marked hysteresis at low relative pressures after several adsorption-desorp-
tion cycles.  Similar hystereses were noted for samples which had been
subjected to prolonged vacuum-drying at room temperature.  For the
authors, this was a clear indication of an incomplete removal of the
adsorbate.  It was concluded that drying temperatures exceeding 100°C
were needed to remove the sorbed solvent molecules from the hydrated
cement paste pore surface.

Unfortunately, such a severe drying treatment can hardly be used in
practice.  It is well established that drying at temperatures above 105°C
tends to remove structural water and results in an  irreversible decomposi-
tion of the cement paste itself.[60]

The conclusions drawn by Mikhail and Selim were recently sup-
ported by a series of gas chromatography data reported by Hazrati.[61]

Results obtained for a solvent-exchanged mortar clearly support the view
that temperatures up to 170°C are needed to completely desorb isopropanol
from the hydrated cement paste pore surface (see Fig. 27).  The gradual
desorption of isopropanol over a 50°C temperature range (i.e., from 120°C
to 170°C) was also seen as a good indication that isopropanol molecules
were held with different degrees of binding energy.  According to these data
a significant amount of isopropanol was retained in the solid microporosity
and/or covered more than one molecular layer at the surface of the material.

The strong adsorption of solvent molecules on the hydrated cement
paste pore walls calls into question the use of solvent replacement
techniques for the preconditioning of cement-based material samples.
Such a phenomenon could be particularly important for surface area
determinations which are usually made on the basis of gas sorption
measurements.  As emphasized in the previous section, most interpreta-
tions of gas sorption data are based on the fundamental assumption that the
intensity of the acting adsorption forces varies with the distance separating
the individual adsorbate molecules from the solid surface.  Furthermore,
most of these theories also assume that at any given vapor pressure the
amount of molecules adsorbed on the surface is directly proportional to the
surface area of the solid.  The presence of residual solvent molecules on the
surface of the solid clearly complicates the interpretation of gas sorption
data on the basis of classical theories.[61]
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Figure 27.  Gas chromatography spectra and mass spectrometry results (inset) for a 0.6
water/cement ratio paste immersed in isopropanol and oven-dried (P) and simply oven-
dried (O).[61]

The adsorption of residual solvent molecules should also, at least
from a theoretical point of view, affect the intrusion of mercury during a
porosimetry experiment.  The presence of sorbed molecules may signifi-
cantly modify the contact angle of the solid and impede the penetration of
mercury in small pores.  This will be discussed further in the following
section.

Figure 26.  Adsorption/desorption isotherms of methanol for a 0.35 water/cement ratio
hydrated cement paste.[59]
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5.3 Diffusion Experiments

The solvent replacement technique has been used by many authors to
assess the diffusion properties of saturated cement-based materials.  The
method is relatively straightforward and can be performed in any labora-
tory.  It consists of immersing saturated surface-dry specimens into a large
volume of solvent.  The solution to sample volume ratio is important (at
around 100:1) since the point of saturation of water in most organic solvents
is quite low.  Furthermore, in order to keep the boundary conditions as
stable as possible, the solvent should be renewed regularly (i.e., every hour
during the first twenty-four hours of experiment and then less frequently).

Once the sample is immersed, the solvent immediately penetrates the
material and replaces the pore solution.  During the experiments the
penetration of the solvent within the sample is simply monitored by weight
measurements which are carried out at regular intervals.  Work by Parrott[44]

and by Feldman[45] have indicated that the replacement of the pore water by
an organic solvent is a simple physical process of counter-diffusion.  This
assumption has recently been supported by carbon and H1 NMR data
obtained by Hansen and Gran who studied the exchange of ethanol with
water in saturated cement pastes.[62]

Typical diffusion curves for methanol and isopropanol in saturated
OPC paste disks (diameter = 38 mm, thickness ≈ 1.35 mm) are presented
in Fig. 28.  These results are expressed as Wt /W∞ versus time (at a square
root scale).  The quantity of solvent diffused in the sample at a certain time
is represented by Wt  while W∞ stands for the amount entered at equilibrium.
The values of Wt can be calculated knowing the density of each solvent and
assuming that the solvent exchanges pore water on a one-to-one volume
basis.  Methods to determine the value of W∞ will be discussed in the
following paragraphs.

The calculation of a diffusion coefficient on the basis of solvent
replacement test data can be simply done by considering the law of mass
conservation and resolving Fick’s second law.  The general form of Fick’s
equation is given by:

Eq. (27) t
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where D is the diffusion coefficient (m2/s) and t the time (s).  The last term
on the right-hand side of the equation accounts for any physical or chemical
interaction of the solvent with the solid.  Despite the numerous evidences
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that organic solvents tend to physically and chemically interact with
cement systems, authors have generally neglected the interaction term.
Such an omission can simply be explained by the fact that little is known
of the mechanisms of interaction.  Although it is highly probable that the
interaction of organic solvents with the hydrated cement paste is a concen-
tration-dependent process, more research is needed to develop a math-
ematical description of the phenomenon.

Figure 28.  Typical diffusion curves for methanol and isopropanol in a saturated OPC
sample.[45]

If the interaction term is neglected Eq. (27) is then reduced to:
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As emphasized by Day[63], various forms of the mass balance
equation can be developed according to the type and the shape of the
specimens under investigation.  For a long circular cylinder of radius (r) in
which the penetration of the solvent is everywhere radial, Eq. (28) becomes:
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The theory for a number of classical cases is outlined by Crank.[64]

For each of these cases, the diffusion coefficient of the material can be
calculated by simply integrating the mass balance equation.  A general
solution of the diffusion equation (more or less independent of the sample
geometry) is given by Barrer:[63][64]

Eq. (30) 
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In this equation, r0 stands for the “effective” radius of the sample.
The effective radius is defined as the radius of a sphere which has the same
surface/volume ratio as the sample under consideration.  For a cylinder, r0
is equal to 3 × volume/surface area ratio of the sample.  It can also be shown
that for small t, Eq. (30) can be simplified to become

Eq. (31) π
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It should be emphasized that Eqs. (30) and (31) were developed
assuming that the diffusion coefficient (D) and the boundary conditions
remain constant during the entire exchange process.  There is no published
evidence that the diffusion coefficients of organic solvents should be
concentration-dependent parameters.  The boundary conditions can be
easily kept constant by regularly renewing the solvent during the diffusion
experiment.

As underlined by Day[63], the value of W∞ can be established in a
number of ways.  First, it can be calculated by assuming that all the
evaporable water in the sample can be replaced by the solvent on the basis
of the following equation

Eq. (32) ( )d
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where Q0 is the initial saturated-surface dry mass of the sample, Q0d is its
oven-dry mass, ρs the density of the solvent, ρw the density of water.  The
assumption that the solvent replaces all the evaporable water at equilibrium
has been found to be valid for isopropanol and ethanol.[45][46][65][66]  As can
be seen in Fig. 29, test results indicate, however, that the amount of water
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replaced by methanol may be slightly greater than the volume of evaporable
water contained in the sample.  Methanol molecules may be able to
penetrate the layered silicate structure of the material and replace some of
the structural water.

The second method is to immerse the sample in the solvent for a very
long period or use very small samples such that a negligible rate of weight
loss and a well-defined asymptote can be established.  As emphasized by
Day,[63] for all but very small samples, this method is not suitable because
a very long immersion time (up to several months in certain cases) is
required.

Typical isopropanol replacement curves obtained by Feldman[45] for
a series of hydrated cement paste samples prepared at various water/cement
ratio (ranging from 0.3 to 1.0) are shown in Fig. 30.  The samples tested by
Feldman were thin (1.14 mm thick) disks of paste initially saturated with
water.  The diffusion coefficients calculated by the author on the basis of
these experimental data are summarized in Table 5.  The diffusion coeffi-
cients given in the table were calculated using the following equation which
is a modified version of Eq. (31)

Eq. (33)
2

127.1
L

Dt

W
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In this equation, L corresponds to the half thickness of the sample.

Figure 29.  Volume of water replaced by isopropanol and methanol as a function of the
evaporable water content of the samples.[46]
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As can be seen, the values for the diffusion coefficient tabulated in
Table 5 vary between approximately 5 × 10-12 to 2 × 10-11 m2/s.  As
emphasized by Feldman,[45] this is in the same range as values obtained by
other workers for ions such as Na+ and Cl- diffusing through water-
saturated ordinary portland cement samples.  The results obtained by
Feldman[45] clearly demonstrate the potential of solvent diffusion experi-
ments to rapidly determine the transport properties of cement-based sys-
tems.  Recently the solvent replacement technique has been used by some
authors to determine the formation factor of cement systems.[65]

The solvent replacement technique shows promise as a rapid method
of assessing the transport properties of cement systems.  More research is,
however, needed to fully develop the method.  For instance, the choice of
the right solvent for the diffusion measurements appears problematic.
Recent work by Hughes[66] and by Hughes and Crossley[67] suggests that the
suitability of these fluids for diffusion coefficient measurements can be
strongly related to the system considered.  Results of Hughes’ experiments
indicate that, while the penetration of methanol in saturated silica fume
pastes appears to be a standard counter-diffusion process, the immersion of
similar specimens in ethanol and isopropanol yields unexpected results.
Instead of continuously losing weight until equilibrium was achieved,

Figure 30.  Diffusion of isopropanol in saturated cement paste samples.[45]
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samples were found to first lose weight then to partially regain it (see Fig.
31).  Anomalous behaviors were also reported for slag and fly ash cement
pastes immersed in both methanol and isopropanol.[46][67][68]  This phenom-
enon most probably results from a bulk removal of water by the solvent
where the rate of removal exceeds the rate of replacement.  The anomalous
penetration of the solvent appears particularly important for finely divided
systems containing supplementary cementing materials.  Additional re-
search is needed to select a suitable solvent for which the interaction with
the solid is minimal and that can easily penetrate the pore structure of dense
cement systems.

Table 5. Isopropanol Diffusion Coefficient and Related Parameters for
Pastes of Different Water/Cement Ratios[45]

Water/Cement Diffusion Coefficient Correlation Diffusion Rate
Ratio (× 10-11 m2/s) Coefficient (g/m3h1/2)

0.3 0.753 0.9847 937.2
0.3 0.535 0.9820 862.4
0.3 0.895 0.9826 1179.7

0.4 1.025 0.9902 1307.7
0.4 0.880 0.9600 1494.6
0.4 0.672 0.9300 1257.0

0.5 0.467 0.9830 —
0.5 0.366 0.9704 883.6
0.5 0.440 0.9965 948.9

0.6 0.872 0.9986 1597.1

0.8 1.059 0.9671 —
0.8 1.382 0.9964 2323.0

1.0 2.289 0.9991 2910.0
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Additional information on the penetration mechanisms is also re-
quired to adequately interpret solvent replacement curves.  Many authors
have observed that the diffusion of solvent in well-cured cement pastes and
mortars was not linear as a function of the square root of time even for the
initial portion of the replacement process.[46][63][68]  The non-linearity of the
solvent replacement curves is probably related to the interaction of the
solvent with the hydrated cement paste.  More research is thus needed to
fully understand the nature of these interactions in order to be able to
correctly model them with a mathematical equation.

5.4 Investigation of Drying-Induced Pore Structure Alterations

The microstructure of hydrated cement paste is an intricate and
unstable system that is very sensitive to changes in moisture and temperature.
Drying, for instance, tends to induce severe internal stress gradients into the
material. Besides cracking, several investigations have clearly established

Figure 31.  Diffusion of isopropanol and methanol in saturated blended silica fume cement
paste samples.[66]
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that drying can also significantly alter the hydrated cement paste pore
structure.[3][4][46][69]–[73]  According to these studies, pore structure modifi-
cations are to a large extent irreversible and affect the entire range of the
pore size distribution.  Such alterations can have considerable conse-
quences on the engineering properties of cementitious materials.

Considering that many pore structure characterization techniques
(like mercury intrusion porosimetry and gas adsorption-desorption analy-
ses) can solely be performed on dried samples, researchers have been
looking for various ways to investigate the drying-induced pore structure
alterations.  Along with low-temperature calorimetry and ac impedance,
solvent replacement is among the few experimental techniques capable of
investigating the pore structure characteristics of saturated specimens.
Drying-induced microstructural alterations can, therefore, be studied with
minimum perturbations from the procedure itself.

Feldman[48] was among the first researchers to rely on solvent
diffusion experiments to evaluate the influence of drying on the microstruc-
ture of ordinary portland cement (OPC) pastes prepared at various water-
cement ratios.  Using isopropanol as a replacement fluid, he found that
predrying at 42% relative humidity had the tendency to significantly
increase the rate of diffusion of the solvent in thin (1.14 mm thick) cement
paste disks.  Parrott[47] also reported a substantial increase of the rate of
replacement of pore water by methanol in predried alite pastes.  The greater
influence of drying (compared to the results reported by Feldman) can
probably be attributed to the presence of microcracks in the specimens.
Parrott worked with 3 mm thick specimens that were more likely to be
microcracked during the drying procedure.

The increased diffusivity of the predried OPC paste is also in good
agreement with the low-temperature calorimetry data reported by Bager
and Sellevold.[73]  Their results clearly indicate that drying increases the
amount of large pores and decreases the amount of smaller pores.  Due to
the relatively fine pore structure of the hydrated cement paste, high
capillary tensions can be induced during desorption.  Such forces originate
from the formation of curved menisci within the small capillaries and can
reach appreciable values.  The thin walls of hydrates separating some of the
relatively small pores present in the structure collapse under these stresses
to create a continuous network of larger pores.
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6.0 MERCURY-INTRUSION POROSIMETRY

6.1 Introduction

Mercury-intrusion porosimetry appears to be the most commonly
used pore structure characterization technique.  This method is regularly
used to characterize the internal structure of various porous systems such
as ceramics, stones, clays, and cement-based materials.  The method is
relatively straightforward and generally yields reproducible pore size
distributions.  Parameters such as the total porosity, the threshold diameter,
the theoretical pore diameter, or the maximum continuous pore diameter
and the mean pore diameter, can be deduced from these distributions.

Despite its numerous advantages, the method is not believed to give
the “true” pore size distribution of complex systems such as hydrated
cement paste and concrete.  As will be discussed in the following para-
graphs, the technique covers a large but incomplete portion of the whole
range of possible pore sizes found in cement-based composites.  In addition
to the fact that the distributions obtained by this method are based on
numerous simplistic assumptions,[74] the pore filling by mercury intrusion
has been reported to significantly alter the pore structure of hydrated
cement paste systems.  Numerous studies have also clearly indicated that
the results obtained are strongly influenced by the sample preparation
procedure.

6.2 The Concept

The technique is based on the principle that non-wetting liquids (see
Fig. 32) such as mercury, can only intrude a porous material if a certain
pressure is applied on the system.[75]  The pressure required to intrude
mercury in a given porous material is a function of the contact angle, the
surface energy of the liquid, and the geometry of the pores intruded.  If one
assumed that the pores filled with mercury have a cylindrical shape, the size
of the intruded pores can be related to the mercury pressure according to the
following equation:

Eq. (34)
r

P vl θσ cos2 / ⋅⋅−
=∆
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Figure 32.  Wetting and non-wetting liquids on a surface.[75]

where, ∆P is the pressure (in excess of the ambient pressure) required to
cause the mercury intrusion, r is the radius of the cylindrical pore being
intruded, σl/v is the surface tension of mercury (usually 485 mN/m) and θ
is the contact angle between the mercury and the cylindrical pore wall.

Equation (34) was derived by Washburn[76] and is valid for any liquid
intrusion phenomenon in capillary porous systems.  As can be seen in Fig.
33, for wetting angles less than 90°, cos θ is positive and P is negative,
indicating that pressure greater than ambient must be applied to the top of
a liquid column in a capillary to force the liquid out.  When θ is greater than
90°, resulting in capillary depression, cos θ  is negative and pressure greater
than ambient must be applied to the liquid in the reservoir in which the
capillary is immersed to force the liquid into the capillary.  When θ = 0°,
Eq. (34) reduces to Eq. (35) where ∆P is identical to the pressure within a
bubble in excess of ambient.

Eq. (35)
r

��
l/vσ2=

According to the Washburn equation (34), a capillary of sufficiently
small radius will require more than one atmosphere of pressure differential
in order for a non-wetting liquid to enter the capillary.  A cylindrical
capillary with a radius of 18Å (18 × 10-10 m) would require nearly 415 MPa
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of pressure before mercury would enter, so great is the capillary depres-
sion.[75]  The method of mercury porosimetry requires evacuation of the
sample and subsequent pressurization to force mercury into the pores.
Since the pressure difference across the mercury interface is then the
pressure (P) applied on the system, Eq. (34) reduces to :

Eq. (36)
r

P vl θσ cos2 / ⋅⋅−=

Figure 33.  (a) Capillary rise (• < 90°) and (b) capillary depression (• > 90°).[75]

One of the major drawbacks of mercury intrusion porosimetry is that
in order to calculate pore size distributions according to the Washburn
equation one has to make a certain assumption concerning the morphology
of the pores contained in the solid body.  In most cases researchers have
chosen to model the individual pores as cylinders.[74][77]  As emphasized by
Diamond,[74] the hydrated cement paste does not have cylindrical pores, but
different classes of voids of various shapes, some being exceedingly
complex.

6.3 Operating Principle

Mercury intrusion porosimetry can be performed using several different
instruments commercially available. These instruments are commonly



Pore Structure 587

called mercury porosimeters.  The first mercury porosimeter was con-
structed by Ritter and Drake nearly sixty-five years ago.[77]  A large number
of varying designs have been proposed since then; however, despite the
variety of apparatuses built, the principle of the mercury intrusion tech-
nique remains the same.  In fact, this technique involves two main stages:
(i) the selection and the preparation of the samples and (ii) the mercury
intrusion itself (at low and high pressures).  In the next paragraphs the
selection, the sample preparation, and the mercury intrusion technique, are
briefly discussed.

6.4 Sample Preparation

The sample used for mercury intrusion porosimetry (realized with
commercially available instruments) typically ranges in volume from a few
cubic centimeters up to 15 cm3 with a maximum mercury intrusion volume
of 5 to 10% of the sample volume.  It is advantageous to use large samples
in order to reduce the effect of local heterogeneities and to obtain more
representative results.  However, the maximum volume of the sample that
can be used during an experiment is mainly controlled by two parameters.
One is the size of the sample chamber where the sample is housed during
the mercury intrusion experiment.  Indeed, the tested samples must fit into
the sample chamber of the porosimeter.  The other is that the intrudable pore
volume must not exceed the range over which the mercury porosimeter can
detect intrusion.[78]  Recent data by Hearn and Hooton[79] indicate that
porosity measurements by mercury intrusion are somewhat sensitive to the
size of the samples.  For a given series of measurements special care should
be taken to use samples of similar dimensions in order to reduce as much
as possible this effect.

Prior to initiating an intrusion experiment, the porous sample must be
completely dried.  In fact, the pores of the sample must be free from any bulk
or adsorbate liquids.  It is essential to remove all the bulk and adsorbate
liquid in the porous system in order to prevent any unexpected changes in
the contact angle between the mercury and the solid phase.  According
to Eq. (36) a modification of the contact angle can affect, for a given
mercury pressure, the diameter of the pore intruded.  Furthermore, adsor-
bate liquid (on the pore wall) can significantly reduce the effective diameter
of numerous small pores.

Liquids (usually water for cementitious materials) can be removed
by heating, desiccation, evacuation, or some combination of these techniques,
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however, the liquid removal will generate capillary pressure that can affect
the pore structure of the material being tested.  In fact, the capillary pressure
can cause shrinkage.[78]  As underlined in the previous section, it is possible
to replace the pore water with an organic solvent of lesser surface tension
and thus reduce the capillary tension that produces the alterations of the
porous system.  The effect of solvent replacement as a precursor treatment
on mercury intrusion pore size distributions is further discussed in the
following paragraphs.

6.5 Mercury Intrusion Experiment

The porous sample under test is placed in a capillary tube.  This tube
is called the sample cell, dilatometer, or, most frequently, the penetrometer.
When the sample is ready to be tested, the air in the penetrometer (and in
the porous sample) has to be evacuated.  This evacuation has two main
functions:  removing the adsorbed water from the sample and removing the
air out of the penetrometer.  The removal of adsorbed water is important in
order to obtain the right expected contact angle when the solid is in contact
with mercury.[80]

Once evacuated, mercury is flooded into the penetrometer at low
pressure.  The minimum pressure at which the flooding of mercury takes
place will determine the upper limit on the size of pores that can be included
in the distribution being determined.[78]  In theory, the upper limit on the
size of pores that can be included in the distribution may be extended to
approximately 1 mm.[81]

After the initial mercury filling, the penetrometer and the supply of
mercury are separated.  At this moment the pressure on the mercury is
progressively raised.  When the pressure is raised from mainly 0 to 0.1 MPa
(i.e., approximately 1 atm) the pores with diameters ranging from several
hundreds of microns down to several tens of microns are intruded by
mercury.[78]  The rate of pressure buildup must not be too high because a
certain time is needed to allow the transport of mercury through the porous
network of the material.  This is particularly important at low pressures.
When a sufficient pressure is reached, the mercury enters the pores with a
given radius (see Eq. 36).  The size of the intruded pores is related to the
mercury pressure and the volume of the intruded pores is the volume of
mercury forced into them.[78]



Pore Structure 589

Most commercial instruments have a pressure range reaching 400
MPa.  At this pressure a pore diameter of approximately a few nanometers
can be detected.[81]  However, at such high pressures some problems may
appear during the experiment.  One problem is that the temperature of the
pressured system may rise appreciably and then change the volume of
mercury intruded.  Consequently, the results of the mercury intrusion
experiment (i.e., the volume occupied by the pore in the material) will be
erroneous.  The other problems concern the compression of the sample, the
mercury, and the penetrometer.[78]  When the mercury is highly com-
pressed, its volume is decreased and then an apparent intrusion equal to the
compressibility of mercury can be observed.  However, the mercury
compression and the loss of volume of the penetrometer tend to offset one
another.

6.6 Typical Mercury Intrusion Porosimetry Results

The results of a mercury intrusion porosimetry experiment are
usually expressed as a distribution of the pore volume of the material with
respect to its pores sizes.  Typically, the experimental pore size distribution
of a given sample is presented in the form of a cumulative pore size
distribution curve.  For instance, Fig. 34 shows typical mercury intrusion
pore size distributions obtained by Winslow and Lovell for a 0.6 water/
cement ratio cement paste cured from 1 to 318 days.[82]  In this figure the
accumulated pore volumes include the largest diameter pore to the smallest.
The pore volume axis is expressed in cubic centimeters of mercury intruded
in the sample per gram of dry material.  The pore diameter axis (in µm)
presents the data on a logarithmic scale.  This representation of the experi-
mental data is often chosen in order to avoid crowding all of the smaller sizes
against one end of the axis.

Early work by Diamond and Dolch[83] clearly showed that mercury
intrusion test results could be well modeled by generalized lognormal
distributions bounded by the existence of a maximum diameter, but not by
a minimum diameter.  Their analysis also indicated that mercury intrusion
pore size distributions could be adequately described in terms of three
empirical parameters: the limiting upper bound diameter (M∞) and two
parameters M* and M´, describing the geometric mean and standard
deviation, respectively, of the lognormal distribution.  According to the
authors, the cumulative pore-size distribution is given by the following
empirical equation:
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Eq. (37)
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where, P(M) is the percentage pore volume in diameters larger than M, M´
is (M·M∞)/(M∞–M), and erf is the error function.  Data obtained by the
authors indicate that M∞ and M* vary with the water/cement ratio and the
degree of hydration.

Figure 34.  Pore size distribution of 0.6 water/cement ratio cement pastes.[82]
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6.7 Problems Associated with Mercury Intrusion Porosimetry

Despite the great deal of interest in the past decades, mercury
intrusion porosimetry has always been subjected to various problems.[74][81]

In addition to the required pore shape assumption, an important factor is
that pore size distribution calculations are based on the tacit assumption that
pores occur spatially in a graded array with the largest diameter pores
presented to the outside of the sample and progressively smaller diameter
pores occurring in successive layers towards its center.[74] For intricate
porous materials the pore sizes measured by the mercury intrusion (at a
given mercury pressure) are not necessarily the true pore diameters, but are
rather the pore entry diameters. This phenomenon is schematically illustrated
in Fig. 35. Indeed, at a mercury intrusion pressure equal to PHg this figure
indicates that the large pore (on the right) cannot be intruded by mercury
despite its relatively high radius. In fact, mercury will first fill the large pore
(on the left) and then intrude the second large pore on the right only when
the applied pressure will be sufficient to penetrate the connecting channel.

Figure 35.  Influence of pore arrangement on the intrusion of mercury during an
experiment.

The “neck-bottle” effect has been found to have a significant influ-
ence on the pore size distributions.  As can be seen in Fig. 36, large
discrepancies are usually observed between pore size distributions deter-
mined by mercury intrusion porosimetry and those derived from image
analysis which are less affected by the morphological features of the pore
structure.[84]
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Figure 36.  Comparison of image analysis and MIP pore size distributions for a 0.40 water/
cement ratio paste cured for 28 days.[84]

Another problem associated with mercury intrusion porosimetry is
usually called the lost porosity, i.e., the pores that mercury seems to be
unable to reach at any pressure.  In fact, numerous investigations have
shown that mercury is unable to reach the total pore space of the sample.
Table 6 presents a comparison of the total porosity measured by two
different techniques.  One is the mercury intrusion porosimetry and the
other is the water porosimetry (i.e., the porosimetry measured by the
differences of mass following an extensive drying at 105°C).  Table 6
clearly indicates that the water porosity is substantially higher than the total
mercury intruded.  The data were obtained using cement paste samples
prepared with two water/cement ratios (w/c = 0.6 and 0.8) and cured for 4
to 36 days at room temperature.

In another investigation, Winslow and Diamond[85] did report similar
results.  In fact, their results (obtained with an apparatus which could apply
a maximum pressure of 102 MPa) indicated that the volume of pores
intruded by mercury tends to vary significantly from one sample to another.
In some cases it can reach approximately 35% of the total pore volume
while in other cases it could be much less than 20%.
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It should be emphasized that most commercial porosimeters are
capable of working to pressures in excess of 400 MPa (i.e., as much as four
times the maximum pressure level tested by Winslow and Diamond in their
early study).  The application of these high pressures largely contributes to
expand the range of pores tallied by the method.  However, recent studies
clearly demonstrate that the technique is intrinsically limited and that even
if high pressures are applied to the system mercury is unable to intrude the
entire hydrated cement paste pore volume.  According to Diamond[86] this
phenomenon can be explained by presence of pore spaces too fine to be
intruded by mercury or completely isolated from the exterior (e.g., encap-
sulated pockets of gel).  Beaudoin[87] later suggested that the lost porosity
could rather be explained by the existence of micro-space between aggre-
gations of C-S-H sheets that are accessible to gas penetration (such as
helium or nitrogen), but not to mercury.  Results reported by Beaudoin[87]

also indicated that the intrusion of mercury can be impeded by blocked pore
space due to the presence of an interfering phase, e.g., polymer latex film.

Over the past decades numerous studies have also indicated that the
application of high pressures could markedly alter the hydrated cement paste
pore structure. If  the problem did not seem to be particularly significant when
the applied pressures were limited to 100 MPa[88] evidences of damage

Table 6.  Pore Analysis Data[81]

Sample w/c Age Hg Volume Pore Volume
Identity Ratio (days) Intruded Volume* Intruded

(cm3/g) (cm3/g) (cm3/g)

1 0.3 5 0.133 0.188 70.8
0.3 11 0.116 0.187 61.9
0.3 34 0.104 0.187 57.0

2 0.6 4 0.335 0.440 76.2
0.6 22 0.278 0.431 64.5
0.6 36 0.251 0.412 60.9

3 0.8 4 0.489 0.565 86.5
0.8 22 0.449 0.527 85.2
0.8 36 0.425 0.521 81.6

*measured from water immersion experiments
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induced by the intrusion of mercury at high pressures were brought forward
by Shi and Winslow[89] and by Feldman.[90]  To investigate the effect of
mercury intrusion on the pore structure of OPC and blended cement pastes,
Feldman[90] developed a technique in which mercury could be removed by
high-temperature distillation after the initial intrusion.  Distilled samples
were then subjected to a second intrusion.  As can be seen in Fig. 37, pore
size distributions for the OPC pastes were found to be marginally affected
by mercury intrusion, but those of blended cement pastes were markedly
affected, displaying a coarser pore size distributions.  It was concluded that
the latter samples were composed of relatively large, but discontinuous
pores into which mercury enters by breaking through the pore structure.

Figure 37.  Influence of residual Hg content on the pore size distribution of OPC paste
samples hydrated for one year at 55°C.[90]
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In a subsequent study, Shi and Winslow[89] demonstrated that the large
discrepancies observed by Feldman[90] between the distributions obtained
for a first and second intrusion could be explained by a combination of three
factors: (i) the presence of residual mercury on the pore wall that could not
be removed by distillation, (ii) the modification of the contact angle
induced by the high-temperature distillation treatment, and (iii) the damage
induced to the sample pore structure by the intruding mercury during the
first intrusion.  The effect of the first two factors on the mercury/hydrated
cement paste contact angle is summarized in Table 7.  According to Shi and
Winslow[89] the intrusion of mercury at high pressures does not result in a
coarser pore structure, but rather, contributes to collapse and crushing of
some of the pores in the paste, the net effect being a reduced total porosity.

Table 7. Influence of Various Parameters on Contact Angle[89]

Sample Contact Angles (°) Average Contact
Separate Measurements Angle (°)

1-day OPC 129 126 132 129
28-day OPC 123 121 132 129

28-day FA-1 132 130 133 132
28-day FA-2 134 137 132 134
28-day FA-3 128 130 131 130

28-day OPC 128 126 130 128
(heated 1 month)

28-day OPC 135 138 132 135
(Post-Intrusion)

6.8 Effect of Various Parameters on Mercury Intrusion
Porosimetry Experiments

The pore size distribution obtained with the mercury intrusion technique
can be affected by several variables. Using Eq. (36) one can easily see that
the pore size distribution highly depends on the value of the contact angle
(θ) assumed for a given mercury intrusion experiment. The pore size
distribution also depends on the surface tension of mercury (σl/v ) used for
the test. This parameter can be related to the purity of mercury.  Finally, two
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other variables can affect the mercury intrusion test results.  One is the
technique used to dry the samples.  The other is the rate of mercury pressure
buildup during the experiment.  In the following paragraphs, the effect of
all these parameters will be briefly discussed.

Contact Angle.  As previously emphasized, the pore size distribu-
tions yielded by the technique are particularly sensitive to the contact angle
between mercury and the pore wall.  In fact, the accuracy of the measure-
ment of pore radii into which mercury intrusion occurs is limited by the
accuracy to which the contact angle is known.[75]  In order to determine
whether or not two samples have the same pore size distribution and pore
volume, it is adequate to select a value for the contact angle between 130°
to 140°.  However, if absolute data are required, the value of the contact
angle must be very accurately measured.  Indeed, the value of the cosine
function for materials exhibiting contact angles near 140° changes
substantially with the angle.  For instance, an error of only 1° at 140° would
introduce an error of nearly 1.5% on the pore radius.  The significant
influence of the contact angle on the pore size distribution is illustrated
in Fig. 38.[89]

Figure 38.  Comparison of pore structures plotted with correct (123°) and wrong (140°)
contact angles.
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The determination of the contact angle can be done using a mercury
contact anglometer.[75]  This apparatus measures the contact angle of
various materials under the same conditions that prevail in a mercury
intrusion experiment.  In order to measure the contact angle of a given
material with this equipment the material must be crushed into a powder.
The powder is then compacted and a cylindrical hole of known radius is
made in the compacted material.  A fixed volume of mercury is then placed
above the powder at a known height (and pressure) in a sample holder.  After
placing the powder sample and the mercury into the anglometer, the
apparatus is evacuated.  Air is then slowly allowed into the anglometer and
mercury pressure is constantly monitored.  When the breakthrough pres-
sure is reached, mercury is forced through the cylindrical hole and the
pressure is then recorded.  The corresponding value of cos (θ) (which is
proportional to the mercury pressure) can then be calculated (see Eq. 36).
The complete procedure to measure the contact angle of various materials
can be found in Lowell and Shields.[75]

A slightly different procedure was developed by Winslow and
Diamond[85] to assess the contact angle of cement paste.  The particularity
of the method developed by Winslow and Diamond is that holes are drilled
directly in a paste sample.  The crushing operation is thus avoided.

It should be emphasized that the contact angle of cement-based
materials can be influenced by various parameters such as the type of binder
and the type of drying procedure.  For instance, Winslow and Diamond[85]

measured the contact angle of a thoroughly dried paste as 117° while for
P-dried samples it was found to be 130°.  The influence of solvent
replacement on contact angle has never been systematically investigated.

The effect of fly ash (FA) and the extent of the curing period on the
contact angle are shown in Table 7.  Data appearing in the table were
measured by Shi and Winslow[89] according to the procedure developed by
Winslow and Diamond.[85]  As can be seen, the contact angle tends to be
slightly reduced as the degree of hydration of the hydrated cement paste
increases.  The addition of fly ash appears to increase the contact angle,
however, different fly ashes do not greatly influence the contact angle.

Sample Drying.  Mercury intrusion experiments have to be per-
formed on dry samples.  The samples can be dried using one of the following
procedures: oven drying at 105°C, equilibrated over magnesium perchlo-
rate hydrates (P-dry condition), evacuation over dry ice (D-dry condition),
and solvent replacement followed by oven drying.  The methods are given
in order of reducing severity of water removal.
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Using the first three previous drying conditions, some mercury
intrusion porosimetry experiments were conducted by Diamond[86] on
cement paste samples prepared at a water/cement ratio of 0.4 and moist
cured for nearly six months at room temperature.  Figure 39 shows the pore
size distribution obtained for each of the three drying procedures consid-
ered in the study.  The results shown on this figure indicate that the coarse
pore region roughly coincides whatever the drying treatment.  However, for
the pore space in diameter classes smaller than about 0.1 µm, the pore size
distribution is markedly affected by the severity of the drying treatment.

Figure 39.  Influence of various procedures on mercury intrusion pore size distributions.[86]

According to Diamond,[86] the relatively large change in the apparent
mercury pore size distribution in the fine pore region can be attributed to
small differences in the amount of residual water retained at equilibrium
with respect to the different drying treatments.  In fact, the differences in
the amount of residual water retained at equilibrium (from one drying
technique to another one) can strongly affect the value of the contact angle.
Furthermore, the thickness of the layer of adsorbed water remaining in the
tested samples (for D-dry and P-dry conditions) can significantly reduce the
effective diameter of the small pore measured by the mercury intrusion
technique as compared to the oven dried samples. As pointed out by
Diamond,[86] the changes in the apparent mercury pore size distribution in the
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fine pore region are not associated to microcracking or other reversible
changes accompanying the more rigorous oven drying procedure.

Several studies[42][43][46][61][68]–[73] have clearly indicated that drying
results in a generally coarser and more interconnected pore structure.
Besides microcracking, the pore structure alterations are mainly induced by
the local development of high tensile stresses exerted on the pore walls by
the receding water menisci.  Such tensile stresses tend to collapse some pore
walls causing the fracture of some bonds and the creation of new contact points
between the gel particles.  The cohesive force between water molecules
which produces the tensile stresses is surprisingly high and can reach values
up to approximately 110 MPa.[91]  In smaller pores, i.e., the interlayer gel
pores (5 to 20 Å radius), no meniscus can be formed and the water is only
adsorbed at the surface of the pore walls.  Removal of the adsorbed water
from the pore walls of interlayer gel pores may also have an effect
equivalent to capillary tension which can draw some solid surfaces together
to create new contact points between the dry surfaces of silicate particles.[3]

In practice, all drying procedures affect the microstructure.  Several
studies indicate that the use of solvent replacement as a precursor treatment
prior to drying tends to attenuate the damages induced by drying (see Fig.
40).[42][43][92]  The beneficial influence of the solvent replacement tech-
nique is generally attributed to the reduced surface tension of most organic
solvents.  When the solvent is removed from the pore structure, the solid
material is stressed to a lesser degree than if water was removed directly.
However, the influence of the residual solvent molecules that remain
strongly adsorbed to the pore walls even after long drying periods in the
oven has not been systematically investigated.

Mercury Purity.  It is often recommended that distilled mercury has
to be used to conduct mercury intrusion experiments. This recommendation is
often made in order to eliminate any variation in the contact angle or surface
tension of mercury. However, Moscou and Lub[80] did not see any signifi-
cant influence of the mercury purity on intrusion test results. In their study,
the authors compared the data obtained with chemically pure mercury to
those yielded for the same type of mercury which had been used many a time
for penetration analysis of hydrodesulfurization catalysts (consisting of molyb-
denum oxide and cobalt oxides supported by α-Al2O3). However, before
each utilization the mercury was purified from solid particles by filtration.

Rate of Pressure Build-Up.  The rate of mercury pressure buildup
is another parameter that can be expected to influence the mercury intrusion
porosimetry test results.  In order to reduce the duration of the mercury
intrusion experiment it is advantageous to increase the pressure applied to
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mercury at a relatively high rate.  However, this rate must not be too high
so as to allow sufficient time for mercury to be transported though the
porous system of the sample.  In commercial mercury porosimeters, a
compromise between intrusion equilibrium and analysis speed is reached.[80]

Usually the porosimeter pressure pump automatically stops when mercury
intrusion occurs and when the mercury level in the penetrometer becomes
constant again the pressure pump restarts.  According to Moscou and
Lub[80] real mercury intrusion equilibrium is reached with this procedure.

Figure 40.  Pore size distributions of isopropanol-treated 0.8 water/cement OPC samples.[43]

7.0 NUCLEAR MAGNETIC RESONANCE

7.1 Introduction

As emphasized in the previous sections of this chapter the character-
ization of the pore size distribution of solids is of great interest in a wide
range of applications.  A few years ago investigators logging for petroleum
formations found that the nuclear magnetic resonance (NMR) technique
could provide a great deal of information on the state of liquids confined to
restricted geometries.[93][94] Following this unexpected breakthrough, it was
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quickly established that NMR relaxation measurements could also be used
to investigate the pore structure of various solids.[93][98]  The application of
NMR techniques to the characterization of the microscopic geometry of
porous media has since received a great deal of theoretical and experimen-
tal attention.

As discussed in the following paragraphs, NMR relaxation tech-
niques are particularly attractive from the standpoint of pore structure
characterization.  Contrary to more conventional methods, like mercury
intrusion porosimetry, gas adsorption/condensation, and optical/electron
microscopy, NMR techniques are both nondestructive and non-invasive.
That represents a big advantage since NMR experiments can be made on
saturated samples that can then be reutilized for other testing purposes.
Furthermore, the cost of dedicated instruments for the measurement of
relaxation behavior is relatively modest.  Finally, the technique is sensitive
to both the pore geometry and size and thus may potentially yield more
useful information when related to the pore size distribution via an
appropriate mathematical model.[94][95][98][99]

After a brief description of the basic principles of magnetic resonance
techniques the relevant aspects of NMR relaxation methods related to pore
structure characterization will be presented and discussed.  It should be
emphasized that NMR techniques are widely used in both fundamental and
applied research.  However, the application of NMR relaxation techniques
to the investigation of the pore structure of cement-based materials is only
recent.  Particular problems related to the application of these techniques
to cement systems will be discussed in detail.

7.2 Basic Principles

Excellent descriptions of the nuclear resonance theory and the basic
concepts of NMR techniques can be found in various text books.[100]–[102]

The basis of all nuclear magnetic resonance methods is that almost all
nuclei have a magnetic dipole moment resulting from their spin-angular
momentum.[103]  A nucleus can be seen as a charged sphere spinning around
its axis.  The rotation generates a magnetic moment which differs from one
nucleus to another.

In pulsed NMR experiments, the orientation of the moments of the
spins in a static magnetic field is manipulated by short electromagnetic
pulses at the resonance frequency.  There exists a relationship between the
frequency (f ) of the applied RF field and the gyromagnetic ratio (γ) of the
nucleus:
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Eq. (38) 02
Bf

π
γ

=

where B0 represents the externally applied static magnetic field.  By
selecting the proper frequency the spins of a particular atomic species can
be excited, and the amplitude of the resulting spin-echo signal is directly
proportional to the number of nuclei taking part in the experiment.[101]

Unlike many nondestructive methods, NMR techniques have the marked
advantage of being selective of a particular nucleus, e.g., the hydrogen
nucleus for the study of water transport in concrete or the silicon nucleus
for hydration studies.

More recently it has been demonstrated that the NMRI can provide
additional information on the material physical properties.  The method
rests on the fact that after the pertubating radio-frequency pulses the system
naturally returns to equilibrium and the signal decreases in intensity with
time.  The rate of decrease of the signal is called the relaxation rate.  The
basic principles underlying NMR relaxation phenomena were first intro-
duced in a report by Bloembergen, Purcell, and Pound in 1948 very shortly
after the discovery of NMR by Bloch and Purcell.[102]  Two mechanisms
will contribute to restore the magnetic equilibrium:

• Interactions between the nuclei themselves causing
the so-called spin-spin (or transverse) relaxation

• Interactions between the nuclei and their environ-
ment, causing the so-called spin-lattice (longitudinal)
relaxation

Assuming that both mechanisms result in a single exponential
relaxation and that spin-lattice relaxation is much slower than the spin-spin
relaxation, the magnitude of the NMR spin-echo signal is given by:[101]

Eq. (39) 
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where p is the density of the nucleus under study, T1 the spin-lattice
relaxation time, T2 the spin-spin relaxation time, TR the frequency of the
spin-echo experiment, and TE the so-called “spin-echo time.”  For “free”
paramagnetic liquids, such as water, the ratio of T1 and T2 is equal to one
(T1 = T2 = 3 s), but for liquids in a pore system, the values of both relaxation
times decrease significantly because of surface interactions.  It has been
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shown that T1 and T2 relaxation times are both a function of the saturation
level of the material and the rate of molecular motion within the pore
system.  For fluids in isothermal porous media, the rate of molecular motion
varies with the surface to volume ratio of the pore space.[97][98]  Spin
relaxation times T1 and T2 are shortened for larger specific surface areas.

The presence of paramagnetic and ferromagnetic impurities can also
shorten relaxation times and make NMR experiments difficult or impos-
sible.  This is the case of ordinary portland cement which contains
approximately 3% of Fe2O3 (by mass).  The presence of paramagnetic ions
markedly alters the magnetic field leading to a reduction of the NMR signal
which subsequently limits the spatial resolution of the method.  This is the
main reason why most researchers have limited their work to the investi-
gation of the pore structure of white cement systems.

7.3 Pore Structure Determinations

Over the past decade NMR techniques have been extensively used to
monitor the transport of liquids in porous media and to investigate the
mechanisms of hydration of cement systems.  Excellent surveys of the
application of NMR techniques for the study of these phenomena are listed
in the Refs. 61, 103, and 105.

The application of NMR for the determination of pore structure
characteristics relies on the fact that relaxation times are very sensitive to
changes in the molecular environment and in the molecular mobility.  For
a paramagnetic liquid confined in a porous medium the presence of a
surface results in the enhancement of the relaxation rate.  Over the years it
has been observed that the NMR relaxation decays of water in complex
porous media (such as cement systems) could be well modeled by a multi-
exponential function.[106][107]  This behavior of the relaxation time results
from the fact that water is present under various states (bound and free) or
in different environments (small and big pores).

Most of the pore structure investigations have been carried out by
measuring the T1 relaxation behavior. Since spin-spin relaxation time (T2)
is always much shorter than the longitudinal relaxation time (T1), Jehng[107]

has recently recommended the use of T2 measurements for a more detailed
investigation of the pore structure of intricate materials (such as most cement-
based materials) with a wide range of pore sizes. The transverse relaxation
experiments have more spatial resolution than longitudinal relaxation studies.

In 1979, Brownstein and Tarr[108] established that the relaxation
phenomenon could be characterized by two limiting regimes:
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(a) the fast diffusion regime, where

Eq. (40) 1≥
D

r
ρ

(b) diffusion limited regime, where

(Eq. (41) 1≤
D

r
ρ

In this equation, ρ is the pore surface relaxivity (in cm/s), r the pore radius
(in Å), and D the diffusion coefficient of water (= 2.5 × 10-5 cm2/s).  The
pore surface relaxivity is given by:

Eq. (42) surfT2/λρ =

where λ is the thickness of a single layer of water molecules (= 3 Å) and
T2surf (in µs) is the characteristic surface relaxation of the water molecules
in the monolayer adsorbed on the surface of the solid.  The T2surf can be
obtained from the spin-spin relaxation time of the partially dry materials
(i.e., equilibrated at a relative humidity low enough to limit the water
adsorption process to a single monolayer).

According to the Brownstein and Tarr model, the exchange between
the bound and free (or bulk) water within a pore occurs very quickly upon
the fast diffusion regime. The observed relaxation rate is thus an average
value between the free water and the bound water leading to a mean
relaxation time depending on the pore size. The presence of different pore
sizes should result in different relaxation times and thus in a multi-exponential
behavior because of different relative amounts of bound and free water.

In the case of the diffusion limited regime, the bound and the free
water exhibit completely different relaxation times resulting in a multi-
exponential behavior in a single pore.  In that case, the analysis of the
relaxation curve provides information on the state of the water rather than
generating data on the pore characteristics.

Very few values of T2surf have been reported in the literature for
cement-based materials. Jehng[107] found that T2surf was approximately
equal to 60 µs for white cement pastes. In a study of the pore size distributions
of white cement mortars, Hazrati measured T2surf values of 85 ±12 µs for
mixtures prepared at various water/cement ratios (ranging from 0.25 to
0.60). According to these results it can be calculated on the basis of Eqs. 40
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and 42 that most pores contained in cement-based materials (i.e., all the
pores ranging from a few angstroms to approximately 1 mm in diameter)
are in the fast diffusion regime where pore-surface relaxation effects
dominate the total NMR relaxation.

It has been established that, for a material containing a distribution
of interconnected pores, the relaxation rate is influenced by the surface-to-
volume ratio of each pore:[61][106][108]

Eq. (43)
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where T2i is the spin-spin relaxation rate in each individual pore, Si /Vi is the
surface-to-volume ratio of the pore and T2B is the bulk spin-spin water
relaxation rate which is independent of the pore size.  For water, T2B is long
and approximately equal to 3 seconds.

For a single pore, Eq. (43) can be simplified to:

Eq. (44)
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Considering the case of cylindrical pores where r = 2V/S, Eq. (44) thus gives:

Eq. (45) r = 0.0706T2

In a case of a single isolated pore, of volume V and surface area S, the NMR
signal (M) is proportional to the total magnetization of the pore:

Eq. (46) ∫=
V

dmM τ

where, m is the magnetic moment per unit volume of water.[101]  The decay
of the total magnetization as a function of time is given by:

Eq. (47) M(t) = M0e
-i/T2

where M0 is the initial total magnetization at t = 0.
The pore size distribution of a solid can be divided into a certain

number of categories, each of them defined by a given pore range.  Each
category is thus characterized by its own surface-to-volume ratio and spin-
spin relaxation time (Eq. 46).  The relaxation results can therefore be averaged
over each category which contributes additively to the NMR signal
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Eq. (48) ∑
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where Ir is the pore distribution.

7.4 Typical Results

So far, very few researchers have relied on NMR to investigate the
pore structure of cement systems.  Bhattacharya, et al.,[106] and Jehng[107]

measured the spin-spin relaxation times (T2) of saturated white cement
pastes (W/C = 0.40) at different curing times.  In general, a two-component
pore size distribution was found regardless of the hydration stage, indicat-
ing pore diameters of 180 Å and 900 Å.  These two components were
identified by the authors as capillary and open-gel (outerlayer and interlayer)
pores.  During the hydration, these sizes remained fixed, but the volume
fraction of open pore space was found to shift progressively from the larger
to the smaller component.

Bhattacharya, et al.,[106] also compared the NMR pore size distribution
results to mercury porosimetry and nitrogen sorption experiments.  It was
concluded that the mercury only intrudes the larger pores and that nitrogen
experiments are only sensitive to some fraction of the smallest pores.

The two-component character of the pore size distributions of ce-
ment based materials has been later confirmed by Hazrati[61] who tested
well-cured white cement mortars.  On the basis of T2 relaxation measure-
ments, the author observed that the pore size distributions of the mortar
mixtures (after two years of hydration) were characterized by two well-
defined families of pores, small interlayer spaces with an average diameter
of approximately 40 Å and capillary pores with a mean diameter of 400 Å.
As can be seen, if the two series of data are in good agreement with respect
to the two-component character of the distributions, the families of pores
determined by Hazrati[61] appear to be much finer than those observed by
Bhattacharya, et al.[106]

As can be seen in Figs. 41 and 42, a relatively good correlation was
observed for the results obtained from the NMR and those obtained from
more conventional methods like the MIP and the water vapor sorption tests.
The NMR results were also compared to those obtained by water vapor
sorption (BET) since, as previously emphasized, mercury cannot intrude
small pores below 0.01 µm.  The pore sizes obtained from the BET method
were found to be finer than those obtained from NMR.
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Figure 41.  Pore structure of 0.40 water/cement ratio mortar sample (oven-dried),
(a) comparison between MIP and NMR pore size distributions; (b) comparison between
water adsorption (BET) and NMR pore size distributions.[61]

Figure 42.  Pore structure of 0.25 water/cement ratio mortar sample (oven-dried),
(a) comparison between MIP and NMR pore size distributions; (b) comparison between
water adsorption (BET) and NMR pore size distributions.[61]

More recently, Best, et al.,[109] calculated the pore size distribution
of a hardening white cement paste mixture on the basis of T1 relaxation
data.  The cement paste was prepared at a water/cement ratio of 0.42 and
its pore size distribution was measured after 100 hours of hydration.
Results were consistent with a trimodal pore size distribution indicating
pores with mean diameters of 20–120 nm, 120–2600 nm and 2.6–14 µm,
respectively.

These three studies clearly emphasize the great potential of NMR for
pore structure determinations.  Contrary to most techniques, NMR is
nondestructive and requires no pretreatment of the sample.  However, more
research is needed to apply the technique to real cement systems containing
a certain amount of paramagnetic impurities.  Furthermore, more work is
also required to refine the interpretation of the results.
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8.0 PHYSICO-MECHANICAL BEHAVIOR OF CEMENT
SYSTEMS — PORE STRUCTURE RELATIONSHIPS

The dependence of strength, modulus of elasticity and microhard-
ness on porosity, pore size, and other microstructural descriptors, has been
extensively studied.  Techniques for measuring mechanical properties of
small paste samples are described in detail in another chapter.  The
relationships that have been developed are examined in this section.
Factors that influence strength-porosity functions and their relevance to
durability issues are presented.

8.1 Strength-Porosity Relationships

Several expressions relating strength and porosity have been pro-
posed.[110]  Some relate strength to various pore size fractions.  Odler and
Rössler[111] developed the following expression for strength of pastes
hydrated at 25°C and prepared with water-cement ratios in the range 0.25
to 0.31:

Eq. (49) S = S0  –  aP<10 nm – bP10–100 nm – cP>100 nm

where P is porosity; a, b, and c, are constants; and S0  is strength at zero
porosity.  Porosity was measured by mercury intrusion.  The inability of
mercury to penetrate all the pore space in pastes prepared at w:c < 0.40
raises questions about the validity of this expression.

Atzeni, et al.,[112] obtained a linear correlation between compressive
strength, S, and a parameter, S0 (1 – P) mr , where rm is the radius value
of the mean pore size, P is the pore volume fraction, and S0 is as defined
above.  The term rm is obtained from the following expression:

Eq. (50) ∑
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where Vi  is the volume intruded at pore radius ri.  The relationship is tenuous
due to the limitations of mercury porosimetry at low water:cement ratios.

Yiun-Yuan, et al.,[113] introduced the concept of specific surface area
of the pores into the strength equation.  They proposed the following
expression:
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where Ki (i = 1 to 4) are experimentally determined constants, P is porosity,
and W is the pore specific surface area.

Advances in ceramic science often provide insight into the mechani-
cal behavior of cementitious systems.  Tensile strength of porous ceramics
has been related to porosity through estimates of the minimal solid contact
area between sintered particles.  Strength-porosity relations of ceramic
bodies have often been described by the type of relationship represented by
the equation S = So

 e-BP where S is strength and P is porosity and B, So are
constants.  Further understanding of the porosity-tensile strength relation-
ship in porous systems was developed by Evans and Tappin.[114]  They
proposed the existence of pores that act as “failure causing flaws” in
addition to pores that simply affect strength by concentrating stress.
Pereira, et al.,[115] and Rice[116] proposed a more general pore-crack model
relating tensile strength and porosity characteristics of ceramic materials:

Eq. (52) 1
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where β  is πd/(2d + h); d is the diameter of a spherical pore; h is the average
pore spacing; l is the length of crack emanating from the pore (dependent
on grain size); E is Young’s modulus; γ is fracture energy; σp  /σc is the ratio
of the stress to propagate a single microcrack to the stress to propagate a
pore-crack combination of dimension d + 1.  It can be seen from this
equation that tensile strength is heavily influenced by E and γ.  This is the
reason these three properties tend to have a similar porosity dependence.
Direct relationships between porosity and fracture toughness of ceramics
(KIC ) have not been well established.  It is apparent, however, that KIC is
a function of the porosity-dependent Young’s modulus and fracture energy
terms as given by the following expression:

Eq. (53) γEK lC 2=
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Figure 43.  Compressive strength versus porosity for various autoclaved and room-
temperature hydrated  cement and cement-silica preparations.[118]

Feldman and Beaudoin[117][118] reported results of an in-depth analy-
sis of strength and modulus of elasticity data for several cement systems
over a wide range of porosities.  Compressive strength and Young’s
modulus of paste hydrated at room temperature and autoclaved cement
paste with and without addition of fly ash were measured.  Data of other
workers[119][120] were also included.  Correlations were based on the
equation S = Soe-BP and an analogous equation for modulus of elasticity:

Eq. (54) E = Eo e-BP

where Eo is Young’s modulus at zero porosity and B is a constant dependent
on pore geometry and orientation of the pores with respect to the stress field.
Distinct curves were obtained for each class of materials (Fig. 43).



Pore Structure 611

The average values of density and pore size for these binders varied
widely.  This work confirmed the view that strength and modulus of
elasticity are related to pore size distribution as well as porosity.  In
addition, it was apparent that it may also be related to the type of bonding
within the bulk material or between crystallities.  Further work by Beaudoin
and Feldman[121][122] supported the view that an optimum amount of poorly
crystallized hydrosilicate and well-crystallized dense hydrate products
provides maximum values of strength and modulus of elasticity at a
specified porosity.

It is apparent that the presence of disorganized, poorly crystallized
material in cement pastes tends to favor formation of greater particle
contact area and a larger number of bonds resulting in an increased
population of small pores. Improved bonding develops between high-density,
well-crystallized, and poorly crystallized material, as porosity decreases
and thus higher strength results. The potential strength of the high-density,
high-strength material is manifested. This provides an explanation of how
very high strength can be obtained by hot-pressing.[123] A small quantity of
poorly crystallized material at these low porosities is sufficient to provide
the necessary bonding for the high-density clinker material. Work with a
variety of fly ashes[122] of variable composition has confirmed these concepts.
Work by Ramachandran and Feldman[124] with C3A and CA systems has
shown that at low porosities high strengths can be obtained from the C3AH6

product due to the increased area of contact between crystallites.

8.2 High Performance Cement Systems

Cements hydrated at low water:cement ratios yield pastes with very
low porosities.  It is difficult to quantitatively delineate low from high-
porosity pastes. The minimum water:cement ratio (w:c) for attaining
complete hydration has been variously given from 0.35 to 0.40 although a
relatively high degree of hydration (70 to 80%) has been approached at 0.22
w:c with the use of special rheological aids.[125]  This section of the review
focuses on cement pastes formed at w:c ratios less than 0.25.

Low-porosity cement systems formed by pressure compaction tech-
niques have been investigated by several workers.[126]  The validity of using
compacted samples in these studies is examined in the chapter on miniatur-
ization.  Salient features of this work are described as follows.  Minimum
porosity was achieved with a combination of coarse and fine powders.  The
strength of anhydrous clinker particles is manifested through hydrate bonds
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rather than ceramic bonds.  Intimate bonding of C-S-H and closely packed
cement or clinker particles results in very high strength.  It was found that
strength-porosity relationships could be represented by a general expres-
sion of the form log10(strength) = constant  K (porosity).

Hot-pressing techniques were employed by Roy and Gouda[127] in
attempts to produce materials with strengths approaching zero-porosity
values in hydrated portland cement systems. Compressive strength values
up to 408 MPa were achieved at pressures up to 344 MPa at temperatures
of about 150°C. Hot-pressed, low-porosity systems (w:c = 0.10) have a
typically dense, relatively homogeneous morphology. Fibrous growths and
large CH crystals typical of normally hydrated pastes are characteristically
absent. Reactions associated with hot-pressing take place in one hour,
suggesting rapid crystal growth and formation of small amorphous
intergrowths surrounding residual, unhydrated cement grains. High-pres-
sure compaction without heat provides an environment where reactions
continue over a longer period of time allowing growth of some larger
crystals resulting in less overall homogeneity. Compressive-strength val-
ues of hot-pressed and high-pressure-pressed pastes fall on the same
strength-porosity curve. Extrapolation to zero porosity yields a value of
about 503 MPa for intrinsic strength.  Work with hot-pressed C6A2F yielded
the highest strength, 592 MPa at 0.5 hour. It was concluded that porosity is
the dominant factor limiting strength.  Porosity values as low as 1.8% were
achieved.  In work similar to the hot-pressing employed by Roy and
Gouda,[127] strength values obtained by Lu and Young (>700 MPa)[128]

suggest that the intrinsic strength may be higher. The strength-porosity
relationship can be described by a Rhyschkewitch equation. A difference
in product formation at higher temperatures may be partly responsible.
These systems contained 5% silica fume and were compacted for two hours
at 460 MPa and 200°C.  Subsequent moist-curing for 28 days and drying at
200°C produced the very high strength values.

Principles of strength development relevant to low-porosity systems
are further clarified by examination of the strength contours in a porosity
versus content of crystalline material plot (Fig. 44).[129] The line AB
represents a paste system with high strength at low porosity due to an
increasing degree of crystallinity.  The latter comes from the higher
strengths of unhydrated cement.  The line CD  typifies hot-pressed
systems where high strengths at lower porosities are obtained with little
change in the degree of hydration and a relatively high proportion of
crystalline material. The line EF corresponds to autoclaved cement-fly
ash mixtures. Lines P through T are representative of cement systems
containing quartz with different particle size.
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Figure 44.  Compressive strength (MPa) of cement pastes as a function of porosity and
particle crystallinity distribution.[129]  The significance of lines AB, CD, and EF is
described in the text.

8.3 Relationships Between Pore Structure, Permeability
and Diffusivity

Permeability and diffusivity are often used as descriptors of concrete
quality with respect to durability in aggressive environments.  A discussion
of the pore structure of cement pastes and its implication for durability
follows.  Methods of permeability measurement are described in detail
in  Ch. 16.

The basic factors relating pore models and permeability can be
derived from the Hagen-Poiseville law.[130]  A simplified description is
given by:

Eq. (55) h

P
K

A

Q

η
∆=

where Q/A is the volume flux passing through the specimen area A, ∆P is
the pressure difference between the two sides of the specimen, η  is the viscosity,
h is the thickness of the specimen, and K is the coefficient of permeability.
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The coefficient of permeability, K, can be related to the mean pore radius
rt by the following expression:

Eq. (56) K = w ε rt
2

where w is a form factor (1/8 for cylindrical pores) and ε is the porosity.
A more rigorous estimate can be obtained by including pore size

distribution in the analysis.  Hence:

Eq. (57) ∫= dRrfrCK )(2

where C is a constant.
Strict adherence to these equations is generally not observed due to

the irregular shape of pores and their tortuosity.  It is clear that flow through
a series of parallel pores will be governed by the largest pores; flow through
pores in series will be controlled by the smallest pores.

Graf and Setzer[130] identified the principle factors correlating pore
size distribution with permeability.  They calculated a mean pore radius
from permeability data using an effective porosity of ε /3.  A value rm

determined from mercury intrusion data was taken from the maximum of
the differential curve.  The ratio rm/rt increased greatly with the water:cement
ratio, and rt was always smaller than rm.  The authors ascribed this to
phenomena associated with each of the two different measurements.[130]

Many authors[131][133] have used pore size distribution results ob-
tained from mercury intrusion porosimetry to define a mean pore radius.
One, derived from the dV/dP (P = mercury intrusion pressure) versus pore
radius plot was termed the “critical pore radius” or the “maximum continu-
ous pore radius.”[131]  These radii are similar, but not identical to the
“threshold radius” coined by Diamond.[132]  The median pore radius (the
radius at the point where 50% of the pore volume is intruded by mercury)
is also similar.  A linear relationship between log (water permeability) and
mean pore radius has been reported.[133]  Materials included cement pastes
of different water:cement ratios made with pure portland cement and slag,
fly ash, and silica fume blends.  Nyame and Illston[131] related pore structure
and permeability using the radius obtained from the differential mercury
intrusion curve

Eq. (58) K = 1.684rm
3.284 × 10-22
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The value of the correlation coefficient was 0.96, but for values of rm less
than 100 nm the data scatter was large.

Bier, et al.,[134] measured permeability of water through oven-dried
and non-oven-dried specimens.  They found that oven drying created
visible cracks and increased the permeability by about an order of magni-
tude.  The high values, however, decreased during further exposure to water
and reached the same values as observed for samples not dried in a short
period.  This result occurred despite the fact that the oven-dried samples had
coarser pore structures as determined by mercury intrusion after the
experiment.  It was concluded that the deposition of particles into the cracks
rapidly reduced permeability.  This emphasizes the difficulty in making
precise conclusions with regard to pore size distribution-permeability
relations.  The effective ionic diffusivity in a porous body can be deter-
mined from the results of a simple steady-state experiment and the use of
Fick’s first law.  The simplified equation is:

Eq. (59)
( )
lV

ttDAC
C

⋅
−

= 01
2

A cement paste specimen of thickness l and cross-section area A is inserted
between two solution-filled compartments.  One contains an ionic species
with concentration C2, where C2 « C1.  C1 is effectively constant and C2
increases linearly.  V is the volume of compartment 2 and to is the time for
steady-state conditions to occur.  D (cm2/s) is the effective diffusivity of the ion.

This diffusivity, also called the intrinsic diffusivity, is related to the
diffusivity in free liquid as follows:

(Eq. (60) 2T
DD ti

δε
=

where δ, the constrictivity, is dependent on both the porous medium and the
diffusing species.  T is tortuosity.

It is also known that ion-pore wall interaction leads to a substantial
decrease in diffusion in free liquid.[135]  In addition, it has been found that
during leaching monovalent ions are released by a diffusion mechanism.
The release of other ions is generally slower, controlled by a combination
of mechanisms.[136]
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Much work[137]–[139] has been reported on the effect of mineral
admixture additions to portland cement as it relates to pore structure and
diffusivity of materials based on hydrated cement.  In most cases there is
a considerable decrease in the values of mean pore radius and diffusivity.
Diffusivity values were measured over periods in excess of 200 days for
mortars made with ordinary portland cement (OPC) and silica fume and
slag mixtures..  Values for OPC pastes were as much as 25 times greater
than for the blends.  Electrical conductivity measurements show similar
trends.  A plot of electrical conductivity of mortars versus median pore size
(Fig. 45) illustrates the effect of mineral addition on diffusivity.  A linear
relationship for the OPC pastes is apparent.  The curves for the blend are
significantly lower.  It is apparent, however, that considerable damage
occurs during mercury intrusion into blended cements.[140]  This is prob-
ably a result of penetration through thin pore walls and into isolated or ink-
bottle pores.  This appears to reinforce arguments expressing doubt as to the
validity of mercury intrusion results for these systems.

Figure 45.  Electrical conductivity of mortars versus median pore diameter.[139]  Cement
systems: ∆, type 10 cement; O, type 50 cement, 10% silica fume; �, type 50 cement, 3%
silica fume, 65% blast furnace slag;  , type 50 cement, 5% silica fume, 30% fly ash; �,  type
50 cement, 3% silica fume, 75% blast furnace slag.
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8.4 Relationship Between Porosity and Degree of Hydration

Porosity of hydrated cement systems decreases with an increase in
degree of hydration as the original pore structure formed on setting is
modified by the infilling of pores with hydration product.

The changes in the properties of concrete in the presence of admix-
tures, e.g., calcium chloride, may be due to both the degree of hydration and
a change in the intrinsic structure of the cement paste.  Monitoring these two
parameters provides insight on the behavior of these systems.  At common
degrees of hydration (pastes containing 0–3.5% CaCl2), the porosity
surface area, strength, absolute density, and microstructural features reveal
differences.[141]

The compressive strength and porosity values of cement pastes
expressed as a function of the degree of hydration are shown in Fig. 46 and
47.  The results indicate that the intrinsic characteristics of cement pastes
are changed by the addition of CaCl2.  At constant degree of hydration
the porosity of the pastes is in the order: 3.5% CaCl2 > 1–2% CaCl2 >
0% CaCl2.  The compressive strength at 28 days is in the order: 1–2%
CaCl2 > 0% CaCl2 > 3.5% CaCl2 and the absolute density is in the order:
3.5% CaCl2 > > 1–2% CaCl2 > 0% CaCl2. The highest compressive
strengths in the pastes containing 1–2% CaCl2 may be due to a combination
of a reasonably high density and low porosity, which would promote
relatively better bonding between particles.
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Figure 47.  Porosity versus degree of hydration relationship for cement paste containing
calcium chcloride (w/c = 0.40).[141]

Figure 46.  Strength versus degree of hydration relationship for cement paste containing
calciuim chloride (w/c = 0.40).[141]
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Silicate Polymerization
Analysis

J. Francis Young and Guokuang Sun

1.0 INTRODUCTION

For many years, cement scientists have assumed that the amorphous
calcium silicate hydrate (C-S-H) that forms during hydration of portland
cement is a degenerate form of the tobermorite structure, but direct
evidence was difficult to come by.  In the late 1960s, two methods of
determining the structure of the silicate ions in inorganic compounds were
developed and applied to the analysis of hydrated portland cement.  Later,
a third method, solid state NMR spectroscopy became available in the
late 1970s.  In this chapter we describe the development of these three
techniques and discuss the type of information they provide.  The applica-
tion of silicate polymerization analysis to understanding the hydration
process and the structure of C-S-H is also considered.

1.1  Analytical Methods

All three analytical techniques rely on the fact that all silicate structures
are derived from a combination of bonding oxygens which links the silicon
atoms together with strong siloxane (Si-O-Si) bonds and non-bonding
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oxygens (Si-O) which carry either a negative charge or hydrogen atom
(i.e., hydroxyl group).

Spectrophotometry. This relies on the rate of formation of a
silicomolybdate complex that can be determined quantitatively by spectro-
photometric analysis.  The method is no longer used very often since it is
limited in the information it can provide.

Trimethylsilylation. The silicate compound is reacted to form the
trimethylsilyl derivative of the silicate ion that occurs in the compound.
Mixtures of the silicate derivatives are separated by chromatography.  The
method suffers from side reactions, but derivation can occur quantitatively
under the right experimental conditions and the amount of each silicate
species present measured.

Solid State 29Si NMR Spectroscopy. Solid state nuclear magnetic
resonance (NMR) spectroscopy with magic angle spinning (MAS) pro-
vides a spectrum of well resolved resonance peaks whose position depends
on the local chemical environment of the silicon atoms within the silicate
structure.  Peak areas can be used for quantitative analysis.

1.2 Silicate Structure of C-S-H

The structure of tobermorite is based on a layer structure in which
infinite chains of silica tetrahedra are condensed onto both sides of a sheet
of Ca-O octahedra through edge-sharing, as shown in Fig. 1. All of the
oxygens in the central octahedral sheet are shared with silica tetrahedra,
however, not all silica tetrahedra are linked to the sheet.  The chains have
a repeating array of three tetrahedra, called dreierketten, providing a kinked
conformation.  The central ( bridging) tetrahedron of the chain unit has one
hydroxyl group with the fourth oxygen bonded weakly to a calcium atom
in the sheet.  The composition of the dreierketten unit is [Si3O8(OH)]5– and
the overall composition of the layer is Ca4[Si3O8(OH)]2

2–.  The negative
charge is balanced by a Ca2+ ion between the layers together with water
molecules to give the overall composition of Ca5Si6O16(OH)2·8H2O.  The
CaO/SiO2 (C/S) molar ratio is 0.83.  Since C-S-H has a C/S ratio close to
1.7, it has been proposed[1] that random omission of silica tetrahedra from
the dreierketten chains, and probably whole omission of chains, occurs.
The structure may lie closer to jennite, [Ca9Si6O16(OH)10·6H2O] where
every other silicate chain is omitted.
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2.0 COMPLEXOMETRIC ANALYSIS

2.1 Basic Chemistry

The first analyses of the degree of silicate polymerization by the
complexometric method was reported by Funk and Frydrych[2] in 1964.
The method is based on the colorimetric analysis for soluble silicate
utilizing the formation of a colored silicomolybdic acid complex:

Eq. (1) 7H4SiO4  +  12H6Mo7O24  →  7[H4SiMo12O40]  +  36H2O
(silicic acid) paramolybdic acid β-silicomolybdic acid

This study extended earlier work which showed that the rate of complexation
is determined by the rate of depolymerization of condensed silicic acids as
they are acid-leached from an inorganic silicate compound. Funk and Frydrych
were able to follow the rate of complexation for up to five silicate structures
(see Fig. 2 and Table 1). The first order kinetic curves were obtained by
the quantitative precipitation and analysis of the quinoline salt of

Figure 1.  Schematic representation of the tobermorite structure.
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the silicomolybdate complex after different types of reaction.  Later
Weiker[3] developed a method to follow the rate of complexing
spectrophotometricaIly using a strong adsorption peak in the near UV
region.  This is the basis of a well-known colorimetric method for analysis
of dissolved silica.

Figure 2.  Kinetics of complexing for simple silicic acids (after Ref. 2).

Table 1. Complexing Rate of Single Silicic Acids[2]

Silicate Structure Formula Source Half Life Rate Constant
(sec) (sec)

Mononomer H4SiO4 β- or γ-Ca2SiO4 5.5 0.1

Dimer H6Si2O7 Ca2Na2Si2O7* 23.5 0.032

Cyclic trimer H6Si3O9 pseudo 36 0.019
wollastonite

Cyclic tetramer H8Si4O12 K4H4Si4O12 83 0.0084

Bicylic trimer H12Si6O18 dioptase 360 0.0018

 *Rankinite was also used.
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To ensure that the silicate structure is correctly represented, subse-
quent condensation of the leached silicic acid must be avoided.  This is done
by using methanolic HCl, complexing the acid immediately after the solid
has dissolved. The solid needs to dissolve rapidly (<30 sec.) to avoid
condensation. Fortunately, most calcium silicates dissolve rapidly in
methanolic HCl.

2.2 Study of Cement Hydration

The method was shown to be applicable to the study of the
hydration of portland cement and calcium silicates[3]–[6] as well as
precipitated C-S-H.[5]  Typical complexing curves for hydrating portland
cement are shown in Fig. 3, however, it is difficult to quantitatively separate
the contribution by individual silicic acids to an overall complexing curve.
Parrot and Taylor[4] developed a method for hydrated cement paste that
allowed for quantitative analysis of monomer, dimer, and polysilicate (more
than four connected silicon atoms).  The method assumed that only these
species are present and that each silicate species has its own rate constant
for complexation.  The proportion of silica complexed (y) is given by:

Eq. (2) y = al fl(t) + a2 f2(t) + apfp(t)

where al, a2, and ap are the proportions of each species present and f(t) are
exponential expressions describing the complexing curve for each species.
Equation (2) is solved by an iterative least squares solution.  This analysis
confirmed earlier assumptions that the polysilicate content could be esti-
mated from the amount of silica uncomplexed after 5 min.

Parrott[6][7] showed that strong dependance of curing temperature on
silicate polymerization (see Table 2).  His studies also suggested that
polymerization is disconnected from hydration. Bentur, et a1.,[8] also
confirmed the importance of the degree of silicate polymerization in
determining shrinkage of calcium silicate pastes.

2.3 Analytical Procedure

Anhydrous HCl gas is dissolved in methanol to produce a 0.15N
methanolic HCl solution at 250°C.  To 100 ml of this solution is added
100–200 mg sample of the powdered cement paste (< 20 µm).  The sample
size should be such that it contains at least 100 mg as SiO2 and the amount
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of HCl should be sufficient to make the silicic acid at least 0.1M with
respect to HCl.  Vigorous stirring is required to effect rapid and complete
dissolution.  Twenty ml of the silicic acid solution is added to a reaction
vessel containing 170 ml of hydrochloric acid solution with a pH of 1.6
equilibrated at 25°C together with 10 ml of a paramolybdate solution.  The
formation of the yellow β-silicomolybdic acid complex was monitored
using a flow-through cell in a spectrophotometer set at a wavelength of 400
nm.  The concentration of dissolved silica can be calculated from a prepared
calibration curve.  Further details are given in Ref. 4.

Figure 3.  Complexometric curves for hydrated cement pastes (after Ref. 6).



Silicate Polymerization Analysis 635

3.0 TRIMETHYLSILYLATION

3.1 Basic Chemistry

Trimethylsilylation (TMS) analysis has become a very popular
method to probe the silicate structures of minerals and to follow the
polymerization of silicate ions during hydration of portland cement.  The
method involves acid leaching of the solid to remove cations thereby
forming silicic acids, as shown in Eq. (3):

Eq. (3) Ca2SiO4 + 4HCl→ Si(OH)4 + 2CaCl2

The silicic acids formed correspond to the original silicate ion structure, but
will quickly polymerize to more highly condensed structures.  To prevent
this, the acids are immediately end-blocked with trimethylsilyl (TMS)
groups:

Eq. (4) Si(OH)4  +  4(CH3)3SiCl  →  (CH3Si)4SiO4  +  4HCl

The net reaction is:

Eq. (5) Ca2SiO4  +  4(CH3)3SiCl  →  (CH3Si)4SiO4  +  2CaCl2

The resulting TMS derivatives can be extracted into a hydrophobic organic
solvent and separated using chromatographic techniques.  Usually, gel
permeation chromatography is used.

A wide variety of compounds have been analyzed using the TMS
method, and those summarized in Table 3 have been used for calibration
purposes.  Table 3 also illustrates the various nomenclatures that have been

Table 2. Effect of Temperature on Silicate Polymerization in Hydrated
Cement Paste

Temp Time Percent Silicate Half-time
°C  (days) Not Complex of Complexing

20 1 3.7 153

70 0.2 9.6 380
7 21.4 525

95 0.2 13.6 375
3.2 20.7 565

10 26.4 760
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used.  The shorthand nomenclature QxMy for the TMS derivatives is very
useful.  Qx is the number of silicon atoms in the base structure, while My is
the number of TMS groups.  It can be seen that y equals the charge on the
silicate ions since bridging oxygens do not react.

Table 3. TMS Derivatives of Various Silicate Species

Degree of TMS Derivatives
Formula Polymerization Nomenclature MW Source

SiO4
4- Monomer QM4 384 Ca3SiO5,

Ca2SiO4
Olivine

Si2O7
6- Dimer Q2M6 606 Hemimorphite

Si3O10
8- Linear Trimer Q3M8 828 Natrolite

Si3O9
6- Cyclic Trimer Q3M6 666 Pseudowollastonite

Si4O13
10- Linear Tetramer Q4M10 1050 —

Si4O12
8- Cyclic Tetramer Q4M8 888 Laumontite

Si5O15
10- Cyclic Pentamer Q5M10 1110 —

Si6O17
10- Bicyclic Trimer Q6M10 1170 Dioptase

Si8O20
8- Bicyclic Tetramer Q8M8 1128 TMA salt#

Si10O25
10- Bicyclic Pentamer Q10M10 1410 TBA salt*

# Trimethyl ammonium salt
* Tributyl ammonium salt

3.2 Anhydrous Silicates

Lentz[9] was the first to report trimethylsilylation of inorganic sili-
cates.  The mineral structures he analyzed were olivine (an orthosilicate),
in which (TMS)4SiO4 was formed in 70% yield; hemimorphite (a
pyrosilicate) forming (TMS)6Si2O7 in 78% yield and natrolite (a trisilicate)
which recovered (TMS)8Si3O10 in 68% yield.  The derivatization of
natrolite shows the specificity of this method for silicate structures since the
moiety Si3O10 is part of an aluminosilicate framework.  Al-O-Si bonds are
cleaved as cations are leached from the structure, while Si-O-Si bonds are
sufficiently stable to be unaffected.  The reaction medium was an aqueous
mixture of HCl, isopropyl alcohol and hexamethyldisiloxane (HMDSO)
which is water immiscible.  The HCl was used to leach cations from the
solids and to generate silylating reagents from HMDSO:
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Eq. (6) (CH3Si)2O + HCl → CH3SiC1 + CH3SiOH

The HMDSO also acts as a solvent for the TMS derivatives as they are
formed.  The role of the alcohol is less clear, but it was suggested that it
might increase the solubility of HMDSO in water and stabilize the silicic
acids prior to end-blocking.  The relatively low yields are due to side
reactions, the major ones being condensation, and acid cleavage of a
siloxane (Si-O-Si) linkage.  For example, 10% of the monomer species in
olivine was recovered as the dimer derivative while 22% of monomer and
dimer could be recovered from the more condensed structures.

Subsequently Milestone[10] modified Lentz’ method by substitut-
ing t-butanol for isopropanol, adding water in the form of ice, and saturating
the aqueous phase with sodium chloride.  The modification of the original
Lentz method by Milestone improves the derivatization of less soluble
compounds.  Apparently the t-butanol minimizes condensation of silicic
acids prior to TMS end-blocking, due probably to steric effects.  Earlier
Gotz and Masson[11][12] had modified the process by eliminating the use of
HCl and substituting trimethylchlorosilane (TMCS) as the silylating agent.
Enough HCl for acid leaching was generated by hydrolysis of TMCS
through the addition of water so that the cations can be fully leached from
the mineral:

Eq. (7)        (CH3)3SiC1  +  H2O  →  (CH3)3SiOH  +  HCl

Although this method gives a better representation of the original silicate
structure by reducing the side reactions, the results are extremely
sensitive to the amount of water used and complete dissolution of the
mineral does not occur.

3.3 Application to Cements

Lentz[13] applied his method to make the first silicate analyses of
hydrated portland cement pastes.  Samples of Ca3SiO5 and Ca2SiO4 and
afwillite Ca3Si2O8(OH)2 were also analyzed as reference compounds (all
are monomers), however, the yields of the known monomer structures were
still only 65–75%, not high enough for an accurate quantitative analysis.
Nevertheless, he was able to conclusively demonstrate the progressive
decline of the monomer derivative as Ca3SiO5 and Ca2SiO4 are consumed
by hydration and the progressive increase in a polysilicate fraction over time.
These general conclusions were confirmed subsequently using TMS
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methods of greater accuracy.  The formation of linear trimer and tetramer
are probably due to side reactions.

In 1976 Tamas, Sarkar, and Roy,[14] reported a further modification
for the TMS derivatization of silicate structures which has become the basis
of all TMS methods currently used.  The reaction mixture uses
dimethylformamide (DMF) as the solvent together with HMDSO and
TMCS.  The yields of monomer from β-Ca2SiO4 and Ca3SiO4 were 91%
and 94%, respectively, the side reactions being principally the formation of
dimer (Fig. 4).  The reaction mixture is a relatively mild silylating mixture.
No water is required, a small amount of water dissolved in the DMF should
provide sufficient HCl from Eq. (6) to leach the calcium silicates; however,
this solvent should be freshly distilled to ensure reproducible results.  In
hydrated systems sufficient additional water is probably released as
derivatization proceeds, however, the reaction mixture is not strong enough
to derivatize other silicates.  Thus, to calibrate the gas chromatograms other
methods must be used to derivative minerals of known structure, as
discussed in the previous section.

Figure 4.  Gas chromatogram of silylated Ca3SiO5 (after Ref. 14).
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3.4 Current TMS Method

The use of gas-liquid chromatography (GLC) to separate the TMS
derivatives provides good separation of low molecular weight (MW)
species such as monomer and dimer, however, its detection range is limited
because of decreasing volatility with molecular weight.  Thus, the species
larger than cyclic pentamer (Si5O15

10-) or linear tetramer ion (Si4O13
10-)

(MW of TMS derivatives: 1110 and 1050, respectively) are not seen;
because it was clear that higher MW species were formed during cement
hydration, an alternate separation mode was needed.

Sarkar and Roy[15] demonstrated the applicability of liquid phase gel
permeation chromatography (GPC), also known as size-exclusion
chromatography.  The technique involves passing a dissolved mixture of
compounds through a column packed with a medium having a controlled
pore structure of nanometer dimensions.  Smaller molecules diffuse through
the pore network and thus, take longer to pass through the column than
larger molecules that are excluded from the pores on account of their size.
Therefore, in the chromatogram the components of the mixture are eluted
in order of decreasing molecular weight.  A calibration curve can be
constructed from the derivatization of known silicate structures (Fig. 5) to
relate the eluted volume to molecular weight.  Since GPC depends really on
the effective hydrodynamic radius of the molecule in solution there will be
small differences between molecular species that have a similar molecular
weight, but different molecular conformations (e.g., a ring versus a linear
chain).  The use of high pressure liquid chromatography (HPLC) makes
GPC a powerful separation technique.

The early work[15] used tetrahydrofuran as the solvent and the resolution
was rather poor; however, using a slight variation in the reaction mixture
(Table 4), switching to toluene as the solvent, and using columns with improved
resolving power,[16] produced much better results (Fig. 6a). Further im-
provements in columns have allowed full separation of pentamers and octamers
(Fig. 6b).  Distinction between cyclic and linear species is also possible.

Lachowski[17] compared the quantitative accuracy of the methods of
Lentz, Gotz, and Masson, and Tamas et al., for estimating Ca3SiO5 and
Ca3Si2O7 using gas chromatography.  The method by Tamas et al., clearly
gave the best results.  Parallel work by Lachowski[18] and later by Hirljac
et a1.,[16] developed quantitative analysis using GPC fractionation of the
GPC derivatives.  Bentur and Young[19] showed that it was possible to
determine the amount of polysilicate without using GPC analysis by
controlled heating to remove monomer and dimer.
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Figure 5.  Calibration curve for GPC analysis of silicate species (after Ref. 16).

Table 4. Comparison of Some Trimethylsilylating Formulations*

Component Lentz[9] Milestone[10] Gotz & Masson[11] Tamas et al.[14] Hrljac  et al.[16]

HMDSO 10 10 9 5 5

I-Propanol 15 — 0.8 — —

HCl 25 2 — — —

Water 6.3 2 0.2 — —

TMCS — — 2 5 2

DMF — — — 10 10

*Quantities given in mls.
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3.5 Studies of Cement Hydration

The TMS method has been used extensively to follow the progress of
polymerization so that an exhaustive literature review is not feasible.  We
briefly review selected publications that have established the value of this
method.  The first comprehensive studies that followed polymerization in
hydrating Ca3SO5 pastes from the beginning of hydration were made by
Taylor and coworkers,[20][21] and Hirljac, et a1.[16] Both studies confirm that
in the very early stages only dimers are formed (Fig. 7). Later polysilicate
(polymer) forms, but dimer is always a significant proportion of the
hydrated paste. Plots of both dimer and polymer are linear with degree of
hydration at least up to 50% hydration (Fig. 8) and polymerization is a
function of temperature (Fig. 8b). The amount of monomer decreases
monotonically with time. Assuming no monomer occurs in C-S-H (an
assumption confirmed by 29Si NMR spectroscopy) the monomer contact
can be used to estimate degree of hydration.

Figure 6.  GPC chromatograms of hydrated Ca3SiO5 pastes; (a) ca. 1979; (b) ca. 1983.
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Polysilicate Fraction. Generally, polysilicate collectively refers to
all silicate species higher than dimer, but it is clear that this fraction is
polydisperse (Fig. 6).  Estimates of the number[18][21] suggested averages of
7–10 for well-hydrated pastes (i.e., 7–10 silicon atoms in the basic silicate
structure); improved GPC columns now make it possible to partially
resolve the components of the polysilicate fraction.  Initially, pentamer and
octamer fractions could be separated,[10] as shown in Fig. 6b.  Currently it
is possible to also resolve peaks corresponding to 11-mer and 14-mer (Fig.
9).  Also detectable are small quantities of trimer and cyclic tetramer
species.  These were earlier reported in gas-chromatographic analyses.

Polymerization Sequence. Based on extensive GPC analysis, it
appears that the sequence of reactions during polymerization could occur
as follows:

Eq (8) Monomer → Dimer

Eq. (9) Dimer → Pentamer → Octamer → etc.

Figure 7.  Profile of silicate species over time in hydration Ca3SiO5 pastes (after Ref. 21).
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Figure 8.  Plots of silicate species vs. degree of hydration.  (a) Regression analysis at 20°C;
(b) effect of hydration temperature.
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The sequence of events described in Eqs. (8) and (9) suggest that
C-S-H first forms with dimeric species.  This would be consistent with the
central Ca-O, sheets of the tobermorite structure provide a template for an
arrangement of dimers that can subsequently be converted into dreierketten
chains by the insertion of bridging tetrahedra.  The intermediate species
(pentamer, octamer, etc.) are present in relatively small quantities that
quickly achieve steady-state levels.  Thus, the sequence of converting
dimers to short chains and then short chains to longer chains seems to be a
scenario that is consistent with the concept of a gradual change towards the
tobermorite structure over time.

Factors Affecting Polymerization. The strong effect of tempera-
ture on polymerization has already been noted (see Fig. 8b).  An activation
energy of 13 kcal/mole has been estimated,[16] however, the addition of
chemical admixtures does not change polymerization when plotted against
degree of hydration.  The addition of mineral admixtures, such as silica
fume[22][23] or fly ash,[24] tend to increase the degree of silicate polymeriza-
tion, as does carbonation.[25]  A recent study[27] on the hydration of highly
reactive β-Ca2SiO4 is one of the few studies comparing TMS analysis with
29Si NMR spectroscopy.

Figure 9.  GPC chromatograms of hydrated Ca3SiO5 paste using current column technology.
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3.6 Analytical Procedure

The derivatization begins with placing 10 ml of DMF, 5 ml HMDSO,
and 2 ml TMCS, in a 50 ml Erlenmeyer flask and stirring gently for 15
minutes with a magnetic stirrer. Both DMF and HMDSO should have been
distilled within one week and kept in well-stoppered containers. Then, 200 mg
of the dry, powdered cement paste is added to the flask and stirred for 3–4 hours
until the sample is dissolved. The sample is transferred to a separatory
funnel and the flask rinsed with 1 ml HMDSO, which is added to the funnel.
Add 25 ml deionized water to the funnel, shake well, and then drain off aqueous
phase. Wash the organic solution with a further 10 ml of water and again
remove and discard the aqueous phase (washing removes calcium chloride).

The organic phase is placed in a clean screw-top flask containing 3
g of molecular sieves as a drying agent.  Wash funnel with 1 ml HMDSO
and add it to the flask.  The samples are stored overnight to remove all traces
of water. Filter off molecular sieves through filter paper pre-wetted with
HMDSO, catching the filtrate in a 10 ml volumetric flask, rinsing the
storage flask and sieves with 1–2 ml HMDSO.  Fill the volumetric flask to
the line with HMDSO.  Transfer the solution back to the screw top flask
which now contains 2 g of ion exchange beads in the hydrogen form. Cap
tightly and store overnight to allow complete conversion to fully
trimethylsilylated derivatives.

Samples can be safely stored for subsequent GPC analysis.  To avoid
clogging the column, a 4 ml sample is extracted from the flask, using a
syringe equipped with a two-micron filter, and stored in a vial tightly sealed
with teflon lined screw caps.

4.0 SOLID STATE 29SI NMR SPECTROSCOPY

4.1 Introduction to NMR Spectroscopy

Nuclei with fractional spin numbers (I = n/2) can give rise to nuclear
magnetic resonance (NMR) spectra due to induced transitions between spin
states when they are split in a strong magnetic field. The theory of NMR
spectroscopy is summarized by Kirkpatrick[27] in this volume, so only
information relevant to 29Si spectroscopy is summarized here. Although
28Si (I = 1) does not give rise to NMR spectra, the isotope 29Si has I = ½ and
is of sufficient natural abundance (4.7%) that NMR spectra of silicon contain-
ing compounds can be easily obtained.  Lippmaa, et a1.,[28] were the first to
apply 29Si NMR spectroscopy to the study of cement-related compounds.
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In a strong magnetic field of 7.04 T, the resonance frequency for 29Si
nuclear spin transitions is 59.54 MHz.

Solid-state MAS NMR has the following advantages.  It is a physical
method that requires minimal sample preparation (normally powder samples
are used) and there are no side reactions that will change the structure.  The
information that can be obtained depends only upon short range order.  The
details of the local chemical environment of a specific nucleus can be
obtained from both crystalline and amorphous material.  In this respect, it
is most useful in studying the cement hydration products which are
amorphous in nature.

4.2 Chemical Shifts

In different chemical environments, shifts in resonance frequency
arise from partial shielding of the Si nuclei from the applied magnetic field
by the electrons surrounding the nucleus.  This gives rise to the chemical
shift, (expressed in ppm of the applied field), the value of which is
characteristic of a particular chemical environment.  The chemical shift is
determined with respect to a reference compound which is arbitrarily given
zero chemical shift (δ = 0 ppm).  Preferably, the reference compound
should give rise to a single sharp peak somewhat apart from the other peaks
of interest.  A perfect candidate in the case of 29Si is tetramethylsilane
(CH3)4Si (TMS).  The use of TMS as an internal standard is so popular that
its signal also defines the reference point in all 1H and 13C spectra.  In
addition, there are two references commonly used as secondary standards
in 29Si solid-state NMR spectroscopy:  the trimethylsilyl ester of the double
four-ring octameric silicate [Si(CH3)]8Si8O20] (designated Q8M8) and
tetrakis (trimethylsilyl) silane [(CH3)3Si]4Si or TTMS].  The chemical shift
of the trimethylsilyl group M of Q8M8 is +11.5 ppm from TMS, while the
chemical shift of the trimethylsilyl group in TTMS is -9.9 ppm from TMS.

Lippmaa, et al.,[28] studied a series of silicate compounds with known
molecular structure by solid-state 29Si NMR.  They found that the total
range of 29Si chemical shifts in silicate is from -60 to -120 ppm with
significant subdivision into well-separated ranges for isolated silicon-
oxygen tetrahedra (Q0), linked tetrahedra in pyrosilicates or as the end
groups of linear chains (Q1), middle tetrahedra in chains (Q2), bridging
tetrahedra linking two chains (Q3), and the tetrahedra three-dimensional
cross-linked framework (Q4).  The designations Q0 to Q4 refer to the
connectivities of the Si-O tetrahedra.  They are shown in Table 5.
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For example, quartz has a single Q4 peak; xonotlite (linked dreierketten
chains) has Q3 and Q2 peaks in a 1:2 intensity ratio; pseudowollastonite has
a single Q2 peak characteristic of the cyclic trimer silicate units; and
β-Ca2SiO4 has a single Q0 peak corresponding to SiO4

4-.  From the
study of a large variety of zeolite structures, the 29Si chemical shift ranges
of aluminosilicates was also established.  The SiO4 tetrahedra are connected
through shared oxygen atoms with nA1O4 tetrahedra (n = 0–4) in the
aluminosilicate framework.  The more Al-O tetrahedra connected to the Si-
O tetrahedron, the less negative will be the values for the chemical shift of
the Si nuclei.

4.3 Acquisition of 29Si Solid-State NMR Spectra

All Fourier transform NMR experiments are combinations of pulses
and delays.  The two most commonly used methods in the study of silicon
polymerization during cement hydration are the simple one pulse MAS
NMR experiment and cross-polarization magic angle spinning
(CPMAS) experiment.

One Pulse Experiment.  This is called a “one pulse” (1PULS)
experiment because one rf pulse is applied per cycle. The pulse excites the
nuclei, which then reradiate during the acquisition time, giving an NMR
signal. The pulse has a width which is measured in microseconds and is on
the order of 10 µs. It is commonly described in terms of a flip angle in
degrees. A 90° pulse is the power required to obtain a maximum response
from the sample.  For routine experiments, a pulse width less than 90° is used.

Table 5. Ranges of 29Si Chemical Shifts for Different Structural Units of
Silicate Species

Connectivity Type Chemical shift (δ, ppm)

QO orthosilicate (monomer) -66 to -74

Q1 pyrosilicate (dimer) -77 to -82

Q2 linear chains or ring -85 to -89

Q3 cross-linked chains -92 to -100

Q4 3-D network -103 to -115
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The recycle delay allows time for the nuclei to relax toward thermal
equilibrium so that the system can be pulsed for a second time.  The pulse
width and recycle delay are correlated and should be carefully selected by
means of preliminary experiments to get the best result.

The Recycle Delay and Inversion-Recovery Measurement of T1.
To avoid saturation there should be enough time between pulses for the
nuclei to reach (or nearly reach) their original equilibrium; therefore, this
recycle time is a function of T1 and for good quantitative results, the recycle
delay should be five times the length of T1.  The T1 values for nuclei in a
sample are most commonly measured using a simple two-pulse sequence,
given in Fig. 10.  A single π (180°) pulse is used to invert the equilibrium
populations of the energy levels of nuclei in the sample.  Following the
pulse, the populations begin to recover towards equilibrium during the
delay τ.  A π/2 pulse is used to convert the population difference between
levels to a detectable NMR signal.  When a τ is zero (or very small) the
sample effectively receives a 3π/2 pulse and the observed signal is
negative.  When τ is long, the sample relaxes fully between the π and π/2
pulses and maximum (positive) signal is observed.  Between these ex-
tremes, the observed signal increases exponentially with τ. The most
convenient way to obtain T1 is from the slope of a graph.

Figure 10.  Representation of inversion-recovery measurement of T1.  (a)  Pulse sequence.
(b) Intensity of spectrum versus τ after several repetitions.
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Cross Polarization Sequence. Cross-polarization (CP) allows trans-
fer of magnetization from an abundant species to a rare species.  The cross
polarization technique affects the rare species signal intensity in two ways.
Firstly, there is a direct signal enhancement by a factor of γabundant/γrare for
the rare species; in the case of 1H and 29Si, a factor of 5.  Secondly, there
is a signal enhancement because the repeat cycle of experiment is deter-
mined by the proton relaxation times, which are generally much faster than
silicon or carbon relaxation times and, therefore, S/N can be accumulated
at a more rapid recycle rate (usually 2–3 seconds for 29Si studies) than if
they were observed without CP.

There is another benefit from CP studies and this depends on the fact
that the effectiveness of the CP phenomenon is proportional to r -3, where
r is the distance between the abundant nucleus and the rare nucleus.  The
efficiency of transfer of magnetization falls off extremely rapidly as the
distance between the two nuclei increases.  For example, the use of cross-
polarization 29Si NMR enables one to examine Si nuclei that are close to the
surface OH groups separately from those in the bulk material.  In CPMAS
experiments the so called “Hartmann-Hahn condition” should be met in
which the 1H and 29Si nuclei precess with the same frequency with respect
to the “spin-locking” field and during the spin-locked period (the “contact
time”) equilibration of the proton and the rare nuclei populations proceeds
by population transfer from the 1H spectrum to the rare nuclei spectrum.
Since the contact time (typically several milliseconds in duration) may have an
effect on the peak intensity ratios, care should be taken in interpretation.

Quantitative Analysis (for MAS NMR).  Another important feature
of the NMR method is that the intensity of a signal is directly proportional
to the number of nuclei that generate the signal. This allows us to do
quantitative analysis, provided that correct parameters are selected.  Relaxation
times of 29Si nuclei can be very long. In quantitative analysis, the relaxation
times of the nuclei must be determined carefully and recycle delay times
should be set long enough to allow nuclei to relax sufficiently.  The presence
of paramagnetic ions such as Fe2+ may shorten the relaxation time of the
29Si nucleus by as much as an order of magnitude. On the other hand, the
presence of very large amounts of paramagnetic ions, such as fly ash/cement
blends, may prevent the observation of some, or all, of the 29Si nucleus signal.

A line shape simulation program is usually provided by the spectrometer
for computer deconvolution of spectra with overlapping peaks.  The program
provides the position, intensities, widths, and relative areas, of the individual
lines. The individual line parameters (position, height, and width) can be
changed manually to obtain the optimum visual fit on the video display
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monitor.  In some programs, a maximum of more than twenty overlapping
lines can be handled one by one.  The simulated line shape can vary from
100% Lorentzian to 100% Gaussian to get the best fit for the real curve.  The
program calculates the area percentage of the individual lines.  Once the
best fit is obtained, the real and synthesized spectra and the individual lines
can be plotted.

The following is an example of the 29Si NMR analysis for quantifying
small amounts of β-C2S impurity in γ-C2S preparation.[29]  It is difficult to
accomplish the analysis by x-ray diffraction since there are so many
overlapping peaks, however, in 29Si NMR spectrum the chemical shift
of γ−C2S (-73.7 ppm) is 2.4 ppm away from that of β-C2S (-71.3 ppm), as
shown in Fig. 11.  A spectrum was acquired for the synthetic γ-C2S sample
and, by applying the line simulation program, the two phases were success-
fully quantified.

Figure 11.  29Si MAS NMR quantitative analysis for small amounts of β-Ca2SiO4 in a γ-
Ca2SiO4 preparation.
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4.4 Application of 29Si Solid-State NMR to the Study of Cements

MAS NMR has become a commonly used technique to study the
cement related materials and reactions.  This section provides an overview
of the kind of information that has been obtained.  As an example, the MAS
NMR and CPMAS spectra of Ca3SiO5 paste hydrated in the presence of
reactive silica (silica fume) for nine months is shown in Fig. 12.  Ca3SiO5

is mixed with silica fume in a starting CaO/SiO2 = 0.5, water solid ratio
being 0.2.  MAS NMR shows the remaining Ca3SiO5 as the monomer (Q0)
at -71 ppm, the main hydration product (Q2) at -85 ppm and the remaining
silica fume (Q4) centered at -110 ppm.  The shoulder at -79 ppm represents
Q1 species in the hydration product (either dimer or the end group of a
chain).  A Q3 peak is also seen as a hump at around -94 ppm.  In the CP mode,
the anhydrous Q0 peak is not observed, but a hump at about -110 ppm,
indicates that the silica fume surface is protonated after extended hydration.

Figure 12.  The MAs NMR and CPMAS spectra of Ca3SiO5 paste hydrated in the presence
of reactive silica.

Crystalline Calcium Silicate Hydrates.  Bell, et a1.,[30] hydrother-
mally synthesized a body of calcium silicate hydrates which were examined
by 29Si NMR spectroscopy.  The results were compared with the crystal
structures obtained by other methods.  NMR spectra suggest some of the
postulated structures are incorrect.  By using 29Si NMR, Wieker, et a1.,[31]
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were able to confirm that some hydrothermally prepared 11 Å tobermorites
consisted of double chain silicate ions, contrary to the published structure.

Anhydrous Phases.  Ca3SiO5 and Ca2SiO4 polymorphs all contain
isolated SiO4 tetrahedra, i.e., Q0 units.  29Si NMR spectra have shown that
the Ca3SiO5 has at least nine peaks in the range of -69 to -75 ppm.  The
β-Ca2SiO4 has a single narrow peak at -71.3 ppm.  These observations are
consistent with the published crystal structures.  Skibsted, et a1.,[32] tried to
quantify these phases in cements by deconvolution of the spectra combined
with the bulk SiO2 content obtained from elemental analysis.  They found
that the conventional Bogue calculations overestimates the belite content
and underestimates alite; NMR results have better correlation with the
results from Taylor-Bogue calculations.[33]

Hydration Reactions.  The hydration and hydration products of
portland cement and calcium silicates have been studied extensively using
29Si solid state MAS NMR and CPMAS NMR.[34]–[47]  It is well established
that the main hydration product C-S-H contains Q1 and Q2.  In other words,
they are either dimers and chains or rings.  The area associated with each
species can be calculated though it is not possible now to distinguish a dimer
from the end group of a chain.  The Q2/Q1 ratio gives an estimate of the
average chain length which is equal to [(Q2/Q1) + 1] × 2.  It is shown that
while Q0 decreases with time during hydration the Q2/Q1 ratio increases and
hence, the average chain length.  It is possible, in principle, to estimate the
amount of dimer by TMS-GPC analysis and deducting the contribution of
dimers from the Q1 signal to calculate, the average length of chains,
however, no such analysis has been reported.

The influence of temperature on the composition of the hydration
products also has been studied using 29Si enrichment.  Brough, et a1.,[37]

found that the rate of reactions and also the degree of silicate polymeriza-
tion at a given degree of hydration were both significantly increased at
elevated temperatures.  They found that at room temperature the early
hydrates are essentially dimeric material.  It was concluded that potential
mechanism for polymerization is the linking of dimeric-silicate units by
insertion of monomers, as proposed by Hirljac et a1.[16] from TMS studies.

Hydration with Reactive Silica.  The use of reactive silicas as
mineral admixtures in concrete has attracted much attention.  Groves and
Rodger[38] found that the chain length of the hydration products of C3S
increases in the presence of silica fume and chains of eight units were
reported. Justnes, et a1.,[39] observed that silica fume accelerates the
hydration of cement minerals at the early age, but retards the hydration at a
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late stage.  They also came to the conclusion that the average chain length
of the linear polysilicate anions in the C-S-H gel is longer in mixes with
silica fume than without.  In a more recent development, cross-linking Q3

species has been positively identified in the system with a wide range of
silica fume added into cement.[40]  Moreover, after extended hydration the
surface of silica fume has reacted with water and a Q4 peak is found in the
CP-NMR.  Brough, et a1.,[41] studied the pozzolanic reaction using selec-
tive isotopic enrichment of 29Si in the reactants (Ca3SiO5 and SiO2).  They
compare the behavior of the silicon nuclei originating from either source.
They showed that the silicon atoms from the two components are not
equilibrated throughout the hydration products, but are preferentially
located in distinct species.

A method was developed[42] to use a type of silicon carbide (δ = 22
ppm) as a standard in 29Si MAS NMR to determine the residue silica fume
in a white cement-silica fume DSP paste.  In combination with the
determination of the degree of reaction of cement measured by TMS-
analysis they were able to calculate by mass balance the CaO/SiO2 ratio of
the resulting C-S-H in the system with varying starting CaO/SiO2 ratios
hydrated for a range of ages up to 1.5 years.[22]

5.0 CONCLUSIONS

The analysis of silicate polymerization has proven to be a powerful
tool in the study of cement hydration and the structure of hydrated silicates.
TMS analysis and 29Si NMR spectroscopy are the two most versatile and
widely used techniques.  If both techniques were used in combination they
could provide complementary information, but this has not yet been done,
to our knowledge.  Both analytical approaches can provide useful quantitative
information.
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Permeation Analysis

P. A. Muhammed Basheer

1.0 DEFINITIONS AND TRANSPORT MECHANISMS

Gradients of moisture content, hydrostatic pressure, stress, tem-
perature, and concentration of chemicals, disturb the state of equilibrium
of fluids in a porous material,[1] therefore, the transfer of fluid flux occurs
in order to restore the equilibrium.  This process of transport of fluid flux
is generally described in terms of adsorption, diffusion, absorption, and
permeability.[2]–[4]  In concrete both the physical structure of concrete and
the state of water in pores influence these processes.  The hydrodynamics
of porous materials, treating the porous body as a continuum could be used
to obtain equations defining these transport processes;[5] however,
empirical laws, such as Fick's law, Poiseuille's equation, and Darcy's
equation, were found[6]–[14] to be widely used for concrete.  The theoretical
descriptions of the transport processes generally form the basis to measure
the transport properties of concrete.  This chapter provides details of test
methods which can be used to measure the various transport characteristics
of concrete.  However, a knowledge of both the pore structure of concrete
and various forms of water in it is beneficial in order to understand fully the
various transport mechanisms.

658
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1.1 Physical Structure of Concrete

Concrete has a highly heterogeneous and complex structure, there-
fore, it is difficult to constitute exact models of the concrete structure from
which the behavior of the material can be reliably predicted.  At the
macroscopic level (i.e., which can be identified with human eyes) concrete
may be considered to be a two phase material consisting of aggregate
particles dispersed in a matrix of the cement paste.[15][16]  At the micro-
scopic level (i.e., which can be identified with a microscope), a third
phase—the transition zone—may be identified.[17]  This represents the
interfacial region between the particles of aggregate and the hydrated
cement paste (hcp) existing as a thin shell, typically 10 to 50 µm thick,
around aggregates.  It may be recognized that each of the three phases is
itself multi-phase in nature.  The two components of the structure, the hcp
and the transition zone, are subjected to changes with time and environmen-
tal conditions, and, therefore, concrete behaves like a living system.  As the
physical properties, such as absorption and permeability, primarily depend
on the characteristics of these two phases, an understanding of the details
of their structure is important.

Structure of Hydrated Cement Paste (hcp).  At any stage of
hydration of cement, the hcp consists of solid products of hydration
collectively called gel, crystals of calcium hydroxide, unhydrated cement,
and space originally occupied by the water which was added for the
hydration of cement.  The gel is composed of gel particles and interstitial
voids, known as gel pores.  In the context of permeation properties of
concrete, the various types of pores in concrete are significant.  There are
three main types of pores in hardened cement paste:

1. Interlayer space in calcium silicate hydrate (previously
termed as gel pores).

2. Capillary pores.

3. Air voids.

The features and significance of each type of pore in the permeation
properties of concrete are given below.

Interlayer Space in Calcium Silicate Hydrate (C-S-H).  Although
the original work by Powers[16] assumed a width of 18 Å (1 Å = 10-10 m)
within the C-S-H structure, relatively recent work by Feldman and Sereda[18]

suggested that these spaces vary from 5 to 25 Å.  Anyhow, these spaces do
not play any significant role in the flow of water through concrete because
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it has been shown[19]–[22] that pores with a radius of less than 500 Å do not
contribute to the water permeability.

Capillary Pores.  Capillary pores represent the spaces not filled by
solid components of the hcp; therefore, the volume and size of the capillary
voids depend on the distance between unhydrated cement particles in the
freshly mixed cement paste (i.e., water-cement ratio) and the degree of
hydration.[23][24]  In well hydrated and low water-cement ratio pastes, the
capillary voids may range from 100 to 500 Å, whereas in high water-cement
ratio pastes at early ages of hydration the capillary voids may be as large as
3000 to 5000 Å.[20]

Air Voids.  Air voids in concrete are due to either entrapped air
during casting or intentionally entrained by using an air-entraining agent.
The entrapped air may be as large as 3 mm and the entrained air may range
from 50 µm (500,000 Å) to 200 µm (2,000,000 Å). They are much larger
than the capillary voids and have a significant role in the permeability of
concrete.

Structure of the Transition Zone.  It is reported[17] that a preferen-
tial orientation of large crystals of calcium hydroxide and calcium sulfo-
aluminate results around the aggregates due to local increase in water-
cement ratio close to them.  A water film formed around the aggregates in
the fresh compacted concrete accounts for this variation in water-cement
ratio.  As a result, concrete becomes more porous close to the aggregates
with larger size capillary voids closer to them.  Therefore, the properties of
the transition zone significantly affect the permeability of concrete.

1.2 Forms of Water in Concrete

The different forms of water associated with the C-S-H structure are
illustrated in Fig. 1.[18]  Chemically combined water is the water that is an
integral part of the structure of various cement hydration products.  This
water is not lost on drying, however, upon heating, at elevated temperatures
the decomposition of hydrates releases it.

Interlayer water penetrates between layers of calcium silicate hy-
drates (C-S-H).  Upon strong drying (i.e., below 11% relative humidity)[17]

this water will be lost, resulting in the closure of space between the C-S-H
layers and the shrinkage of the hardened cement paste (hcp).

Adsorbed water is the water that is close to the solid surface, which
is held by physical forces of attraction.  It has been suggested[17] that up to
six molecular layers of water (15 Å) can be physically held on the surface,
however, the force of attraction decreases with an increase in distance of the
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molecule from the solid surface.  Therefore, a major portion of the adsorbed
water can be lost by drying the hcp to 30% relative humidity.  The loss of
adsorbed water is mainly responsible for the shrinkage of the hcp in drying.

Figure 1.  Different forms of water.[18]

Water which is free from the attractive forces exerted by the solid
surface is free to move in capillaries.  This water is generally present in
voids larger in diameter than about 50 Å and is called capillary water.  In
concrete, this free water is known to be the cause of many types of physical
processes of degradation (e.g., frost attack).  As a vehicle for transport of
aggressive ions, water can also be a source of chemical process of degra-
dation.  As a solvent, water is noted for its ability to dissolve more
substances than any known liquid; therefore, the transport mechanisms
associated with water in capillaries is very significant.

1.3 Definitions

Adsorption.  Adsorption is a process in which molecules adhere to
the solid surfaces in concrete (C-S-H sheets) either by physical forces of
adhesion or as a result of chemical bonds.[3][18]  Another term commonly

Adsorbed 
water

Capillary 
water

Interlayer 
water 

+ Chemically combined water in cement hydrates which is not shown
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used along with adsorption is desorption, which is the liberation of
adsorbed molecules from the solid surfaces in concrete.

Diffusion.  Diffusion is the process by which a liquid, gas, or ion, can
pass through the concrete under the action of a concentration gradient.[2][3]

The transfer of mass is as a result of random motion of free molecules or
ions in solution.

Absorption.  Absorption is the process by which concrete takes in a
fluid due to capillary suction in pores in order to fill the space within the
material.[2][3]

Permeability.  Permeability of concrete may be defined as that
property which characterizes the ease with which a fluid passes into and
through the body of the concrete under a pressure differential.[2][3][25]

Although the term permeability is strictly related to a flow that occurs
under a pressure differential, it is used most frequently to include other
transport mechanisms such as absorption and diffusion.[26]  However, the
term permeation properties or permeation characteristics is used in this
chapter where reference is made in a general sense.  Quite often permeabil-
ity is mistaken for porosity and vice versa; the latter is only concerned with
the relationship of pores to the total volume.  It is conceivable, though
improbable, that a concrete could be porous, but impermeable if it con-
tained a series of disconnected air pockets separated by impermeable
material.

1.4 Transport Mechanisms

Rose[2] distinguished six stages in the transfer of fluid flux through
a porous medium.  These are presented in Fig. 2 from (a) to (f).  In addition
to these stages, Report No. 31 of the Concrete Society[3] outlined two more
stages (g) and (h) for the ionic diffusion through a partially saturated and
fully saturated porous system.  For the convenience of discussion, a single
pore with a neck at each end only is presented in Fig. 2.  A vapor flux is
incident from the left in (a) to (f), and an ionic flux is incident from the left
in (g) and (h).  The various stages presented in Fig. 2 are explained below.

The first stage is one of adsorption (stage a) and, until this is complete,
a vapor flux cannot be transmitted and “conductivity” has no meaning, even
though flux will move to adsorption sites as vapor.  This does not prevent
surface diffusion in the adsorbed phase.  After the initial adsorption, the
second stage is one of unimpeded vapor movement (stage b) where the vapor
behaves like an ideal gas.  This is expressed by Fick's first law for diffusion:
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Eq. (1) Jx =
x

c
Dx ∂

∂
−

where, Jx = flux of fluid at a position x in a direction x from
the origin

Dx = diffusion coefficient at position x

∂c/∂x = concentration gradient at position x.

(Fick’s second law for diffusion relates the rate of change of concentration
gradients by assuming that the diffusion coefficient is independent of
position).

Figure 2.  Idealized model of transfer liquids and ions within concrete.[2][3]
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The third and fourth stages occur when the necks contain liquid,
either without or with a thin film, of significant thickness on the walls of the
cavity, (stages c and d, respectively).  In stage c, the system is impervious
to an inert gas and pervious to liquid only by a process of distillation in
which the necks act as short-circuits for vapor movement.  The process is
described as liquid assisted vapor transfer, the assistance arising because
the liquids shorten the effective path length for vapor diffusion.

In stage d, the condition is one of surface creep, i.e., flow in thin liquid
films, in which there is vapor assisted liquid transfer.  Eventually there is
a transition to the fifth and sixth stages where there is liquid flow, with
stage e representing the unsaturated condition and stage f representing the
saturated condition.  There is an important difference between stages d
and e best revealed by ignoring the arrows and treating the diagram as
depicting a dynamic equilibrium.  In stage e, the air-water boundary will
have the same curvature everywhere, but in d the curvature away from the
necks is largely determined by the shape of the solid surface.

As the flow occurs in the pore due to the pressure differential across
the boundary (meniscus) in stage e, the rate of flow is given by Washburn’s
equation.[4]

Eq. (2) v = θ
µ

γ
cos

4d

r

where, v = rate of flow
r = capillary radius
γ = surface tension
d = depth of penetration of fluid
µ = fluid viscosity
θ = contact angle.

The flow in stage f, i.e., in the saturated condition, is due to a high pressure
head existing across the pore, therefore, the rate of flow is governed by
Darcy's law.  For a non-compressible fluid and a saturated porous medium,
Darcy's law states that the steady state rate of flow is directly proportional
to the hydraulic gradient.

Eq. (3) v = Q/A = -Ki = 
l

h
K

∂
∂

−

where, v = apparent velocity of flow
Q = flow rate
A = cross sectional area
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i = hydraulic gradient
∂ h = head loss over a flow path of length ∂ l
K = coefficient of permeability or hydraulic conductivity

It must be emphasized that the application of Darcy's equation to the
flow through porous media is based on the following assumptions:

1. Complete saturation has been achieved.

2. Flow is laminar and viscous.

3. Equilibrium flow conditions have been established.

A more rational concept of permeability which is independent of the
fluid properties and dependent purely on the characteristics of the porous
body is intrinsic permeability.  This is expressed as:

Eq. (4) v = Q/A = l

pk

∂
∂

µ

where, v = velocity of flow

Q = volume rate of flow

A = area of cross section

∂p = pressure loss over the flow path of length ∂l

µ = viscosity of the fluid

k = intrinsic permeability of the porous medium

In addition to the stages a–f, ionic diffusion may take place in stages
e and f as shown in stages g and h.  This is superimposed over the other
transport processes already explained with reference to these figures.  The
ionic diffusion also is governed by Fick's first law.

It can be seen in Fig. 2 that the moisture condition of the concrete
influences various stages of the transfer of fluids through it.  Various factors
influencing permeation measurements are further discussed in subsequent
sections.

Permeation tests can be described according to the above mecha-
nisms which govern the transport of fluids in concrete.  Therefore, the
primary test methods are:

1. Adsorption tests

2. Diffusion tests

3. Absorption tests

4. Permeability tests



666 Analytical Techniques in Concrete Science and Technology

2.0 ADSORPTION TESTS

The experimental observation most frequently made for the adsorp-
tion test is of the adsorption isotherm (Fig. 3); this is the measurement of
the quantity of adsorbed material as a function of its vapor pressure at
constant temperature.  Both nitrogen and water vapor had been used in the
past.[18][27]  When the relative vapor pressure is between 0.05 and 0.40 the
theory of multimolecular adsorption developed by Brunauer, Emmett, and
Teller, known commonly as the BET theory, can be used to determine the
specific surface area of hydrated portland cement.[28]  At relative vapor
pressures above 0.40 capillary condensation occurs along with the multi-
molecular adsorption.

Figure 3.  A typical adsorption isotherm for hardened cement paste.[28]
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In the context of testing concrete, the adsorption tests will not be
practicable.  This is because the increase in weight due to adsorption is
normally very small and a very thin sample of concrete will have to be used
if adsorption tests are to be carried out.  From a practical point of view the
transport of aggressive substances into concrete is primarily by other
mechanisms and, hence, adsorption tests do not have much significance.

3.0 DIFFUSION TESTS

The transport of either gas, water vapor, or ion, due to a concentration
gradient across concrete can be used to determine its diffusion character-
istic.  Therefore, diffusion tests can be classified as:

1. Gas diffusion tests

2. Water vapor diffusion tests

3. Ionic diffusion tests

As different procedures of testing are used for each one of these types, they
are individually discussed below.

3.1 Gas Diffusion Tests

Principle of the Test.  In this method, two streams of gas of equal
pressure and temperature are passed through either side of the specimen,
therefore, the transfer of gases by diffusion is stimulated by a difference in
concentration.  Traces of one gas are detected in the stream of the second
gas (which is normally an inert gas) to measure the rate of gas diffusion
through the specimen.  For steady state conditions of the transfer of gases,
Fick’s first law of diffusion can be used to determine the gas diffusion
coefficient.  In non-steady state conditions the evaluation of the diffusion
coefficient is based on Fick’s second law of diffusion.

Fick’s First Law of Diffusion.  This is presented in Eq. (1).  In the
context of experimental procedures used to calculate the diffusion coeffi-
cient the various parameters in Eq. (1) can be redefined.  Fick’s first law of
diffusion states that the rate of transfer of mass through unit area of a
section, J, is proportional to the concentration gradient, ∂c/∂x and the
diffusion coefficient, D.[29]  Therefore:
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Eq. (5) J = x

c
D

∂
∂

−

where, J = mass flux (g/m2·s)
D = diffusion coefficient (m2/s)
c = concentration (g/m3)
x = distance (m)

The rate of transfer of mass through unit area of a section, J, can be
defined as:

Eq. (6) J = At

m 1
∂
∂

where m = mass of substance flowing (g)
t = time (s)
A = area (m2)

Fick’s Second Law of Diffusion.  For non-steady state conditions
(transient diffusion processes) the balance equation, generally referred to
as Fick’s second law of diffusion, describes the change in concentration in
a unit volume with time.[29]

Eq. (7) 
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Here, D may be constant or a function of different variables, such as time,
temperature, concentration, etc.  The solution of Eq. (6) for the boundary
condition of c = c0 and the initial condition of c = 0  for x > 0 and t = 0 is given
by:

Eq. (8) 
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where erf is the error function.  Values of Dtx 2erf  versus Dtx 2  are
available either in mathematical tables or may be computed.  Therefore, if
the diffusion coefficient is assumed to be constant and experimental data of
c versus x at time, t, are known, Eq. (8) can be used to calculate the diffusion
coefficient.
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If the diffusing material becomes partially immobilized due to
chemical interaction or physical adsorption with the progress of the transfer
of mass, the balance equation (Eq. 7) will have to be modified to include a
sink, s:[30]

Eq. (9) s
x

c
D
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c
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However, it is quite likely that the pore structure characteristics of concrete
change with this effect and, therefore, the diffusion coefficient changes
with time.  In such cases an apparent diffusion coefficient can be calculated
by using Eq. (6), which then depends on time, t.

Test Procedure.  Two types of gas diffusion cells have been used;
one by Lawrence[31][ 32] and the other by Richardson.[33]  In both the cells
the basic principle of the test is the same (Fig. 4); the amount of oxygen in
the stream of nitrogen is measured continually with a gas analyzer and,
when a steady state of diffusion is achieved, a diffusion coefficient is
calculated by means of Fick’s first law of diffusion (Eq. 5).

The non-steady state flow has very rarely been used to calculate the
gas diffusion coefficient.  This test can be carried out either by a set-up
similar to that in Fig. 4 or by exposing one face of the sample to open air
and the other face to a stream of nitrogen.  With time, oxygen diffuses
through the test sample and from an analysis of the concentration of oxygen
in the stream of nitrogen the diffusion coefficient can be calculated by using
Fick’s second law of diffusion (Eq. 7).

In gas diffusion tests, test specimens may be disk shaped with 100–
150 mm diameter and 40–50 mm thickness.  The thickness of the specimen
is generally taken as 2–3 times the maximum size of aggregate in order to
obtain the combined effect of cement mortar and the interfacial transition
zone.  If thin specimens are used the effect of the interfacial transition zone
may become exaggerated.  The test specimens are generally sealed on their
curved surface and oxygen and nitrogen gas streams are passed on opposite
parallel faces.  The diffusion coefficients for different gases might be
different due to different molecular sizes.  As the moisture content of the
specimen and the relative humidity at the time of test significantly affect the
process, test specimens are preconditioned to a low level of humidity
(typically 40% or so) prior to the test.
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Typical values of oxygen diffusion coefficient at 28 days for concrete
conditioned at 55% relative humidity are:[3]

High permeability concrete: > 50 × 10-8 m2/s

Average permeability concrete: 5 × 10-8 to 50 × 10-8 m2/s

Low permeability concrete: < 5 × 10-8 m2/s

Figure 4.  A typical gas diffusion test setup.

3.2 Water Vapor Diffusion Tests

The water vapor diffusion tests can be considered under water vapor
transmission tests and water vapor transpiration tests.  In water vapor
transmission tests, the water vapor passing through the specimen is col-
lected, either by condensing it or by absorbing with a desiccant.  In water
vapor transpiration tests, the loss of weight of a saturated specimen due to
the breathing (evaporation of water from concrete) is measured.
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Water Vapor Transmission Tests.  The most commonly used water
vapor transmission test is the dry cup method.[3][34]  In this test, a cup
containing a desiccant (such as anhydrous calcium chloride) is sealed with
the specimen and placed in a humidity controlled environment (Fig. 5).  The
water vapor passing through the specimen is absorbed by the desiccant at
the ambient temperature and humidity.  Therefore, the weight of the
desiccant is taken periodically, which results in a graph like that shown in
Fig. 6.  The common practice is to weigh the cup and the specimen together
to determine the increase in weight of the desiccant.  The rate of increase
in mass at the steady state is substituted in Fick’s first law of diffusion (Eq.
5) and a diffusion coefficient calculated.  This method is, however,
restricted to small samples due to practical difficulties of weighing large
specimens accurately for a small change in weight.  Typical diffusion
coefficients for cement mortar specimens at 39% RH are 0.6 × 10-12 m2/s
for 0.5 w/c and 2 × 10-12 m2/s for 0.65 w/c.[35]

Water Vapor Transpiration Test.  The general principle of water
vapor transpiration test is to allow moisture to evaporate from a saturated
specimen,[32][36] however, there is no standard test procedure and variations
in the test can be found in literature.[36]  One of the common practices is to
make use of concrete containers of suitable size.  These are filled with water
and covered with a glass seal.  The loss of weight with time is then measured
and reported as the water vapor transpiration.  The test may last for several
days (typically 20–25 days), rather than several hours.

Figure 5.  The dry cup method.[3][34]
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The main drawback of the water vapor diffusion test is that the value
of diffusion coefficient obtained with both the water vapor transmission
test and the water vapor transpiration test depends on the ambient condi-
tions, i.e., both relative humidity and temperature.  Therefore, test condi-
tions need to be standardized as well as standardizing the procedure.  If very
dry samples are used (less than 40% RH), water vapor may diffuse like a
gas; however, it may introduce extensive microcracking in the cement paste
structure.

3.3 Ionic Diffusion Tests

Recently there has been an increased interest in ionic diffusion tests
because the rate at which ions, particularly chloride ions, can diffuse
through concrete is highly significant to the corrosion of reinforcement in
structures.  The transport of ions in concrete involves diffusion, capillary
suction, and convective flow, with flowing water, accompanied by physical
and chemical binding, depending on the physical environmental condi-
tions.  In order to determine the ionic transport, these complications are
usually neglected, and pure diffusion, sometimes with binding capacity,
is adopted.  Pure diffusion of ions in the pore solution of a concrete occurs
due to differences in the concentration of the ions.  Therefore, concrete
should be matured and saturated and there should be no movement of
water or carbonation of concrete during the test.  The diffusion of chloride
ions is very thoroughly discussed in a state-of-the-art published by the Swedish
Road Directorate.[30]

Figure 6. Water vapor transmission data from the dry cup method.

Mass (g)

0 t1 t  >   t1t   <  t1

Steady state increase in mass, ∆m

Time (hours)



Permeation Analysis 673

The chloride diffusion coefficient can be determined from several
types of tests and, on the basis of the methodology used, these tests can be
classified as:

1. Steady state diffusion tests

2. Non-steady state diffusion tests

3. Electric field migration tests

Another type which can be included under ionic diffusion test is the use of
resistivity methods; however, these do not measure ionic transport directly.

Steady State Diffusion Tests.  In this test, a thin slice of the test
specimen forms a barrier between an ion source solution and another
suitable solution free of the ion (sink solution).  This allows ions to diffuse
in a concentration gradient.  The rate of diffusion is obtained by periodically
determining the ion content in the sink solution.  When steady state
conditions are achieved, the diffusion coefficient is calculated by using
Fick’s first law of diffusion (Eq. 5).

If the ion source solution contains chloride ions or any negatively
charged species the movement of the ions is not a pure diffusion process.
The movement of the negative ions must be balanced by a movement of
some positive ions, however, the diffusion rates of these ions may be
different.  Furthermore, some ions from the pore solution in concrete may
leach out into either the ion source solution or the sink solution by diffusion.
These ionic interactions are usually neglected while applying Fick’s first
law of diffusion; therefore, the ion in the source solution is considered to
be an inert substance.  Consequently, the diffusion coefficient from Eq. (5)
is not a pure material property, but depends on the testing conditions.

Procedure of Steady State Diffusion Test.  The most commonly
used procedure to measure ion diffusion coefficient is the diffusion cell test
method.[30][32]  A typical diffusion cell set-up (Fig. 7) consists of a sample
holder between two cells, one containing the ion source solution and the
other containing the sink solution.  The concentration of ions in the sink
solution is kept close to zero by replacing the solution during the test.  Also,
the concentration of the ion source solution is maintained throughout
the test.  If these are not done, the concentration gradient will decrease with
time and the steady state of flow will not be reached.  With time the transport
of ions through the test specimen will increase, as depicted in Fig. 8.  The
steady state region of the graph is used in Eq. (5) to calculate the diffusion
coefficient.
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Figure 7.  A typical ion diffusion cell.

Figure 8.  Data from a typical ion diffusion test.

Modifications to the test set-up and the procedure can be found in
literature,[37]–[42] however, the basic principle of the test procedure is the
same. Variations in sample thickness, concentration of the ion source
solution and the method used to precondition the specimen prior to the test
make the results difficult to compare between different procedures.

Although the diffusion cell method is widely used to determine the
ion transport by diffusion, long test durations are required to achieve the
steady state condition.  Therefore, the test is best suited to measure the ion
diffusion coefficient of hardened cement paste where thin disks, typically of
3–4 mm thickness, can be tested.  In the case of cement mortar disks, with the
thickness of sample between 4 mm and 10 mm, typical tests may last for
months rather than weeks.  The time required to achieve the steady state may
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be longer than 30 weeks for relatively impermeable concrete and for
reasonably thick concrete disks (above 20 mm thickness) it may take years.
The very long test duration means that hydroxides and alkalies may leach
out from test specimens during the test.  In order to limit this effect, the
source solution and the sink solution in the diffusion cell with a saturated
solution of calcium hydroxide and a concentration of potassium hydroxide
that corresponds to what the binder may produce are used.  Typical values
of chloride diffusion coefficients reported by the Concrete Society[3] are:

High permeability concrete: > 5 × 10-12 m2/s

Average permeability concrete: 1 to 5 × 10-12 m2/s

Low permeability concrete: < 1 × 10-12 m2/s

Non-Steady State Diffusion Test.  In non-steady state diffusion
tests the penetration of ions is achieved either by immersing the specimen
in a solution containing specific ions for a certain time or by ponding the
solution containing specific ions on the test specimen for a certain time.
The penetration is maintained unidirectional by sealing all except one
surface of the specimen.  Either the penetration depth or the penetration
profile of the specific ions in the specimen is determined and Fick’s second
law of diffusion is applied to determine the diffusion coefficient.  Where the
penetration depth is measured, the diffusion coefficient is calculated from:

Eq. (10) Xd = 4 Dt

where: xd = penetration depth (m)

t = duration of exposure (s)

However, if the penetration profile is determined, Eq. (8) can be used.  In
the context of the test method, the various parameters in Eq. (8) can be
redefined:

Eq. (11) 
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where: c = ion concentration at the distance x (kg/m3)

c0 = ion concentration at the exposed surface (kg/m3)

erf = error function.

x = distance from the exposed surface (m)
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As stated earlier, the diffusion coefficient varies with the concentration
of solution on the exposed surface and the duration of exposure due to the
variation in binding capacity of concrete at different environmental conditions.
Therefore, the diffusion coefficient, by assuming that it remains constant
for the material, has to be treated as an apparent diffusion coefficient.  As
a consequence, the prediction of diffusion based on a simple solution of
Fick’s second law of diffusion overestimates the penetration of ions.

The constant apparent diffusion coefficient can be derived from both
non-steady state experiments, as listed above, or field measurements, by
curve-fitting the measured penetration profile to the error-function solution
of Fick’s second law with a constant diffusion coefficient and a constant
surface concentration.  Such a curve fitting at an exposure time, t, will yield
two regression parameters, an achieved transport coefficient, Da, and an
achieved concrete surface content, Cs.  There are other procedures to
determine the apparent diffusion coefficient.[43][44]  If two or more profiles
for different times of exposure are used, the regression parameters will not
be constant and the most obvious finding will be that the transport
coefficient decreases with increase in duration of exposure.  Therefore, the
apparent diffusion coefficient will have to be used with caution for
predicting the penetration of ions in the non-steady state diffusion.  The
diffusion coefficient from this method will also be in the range listed for the
steady state diffusion coefficient.

Immersion Test.  The immersion test[30] usually involves the use of
either cast cylinders or cores drilled from a structure.  In order to reduce the
effect of large aggregate particles on the penetration of ions, usually 100
mm diameter specimens are tested.  If segregation of aggregate is sus-
pected, the outermost 10 mm thick concrete is removed.  To ensure a one-
dimensional ingress of ions, all faces other than the one to be exposed are
sealed.  It is essential that the tests are carried out on well cured concrete so
that the effect of hydration during testing can be minimized.

The test specimen is first immersed in saturated calcium hydroxide
solution until constant mass is achieved, in order to prevent capillary
suction of exposure liquid during the test.  The specimen is then immersed
in the exposure liquid for a period of at least 30 days at a constant
temperature.  At the end of the exposure period, either the depth of
penetration or the penetration profile is determined and the diffusion
coefficient is calculated by applying either Eq. (10) or (11), respectively.

The penetration profile can be obtained by cutting or drilling samples
successively from the exposed surface and then analyzing the samples for
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the specific ion content.  A special grinding rig (profile grinder) is
commercially available which can be used to collect samples at 0.5 mm
increments.

When the apparent diffusion coefficient is determined from penetra-
tion profiles of concrete on site, it may be necessary to avoid some data
points closer to the surface so that a curve-fitting can be carried out and the
regression parameters determined.  This is because carbonation, wetting,
and drying of the near surface, and other environmental conditions, alter the
penetration profiles.[30]

Ponding Test.  The American Association of State Highway and
Transportation Officials (AASHTO) test method T259-80 (Resistance of
Concrete to Chloride Ion Penetration)[45] is the only standardized test
procedure for ponding test.  Test specimens are of size 300 × 300 × 75 mm
with a dyke at the top to pond a 3% (0.5 M) sodium chloride solution
continuously for a period of 90 days.  At the end of this exposure period, the
solution is removed and the concrete is sampled at various depths by using
a 25 mm diameter rotary hammer drill.  The total chloride ion content of
each sample is analyzed and plotted against the depth of sampling.  The area
under the chloride profile is calculated and reported as the total chloride
content.

Variations to the test regime and conditioning of test specimens can
be found in literature.[41][46]–[49]  Also, the method used to express results
of the test differed.  The chloride concentration profile from this test also
can be used to calculate an apparent diffusion coefficient by using Eq. (11).
However, test specimens should be saturated before exposing to chlorides
and the test regime should not allow evaporation of solution from the
surface.  If the sample is not saturated prior to testing and/or the solution
evaporates during the test, the transfer of chlorides will be due to the
combined transport (absorption and diffusion).

Electric Field Migration Tests. Due to very long test periods
required for both steady state and non-steady state diffusion tests, methods
where the transport of ions can be accelerated by the application of
electrical potential gradients have become very popular recently.  These
tests can be collectively called electrical migration tests.  Early develop-
ments[50] of this category of tests did not consider the complex phenomena
of ion transfer satisfactorily;[30] however, recent developments considered
the similarity between diffusion and migration by introducing the concept of
ion mobility.[51]–[53]  This has enabled the determination of an ion diffusion
coefficient from the migration tests.
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Principle of the Test.  When an electrical field is applied across the
specimen in a diffusion cell the transfer of ions is accelerated and the
process is called ionic migration. Furthermore, the electrical field affects
the direction of movement of the ions in such a way that they move towards
the electrode of opposite sign. The various processes that occur when an
electrical field is applied in a diffusion cell are described by Andrade[54]

(Fig. 9).

Figure 9.  Processes in a diffusion cell due to an electric voltage.[54]

Here, each type of ion carries a part of the total current, i, that is
proportional to the concentration, cj,  of that ion, its electrical charge, zj,  and
its ionic conductivity, λj .  This proportion of the current, ij, in a particular
electrolyte is called the transference number, tj, of the ion:
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Therefore, if the current corresponding to the ion of interest is measured,
it will provide information on the mobility of that ion.

The general law governing the ionic movements in electrolytes is the
Nernst-Plank equation in which the total flow is considered to be due to
diffusion, migration, and convection, i.e.,
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Eq. (13) Jj = jjjj
jj
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where: Jj = flux of species, j (g/m2s)

Dj = diffusion coefficient of species, j (m2/s)

∂cj = variation of concentration of species, j (g/m3)

∂x = variation of distance (m)

zj = electrical charge of species, j

F = Faraday constant (J/V.mol)

R = gas constant (J/mol·K)

T = absolute temperature (K)

∂E/∂x = electrical potential gradient (V/m)

Vj = velocity of solution (m/s)

This equation indicates that the movement of charged particles in an
electrolyte is the sum of the diffusion components from concentration
gradients, the migration component arising from potential gradients and the
flow of the electrolyte itself (capillary suction, permeability, etc.).  The
diffusion term is insignificant if the potential gradient is higher than about
10–20 V/m.[30]  Similarly, if stationary flow conditions are assumed and
there is no flow of the electrolyte the convection term can be eliminated.
The pure electrical migration is then given by:
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From this, the diffusion coefficient D can be calculated if stationary
conditions are established in a traditional diffusion cell.

Another form of Eq. (14) was developed by Zhang and Gjorv[55]

based on Einstein’s theoretical relationship between diffusion and migra-
tion.  However, the main difference between the two is in the constant terms
used in the expressions and the experimental observations required to
calculate the diffusion coefficient are the same in both cases.  Following
from Eq. (14), in a steady state migration test, the diffusion coefficient can
be determined from:

Eq. (15)
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In an experiment, the thickness of sample, x, the applied potential
difference, ∆E, the concentration of ion in the solution, Cj and all constants
will be known.  Therefore, in order to calculate the diffusion coefficient, Dj,
the only parameter to be determined is the value of Jj which can be obtained
from the experiment.

The depth of ion penetration in migration test also can be used to
calculate the diffusion coefficient.  This is generally referred to as the non-
steady state migration test.  If binding is not considered, the ion profile
during penetration by electrical migration follows the mass balance equa-
tion with the flow description according to Eq. (14).  Therefore, following
from Eq. (7):

Eq. (16) 
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Tang and Nilson[52] provided the following equation for calculating the
diffusion coefficient from a numerical solution of the mathematical model:

Eq. (17)
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where: R = gas constant (J/mol·K)

T = temperature (K)

z = ion valency

F = Faraday constant (J/V·mol)

E = electric field (V/m)

xd = penetration depth (m)

t = testing time (s)

a and b = constants

For the chloride ion, z = -1 and when E = -600 V/m and T = 298 K, a = 0.0622
and b = 0.589.[56]

Test Methods.  Based on the principle involved, migration tests can
be classified as steady state and non-steady state tests.  The non-steady state
tests generally involve shorter test periods than the steady state tests as the
former category is not continued until steady state conditions are established.
The first non-steady state test was introduced by Whiting in 1981[57] and
was referred to as rapid chloride permeability test.[50]  This was later
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adopted as both AASHTO T277[58] and ASTM C 1202-94.[59]  Another
non-steady state test is the CTH method by Tang and Nilson[52] presented
first in 1991.  The test, set-up in either the rapid chloride permeability test
or the CTH method can be used for the steady state migration tests.  The
procedure used in each type is described below.

The Rapid Chloride Permeability Test.  The rapid chloride perme-
ability test is carried out with a migration cell shown in Fig. 10.  The test
uses a 50 mm thick and 95 mm diameter specimen.  This is vacuum
saturated for 18 hours and enclosed between two chambers, one containing
a solution of 3% by weight sodium chloride and the other with 0.3 M NaOH
solution.  An electric field of 60V dc is applied between the electrodes in
each chamber.  The test is run for 6 hours and during that time the amount
of charge passing the specimen is measured by recording the current as a
function of time.  The total charge passed through the specimen, in
coulombs, is determined by calculating the area under the current-time plot
during the 6 hour test period.  For this reason this test is sometimes called
the Coulomb Test.  Typical values reported by the Concrete Society[3] are:

High permeability concrete: > 4000 coulombs

Average permeability concrete: 2000–4000 coulombs

Low permeability concrete: < 2000 coulombs

Figure 10.  The rapid chloride permeability test.
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This is an indirect measurement of the chloride ion diffusion and both
experience and comparison with results from other methods, such as the
immersion test, are used to evaluate the test results.[60]  There are severe
criticisms of the usefulness of this test to determine the chloride ion
diffusion.[30]  Since the total charge refers to the movement of all ions
present in the pore solution rather than the flux of chlorides, different
binders may not provide the same classification criteria.  Another objection
has been that when integrating the total current from the beginning of the
experiment it does not distinguish between chloride flow plus reaction or
simple flow.  The information from this test could be obtained by measuring
the initial resistivity within a test period of a few seconds[61][62] and, hence,
a test lasting for six hours cannot be justified.  Finally, the very high voltage
of 60 V induces heat, which in turn changes the flow speed.

An in-situ version of the rapid chloride permeability test was pro-
posed by Whiting.[50]  Here, the test surface is vacuum saturated with
limewater and an acrylic dyke is attached to the concrete surface with
silicone caulking compound and allowed to cure overnight; 1.5 liters of a
3% (0.5 M) sodium chloride solution is then poured into the dyke the
following morning.  A voltage of 80 V is applied between a copper mesh
electrode in the dyke and the reinforcement and the current flow is
measured for a period of 6 hours.  The interpretation of the data is the same
as that used in the migration cell test; therefore, all criticisms of the
migration cell test are applicable to the in-situ test as well.

The CTH Method.  Tang and Nilson[52] presented the CTH method
in 1991 and provided the mathematical basis to calculate the chloride
transport coefficient.  The test set-up for the standard CTH method is
presented in Fig. 11.  The test specimen is 50 mm thick and is sealed with
a sealing tape on all surfaces except two opposite parallel surfaces.  The
sealing tape is extended from the specimen to create a chamber and this is
filled with a solution of saturated lime water.  This is then placed in a large
container with a solution of 3% NaCl in saturated lime water.  Stainless steel
electrodes are placed on each side of the specimen.  The specimen is tilted
to make it easy for gas bubbles at the cathodic plate to escape.  A voltage
of 30 V is applied across the specimen and the initial current is measured
to estimate the required test duration.  The test may last up to 48 hours
depending on the quality of the concrete.  After the test, the specimen is split
and the two fractured surfaces are sprayed with a AgNO3 solution.  The
depth of chloride penetration is determined from the change in color
obtained due to the formation of silver chloride where chlorides are present.
From the depth of chloride penetration, the diffusion coefficient is calcu-
lated by using Eq. (17).
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Figure 11.  The CTH method.

This test has the advantage that the test duration is short compared to
the steady state migration tests and still it provides the opportunity to
calculate the diffusion coefficient.  However, the distribution of chlorides
within concrete and, hence, the depth of penetration is influenced by the
chloride binding capacity.  This has been addressed recently by Tang and
Nilson[63] by introducing a binding capacity term to correct the diffusion
coefficient from the CTH method.  However, further experimental data are
required to validate this approach.

Steady State Migration Tests.  The basic principle of operation of the
steady state migration test is the same as that of the standard diffusion cell
method, the primary difference being the acceleration voltage applied in the
former case.  Therefore, an arrangement similar to the diffusion cell (Fig.
7) can be used for the steady state migration test, with two electrodes on
either side of the test specimen to apply a potential difference across the
specimen, as in the case of the rapid chloride permeability test.  The test
specimen, cylindrical disk of suitable dimensions, is placed in the migra-
tion cell and a voltage is applied between electrodes kept on both sides of
the specimen.  The catholyte in the migration cell is an ion source solution
and the anolyte is a sink solution.  Therefore, negative ions move towards
the anode (Fig. 9) and by monitoring the increase in concentration of ions
in the anolyte, a graph similar to that obtained for the steady state diffusion test
(Fig. 8) can be drawn.  Also, in common with the steady state diffusion test,
the straight line portion of this graph can be used to determine the value of
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J in Eq. (15) from which the diffusion coefficient can be calculated.  Typical
values of the diffusion coefficient from the steady state migration test are
presented in Table 1.

Table 1. Diffusion Coefficients from Steady State Migration Test[30]

W/C 0.35 0.40 0.50 0.75

D × 10-12 m2/s 11.4 15.2 16.3 23.0

The test set-up, conditioning of samples prior to the test, intensity of
voltage applied, solutions in the two compartments, type of electrodes, and
the method of determining the concentration of ions in the anolyte, can be
found to vary between various published data.[57]–[67]  In the absence of a
standard test procedure, the following aspects may be given consideration.

1. The migration cell may be of any suitable size similar to
that described in ASTM C1202-94.[59]

2. The anode may be of any corrodible metal, preferably
steel, and the cathode may be of stainless steel.  A non-
corrodible anode will produce a water electrolysis or
chlorine gas evolution which is too high.

3. The electrodes may be kept as close as possible to the
surface of test specimens in order to avoid any voltage
drop in the electrolyte.

4. The voltage across test specimens has to be sufficiently
high to accelerate the migration of ions, but not too high
to prevent the generation of heat.  A relatively high
voltage is desirable in order to minimize the effect of
polarization during long test periods.[68]  The applied
voltage may be between 10 and 30 V.

5. The specimen thickness should be 2–3 times the maxi-
mum aggregate size in order to avoid preferential move-
ment of ions through the transition zone in concrete.
However, it may be remembered that thicker samples
would require long test durations to establish the steady
state conditions.
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6. The concentration of ions in the catholyte may not be a
significant parameter influencing the diffusion coeffi-
cient.  For the determination of chloride diffusion coef-
ficient, a 0.5 M (3%) NaCl solution has been suggested
to be suitable.[56]  The use of alkaline solution as anolyte
is not desirable due to the possibility of chlorine gas
evolution and the precipitation of calcium hydroxide in
concrete pores.  A suitable anolyte is distilled water.

4.0 ABSORPTION TESTS

The penetration of liquids in concrete as a result of capillary forces
which allow a wetting fluid to be drawn along the solid-pore surface is
absorption.  On the basis of the methodology used, the measurement of
absorption characteristic of concrete can be classified into three categories:

1. Tests for water absorption capacity.

2. Sorptivity tests.

3. Absorptivity tests.

Although the underlying principle of all these tests is the same (the capillary
suction), there are differences in the property being measured.  This can be
better explained by considering the principle of water absorption in
concrete.

4.1 Principle of Absorption Tests

In the absence of any external force the basic mechanism that drives
water in capillary pores in concrete is capillary suction (capillarity).
Surface tensional forces acting at a solid-liquid-gas interface cause a
wetting liquid, such as water, to spread along the solid surface and results
in capillary rise of the liquid in the capillary pore.  For an ideal capillary,
the Washburn’s equation (Eq. 2) can be used to determine the water
absorption.  Therefore, the capillary transport is theoretically dependent on
the viscosity, density, and surface tension, of the liquid, the angle of contact
between the solid and the liquid, the length of the pore already filled with
the liquid, and the radius of the capillary pore.  However, in reality, other
factors can be expected to influence the height of capillary rise:
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1. The roughness of the solid surface influences the angle
of contact between the solid and the liquid.

2. Capillary pores in concrete are not circular or of regular
cross section.

3. Capillary pores may be lined with adsorbed water.

Furthermore, various assumptions made for the postulation of Washburn’s
equation may not be strictly applicable in the case of concrete.  For instance,
Washburn assumed that the capillary is of a circular cross section and is
straight,[4] however, in the capillary network in concrete, capillary pores are
of variable cross section, tortuous, non-circular, and join and diverge with
neighboring pores in a random manner.

The pressure difference across the interface in a capillary pore of
radius, r, is given by Jouren equation:

Eq. (18)
r

P
φγ cos2

=

where: γ = surface tension (N/m)

φ = angle of contact (degrees)

r = radius of capillary pore (m)

For air/water interface, φ, approaching 0 degrees and the surface tension of
water at 20°C is 70 × 10-3 N/m, the capillary pressure for a pore of size 1
µm is 0.14 MPa (the equivalent water head will be 14.3 m).  However, the
radius of the capillary pores in concrete would be much smaller than 1 µm,
so that the capillary drive is likely to be much higher than that normally
found with hydrostatic forces.  For the same reason, the gravitational effect
on capillary rise is also negligible.

In reality, the passage of water in a liquid state through dry capillaries
(absorption of water) consists of two basic parameters:[69]

1. The mass of water required to saturate the concrete (a
measure of the effective porosity).

2. The rate of penetration or the capillary rise (a measure of
the sorptivity).

During the absorption, the capillary channels and voids begin to fill with
water, meanwhile the waterfront advances.  Therefore, an absorption test
should measure either one or both of the above two parameters.  As
theoretical relationships cannot be strictly applied in the case of concrete,
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empirical relations are established to describe the rate of flow and these are
used to determine the absorption characteristics in test methods.[70]

4.2 Tests for Water Absorption Capacity

The water absorption capacity tests determine the effective porosity
of concrete and are not intended to measure the rate of capillary suction.
Therefore, the increase in weight of a dry specimen when immersed in a
shallow depth of water is generally referred to as the water absorption
capacity.  In this method, the absorption takes place from all surfaces,
therefore, the quantity of water absorbed depends on both the ratio of
surface area to volume of the specimen and the duration of immersion.
Generally, the water absorption capacity is determined by drying a speci-
men to constant weight, immersing it in water for a specified duration of
time, and measuring its increase in weight as a percentage of the dry weight.

Variations exist in the size of test specimen[32][71] and methods
employed for both drying and saturating the specimen.[72]–[77]  The Con-
crete Society[3] reported inconsistencies in the water absorption capacity
due to the variations in both drying and saturation of the specimens, which
is reproduced in Table 2.  Details of the water absorption tests given in both
the British[74] and the American[72] Standards are summarized in Table 3.
It could be observed in Table 2, by comparing results of samples immersed
in water for 48 hours and those boiled for 5 hours, that it is unlikely to fill
all the capillary cavities in concrete by immersing the specimen for long
periods.

Lawrence[32] indicated that water absorption capacity holds a good
correlation with other standard material properties.  Typical values of 30
minutes water absorption reported by the Concrete Society[3] are:

Low absorption concrete: < 3%

Average absorption concrete: 3–4%

High absorption concrete: > 4%

4.3 Sorptivity Tests

Sorptivity defines the ability of concrete to absorb water.  Therefore,
either the rate of inflow or the depth of water penetration is measured in
sorptivity tests when water is allowed to be absorbed unidirectionally by a
dry concrete under a negligible applied pressure.



688 Analytical Techniques in Concrete Science and Technology

Sorptivity from Volume of Water Absorbed.  The first appearance
of sorptivity tests in the literature of testing building materials was in
1977,[70] in which Hall described that the cumulative absorbed volume per
unit area of the inflow surface (m3/m2), denoted by i, increases as the square
root of the elapsed time, t; that is:

Eq. (19) i  =  St0.5

Table 2. Effect of Drying on Water Absorption Capacity[3]

Details of Drying Concrete
(Degree Celsius) Method of saturation A B        C D

100 Immersed in water for half hour 4.7 3.2 8.9 12.3
100 Immersed in water for 24 hours 7.4 6.9 9.1 12.9
100 Immersed in water for 48 hours 7.5 7.0 9.2 13.1
100 Boiled for 5 hours 8.1 7.3 14.1 18.2
 65 Boiled for 5 hours 6.4 6.4 13.2 17.2

Table 3. Details of Water Absorption Tests in British and American Codes

Features under 
consideration BS 1881: Part 122: 1983

[74]
ASTM C642: 1982

[72]

Details of test sample
75 mm diameter x 32-150 
mm long

Individual pieces larger than 350 
cu.cm.

Details of drying At 105°C for 72 ± 2 hours
At 100-110°C until successive 
weights do not differ by more than 
0.5% of lesser weight.

Details of saturation
Immerse in water at 20°C 
for 30 minutes

(a)  Immerse in water at 21°C until 
successive weights do not differ by 
more than 0.5% of lesser weight.       
(b)  Boil for 5 hours.

Reporting results
Percentage absorption after 
30 minutes immersion

(a)  Percentage absorption after 
immersion.                                       
(b)  Percentage volume of permeable 
pores.
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where S = sorptivity of the material (m3/m2/s0.5; sometimes the unit m/s0.5

is used).  One could consider that this equation is an empirical relationship
to specify a material property which governs the intake of water by capillary
suction.  In practice, the cumulative absorbed volume of water and square
root of time follows Eq. (20), below, with a small intercept on the square
root time axis.[69]  That is:

Eq. (20) i  =  A + S t0.5

where A = a positive intercept.  This intercept is considered to be due to the
type of surface finish influencing the open porosity of the inflow surface
and, hence, filling of these pores with water in the beginning of the test.

The procedure used by Hall[70] is the basis of determining the
sorptivity of concrete by using either Eq. (19) or (20).  The sorptivity is
determined generally by a set-up shown in Fig. 12.  The test specimen of
uniform cross section is placed with one surface just in contact with water
and the weight of water absorbed by capillary rise is measured at fixed intervals.
After obtaining at least five data points, a graph is plotted between the
volume of water absorbed per unit area of inflow surface, i, and square root
of time.  The slope of this plot is reported to be the sorptivity, S, of the material.

Figure 12.  Set-up for sorptivity test.

Test specimen

Wetting front

Test specimens are usually coated with an epoxy emulsion on their
sides to prevent any water movement through the sides during the test.  The
specimen should rest on rods or pins to allow free access of water to the
inflow surface.  The water level should not be more than 5 mm above the
base of the specimen.  Before weighing the specimens they should be
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removed from the container and the surfaces mopped off with a damp tissue.
They should be returned to the container within 30 seconds each time they
are taken out for weighing. During this time the clock should not be stopped.

Care is required in conditioning specimens before the test to remove
the internal moisture content.  Too severe drying may result in microcracking
of concrete and this may influence the sorptivity values.  At the same time,
if capillary pores are not free from moisture the rate of absorption will be
reduced.  Other factors affecting the sorptivity measurement are the
ambient conditions (both the ambient temperature and relative humidity)
and the temperature of the specimen and water.  Therefore, it is desirable
to standardize the conditioning of the specimen, temperature of water, and
the ambient test conditions, in order to obtain reliable results.  Table 4
indicates sorptivity values obtained by Hall.[69]

Table 4.  Typical Sorptivity Values for Concrete[69]

W/C 0.40 0.50 0.60

Sorptivity (mm/min0.5) 0.094 0.120 0.170

Note:  Mix ratio 1:2:4

It is reported[56] that the capillary suction test, according to Hall,[70]

has been adopted in the Swiss Guidelines for Testing, SIA 162/1, Test No.
5:  Water Conductivity[78] and the method Absorption of Water by Capil-
larity[79] is a tentative RILEM recommendation (No. 11.2).

Depth of Penetration of Water to Measure Sorptivity.  The depth of
water penetration, d, at a given time, t, could be represented by an equation
similar to Eq. (20).[80]

Eq. (21) d  =  d0 + S t0.5

where: d0 = a small intercept obtained in the beginning
which would depend on the type of surface
finish

S = sorptivity (mm/min0.5)

However, the sorptivity from the volume measurement will not be the same
as that obtained from the depth of penetration measurement (Table 5),
although they both represent the same pore structure characteristic of
concrete, viz., the rate of water penetration by capillary suction.



Permeation Analysis 691

Table 5. Sorptivity from Both Depth and Volume Measurements[81]

Cement Water Depth of penetration Cumulative volume gain
content content 4-hour sorptivity per unit area, 4-hour
(kg/m3) (kg/m3) mmh-0.5 sorptivity, mmh-0.5

340 136 4.50 0.17

318 191 3.00 0.25

419 168 0.70 0.06

402 201 3.30 0.23

The test set-up for the determination of sorptivity by measuring the
depth of penetration of water can be the same as that used for the cumulative
volume flow test.  Therefore, the sample preparation and conditioning and
the ambient conditions at the time of test can be the same as well.  The main
difference in this case is that the depth of water penetration has to be
determined.  There are two ways of determining the depth of penetration of
water.  In the first method, the test specimens are split opened at different
intervals from the start of the test and the depth of water penetration is
recorded by visual inspection.[82]  The other method involves embedding
pairs of electrodes at different depths from the inflow surface and the
resistance change between them is monitored from the start of the test.[19][81]

When water reaches the electrodes, the resistance changes and from this the
depth of penetration is determined.

When samples are broken to determine the depth of penetration, data
may be collected at 1/2, 2, 4, 8, 16, and 24 hours.  It has been reported that
data for prolonged exposure tests, days rather than hours, do not follow Eq.
(21).[19]  In such instances, Eq. (22) was found to be applicable:

Eq. (22) d = B ln (t)

where: d = depth of water penetration

B = a coefficient of water penetration

t = time (days)

The Concrete Society’s Report No. 31[3] indicates that it is possible
to obtain information about both the porosity and pore size from the
sorptivity tests.  For instance, the porosity could be estimated from a plot
of the height of capillary rise against the increased weight gain of the sample
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per unit area, as in Fig. 13.  The main limitation of the sorptivity test is that
air voids larger than a certain diameter (about 10 µm)[32] are not filled with
water during the capillary absorption tests; in other words, air voids cause
a reduction in sorptivity; therefore, poorly compacted concrete will tend to
show lower values of sorptivity than those normally expected.

Figure 13.  Method of estimating porosity from sorptivity data.[3]

4.4 Absorptivity Tests

Due to the nature of the sorptivity tests, i.e., establishment of a one-
dimensional flow, the tests can only be carried out in the laboratory.
However, another category of tests in which the flow does not have to be
one-dimensional, meanwhile providing the absorption characteristic of
concrete, can be used to test concrete both in the laboratory and on site.
These are termed absorptivity tests in this chapter.

Absorptivity tests involve the application of low pressure so that
water movement into concrete is mainly achieved by capillary suction.
However, there is no control over the direction of the flow and, hence, the
sorptivity, as described in Sec. 4.3, cannot be obtained.  Tests in this
category can be classified as:

1. Surface absorptivity tests.

2. Drill hole absorptivity tests.
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The primary difference between these two categories is in the source of
water for absorption by the test specimen.  In surface absorptivity tests the
source of water is from a reservoir mounted on the surface of the test
specimen, whereas in drill hole absorptivity tests, water is allowed to be
absorbed from a hole drilled in the near surface region of concrete.  The test
procedure of these two categories is explained below.  Different types of
equipment are commercially available to measure the absorptivity on site,
however, their basic principle of operation is the same.

Surface Absorptivity Tests. A low pressure test developed by
Glanville[83] at the Building Research Station in the United Kingdom forms
the basis of the surface absorptivity tests.  Successive refinement of this
test[84]–[86] led to the development of the Initial Surface Absorption Test
(ISAT), which has later become a standard test in British Standards, BS
1881: Part 5[87] and Part 208.[88]  Other tests based broadly on the principle
of the ISAT can be found in literature.  These include the Autoclam
sorptivity test[89] and the standpipe absorptivity test.[90]–[92]

The Initial Surface Absorption Test.  The rate of flow of water into
concrete per unit area after a stated interval from the start of the test and at
a constant applied head and temperature is defined as initial surface
absorption.  Therefore the test that measures this property is designated as
the Initial Surface Absorption Test (ISAT).  While the procedure of the test
is almost the same as that proposed by Glanville in 1931,[83] there are now
specifications for the initial moisture condition, surface area to be in contact
with water, and the time at which measurements have to be taken.  Figure
14 illustrates the test set-up and the procedure to be used to determine the
initial surface absorption.  The cap provides a water contact area of 5000
mm2 and the test is carried out at a water head of 200 mm.  British Standards,
BS 1881: Part 5,[87] specifies the measurement of the initial surface
absorption at 10, 30, 60, and 120 minutes from the start of the test.
However, the 120 minutes rate of absorption measurement has been
dropped in the new BS Standards, BS 1881: Part 208.[88]  The rate of
absorption is noted on the calibrated capillary tube over a period of 2
minutes and the results are reported in units of mL/m2/s.  Specimens have
to be oven dried at 105°C for the laboratory test and, for in-situ testing, a
drying period of at least 48 hours at ambient temperature and humidity is
stipulated.  Typical ISAT values for a well cured concrete reported by the
Concrete Society[3] are reproduced in Table 6.  The apparatus is commer-
cially available, however, it is relatively easy to assemble it from parts
illustrated in Fig. 14.
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Table 6. Typical ISAT Results on Well Cured and Oven Dried Concrete[3]

Comment on ISAT results:  mL/m2/s
concrete absorption Time after starting test

10 min 30 min 1 h 2 h

High > 0.50 > 0.35 > 0.20 >0.15

Average 0.25–0.50 0.17–0.35 0.10–0.20 0.07–0.15

Low < 0.25 < 0.17 < 0.10 < 0.07

Figure 14.  The initial surface absorption test.

Reservoir

Tap

Inlet Outlet

Flexible tube

Glass calibrated capillary tube

Watertight cap clamped to surface

Sample

200 mm
Measurement 
Movement of water meniscus 
over a period of 2 mintes after 
closing the tap connected to the  
reservoir.

It has been proposed[69] that the ISAT could be used to determine the
sorptivity of concrete if the cumulative absorption data for the first 10
minutes, rather than the single point absorption rate, are measured.  If
measurements are not limited to the first 10 minutes or so, the cumulative
water absorption versus square root time graph may deviate from the one-
dimensional sorptivity graph because of the three-dimensional absorption
in the ISAT.  In order to achieve a one-dimensional penetration of water,
the lateral spreading of water from the source has to be elimnated, for which
one of the following methods may be used:
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1. Use a circular source of standard radius, and drill into the
test surface with a core bit of the same diameter in order
to isolate a cylindrical prism of material, but without
detaching it.

2. The second method is to use a guard ring on the source,
so that the lateral spreading from the source could be
eliminated, while measuring the water absorption only
from the central circular compartment.

The use of the guard ring has been found to be successful to establish
a one-dimensional penetration of water[93][94] and a modified ISAT cap
(Fig. 15) can now be used to measure the sorptivity of concrete on site.
However, the cap should be protected from direct sunlight and any source
of heat because temperature during the interval of observation has a great
influence on the measurement.[84][85]  Both the viscosity and surface tension
of water changes significantly with temperature[95] and, hence, appropriate
corrections should be applied to normalize the data to 20°C if measure-
ments are made on site at other temperatures.[96][97]

One of the main problems of the ISAT is associated with the seal
between its cap and the concrete surface.[98]  The modified ISAT cap is
supposed to have addressed this issue.  Another limitation as an in-situ test,
is often associated with the requirement of a dry surface.  Dhir, et al.,[98]

carried out measurements with the ISAT for a number of drying conditions
and found that 48 hours drying at ambient conditions is not sufficient to
obtain reliable values, instead they recommended 7 or even 14 days drying.

Autoclam Sorptivity Test.  The Autoclam sorptivity test[89][99] allows
the measurement of the cumulative inflow of water in the first 15 minutes
from a water source of 50 mm diameter (i.e., from a base ring of internal
diameter 50 mm) at an applied pressure of 0.02 bars (nearly 200 mm water
head).  This test pressure is the same as that used in the ISAT.  In order to
determine the sorptivity of concrete, the flow of water is plotted against
square root of time, which gives a linear variation, and the slope of this
graph is reported as a sorptivity index in m3/√min.  When the rate of flow
of water is very small, relatively larger contact area can be used to obtain
measurable flow rates, however, the data should be normalized to the 50
mm diameter area.  Also, the guard ring arrangement can be used to achieve
a one-dimensional penetration of water.  Table 7 provides classification
criteria based on the Autoclam sorptivity test on oven dried concretes with
the standard 50 mm diameter base ring.
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Table 7.  Protective Quality of Concrete Based on Autoclam Sorptivity
Index[100]

Protective Quality Autoclam Sorptivity Index
m3 × 10-7/√min

Very good ≤ 1.30
Good > 1.30 ≤ 2.60
Poor > 2.60 ≤ 3.40

Very poor > 3.40

Extensive testing by Nolan[95] indicated that if the Autoclam sorptivity
test is carried out on concrete with an internal relative humidity at 10 mm
depth of less than 80%, the test is capable of distinguishing the quality of
concrete.  Also, a linear relationship was found between the sorptivity index
and the internal relative humidity at 10 mm depth when the latter was less
than 80%.  However, when the internal relative humidity was greater than
80% the sorptivity measurement was found to have no real benefit to
distinguish the quality of concrete.

A commercially available apparatus, called the Autoclam Perme-
ability System, can be used to carry out the Autoclam sorptivity test.  This
apparatus has the advantage that it is completely portable for site use and the

Figure 15.  Modified ISAT cap.[93]
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measurement of the inflow of water into concrete is performed automati-
cally every minute for the full duration of the test.  These data can be
displayed for manual analysis at the end of each test or transferred to a
personal computer for further analysis at the end of 20 tests.  Two additional
tests, viz., water permeability and air permeability tests, can be carried out
with the same apparatus (see later sections).

Standpipe Absorptivity Test.  Another type of test, similar in prin-
ciple to the ISAT, is the standpipe absorptivity test.  In this method, a
vertical tube of suitable diameter is connected to either another vertical
piece or an horizontal piece, and glued onto the surface of the specimen to
be tested.  Water is filled up to a certain level and allowed to be absorbed
by the surface.  The amount of water absorbed in a certain unit of time is
reported as an index of water absorptivity.

Three different types of this test could be seen in technical literature,
which were called the chimney method,[91] the Karsten’s Pipe Test,[90] and
the Australian Water Permeability Test.[92]  The various features of these
three tests are summarized in Table 8.  Although all of these tests are very
simple to carry out on site, they do not have the sensitivity that the ISAT and
the Autoclam sorptivity test possess.

Table 8.  Details of Standpipe Tests

Type of Test Diameter of Head of Water
Standpipe (mm) (mm) Observation Parameter

Chimney method[91] 67 100 Total water absorbed in
(constant) 6 days with measure-

ments at every 24 hours

Karsten’s pipe test[90] 60 100 Volume of water ab-
(falling) sorbed between 5 and

15 minutes from the
start of the test

Australian Water 100 200 A graph between head
permeability test[92] (falling) and time by observing

either head for 2 hours
or until the head has
fallen by 100 mm
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Drill Hole Absorptivity Test.  This type of test involves first drilling
a hole of a suitable diameter in the near surface layer of concrete to a certain
depth.  After thorough cleaning, the hole is plugged, either at the surface[98]

or at part depth[101] by a suitable sealing material, leaving a certain cavity
inside for carrying out the test.  Water is admitted to this cavity at a low
pressure and allowed to be absorbed by capillarity.  A measure of the water
absorption is obtained in terms of either the time needed for a specific
volume of water to be absorbed or the quantity of water absorbed in a
specific duration of the test.

Although the first test of this kind was developed by Mercer[25] in
1945, the test became more popular after the introduction of the Figg Water
Permeability Test in 1973.[101]  Since then, several modifications have been
made[3][98][102][103] to the dimensions of the cavity, method used to seal the
hole, the water head applied, and the method of monitoring the water absorp-
tion.  These variations are summarized in Table 9 by giving emphasis to the
most commonly adopted test procedures, viz., the Figg Water Permeability
Test and one of its popular derivations, the Covercrete Absorption Test.  It
may be noted that the Figg water permeability test measures the absorption
characteristic of concrete, as against what the name implies.

In the beginning, the lack of sensitivity with this method was
criticized[98] because a very small test area was used (5.5 mm diameter hole
with 10 mm deep cavity).  The present dimensions of the hole may have
improved the sensitivity.  However, the main drawback of the drill hole
absorptivity tests, compared with the surface absorptivity test, is that the
test does not allow the determination of the sorptivity of concrete as water
penetrates from a cylindrical source.  Hall[69] indicated that the time
dependence of the sorptivity (i.e., i = S√ t̄) would deviate within 1 minute
in the case of Figg water permeability test.  In addition to this, it is likely
that the drilling, even at slow speed, may introduce microcracks which may
defeat the purpose of the test by altering the flow mechanism.  Despite these
possible limitations the Figg water permeability apparatus is produced
commercially with the trade name The Poroscope, which also can be used
to carry out the Figg air permeability test (see later sections).  Table 10
presents a five scale tentative criteria to classify concrete on the basis of
Figg water permeability values.
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Table 10. Relationship Between Concrete Protective Quality and Figg
Water Permeability Index

Concrete Category Protective Quality Measured Time, s

0 Poor < 20
1 Not very good 2–50
2 Fair 50–100
3 Good 100–500
4 Excellent > 500

Table 9. Variations of the Most Commonly Used Drill Hole Tests

Test Diameter of  Depth of Depth of Test Pressure Method of
Method Hole Hole Plug/Seal (mm of Measurement

(mm) (mm) (mm) Water Head)

Figg Test[104] 10 40 20 100 Time in seconds for
a certain volume
of flow

Covercrete 13 50 0 200 Inflow between 10
Absorption and 11 minutes after
Test[98] starting the test

5.0 PERMEABILITY TESTS

These tests provide a means for measuring the true permeability, as
defined in Sec. 1.3.  The basic requirement is that a specimen, usually a core,
should be sealed on its curved face so that between its two opposite parallel
faces the flow of a liquid or a gas can be promoted by an applied pressure.
Under steady state conditions the coefficient of permeability is calculated
from a knowledge of sample geometry and fluid characteristics, and the
measurement of flow rate and applied pressure.  However, if a steady state
condition cannot be established due to either low permeability of the test
specimen or limitations of the test conditions, a non-steady state of flow can
be used to obtain a permeability index.  In certain cases of non-steady liquid
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flow tests, the depth of liquid penetration can be used to obtain the
coefficient of permeability (e.g., water penetration tests).  Some of the tests
can be used both in the laboratory and on site to measure the permeability
of concrete, however, such tests are limited in number.  The permeability
tests are broadly classified as liquid permeability tests and gas permeability
tests.

5.1 Liquid Permeability Tests

The liquid permeability of concrete can be measured by tests in which
either a steady state or a non-steady state of flow of the liquid is established.
Where the density of the materials is too high to establish any flow through
the specimen, the depth of water penetration under a hydraulic pressure is
sometimes used to determine the coefficient of permeability.  Therefore,
the liquid permeability tests, with water as the permeating liquid, can be
classified as:

1. Steady state water flow tests

2. Non-steady water flow tests

3. Water penetration tests

Steady State Water Flow Test.  The test determines the rate of flow
of water at the steady state condition for a given test pressure and sample
geometry.  Using this data, the coefficient of water permeability or the
intrinsic permeability is calculated from Eq. (3) or (4), respectively.  In
terms of the test parameters, Eq. (4) can be written as:

Eq. (23) )( 21 PPA

LQ
k

−
=

µ

where: k = the intrinsic permeability (m2)

Q = rate of flow (m3/s)

µ = viscosity of the water (Ns/m2)

L = length of the specimen (m)

A = area of flow perpendicular to the direction of flow (m2)

P1 = inlet pressure (N/m2)

P2 = outlet pressure (N/m2)
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If the test specimen is fully saturated with water and there are no
chemical or physical interactions between concrete and water during the
test, then the permeability obtained from Eq. (23) is the intrinsic permeabil-
ity of the concrete.  Therefore, this value can be used to determine the
coefficient of permeability for any other fluid by using the relationship:

pg

Kµ
k =

where: k = the intrinsic permeability (m2)

K = coefficient of permeability for a given fluid (m/s)

µ = viscosity of the fluid (N·s/m2)

ρ = density of the fluid (kg/m3)

g = acceleration due to gravity (m/s2)

Therefore, for water at 20°C, the relationship between coefficient of water
permeability Kw, and the intrinsic permeability k is:

Kw  =  9.75 × 106 k

and for typical gases (e.g., nitrogen, oxygen, air) at normal pressures and
at 20°C, a sufficiently accurate conversion is given by:

Kg  =  6.5 × 105 k

where Kg is the coefficient of gas permeability (m/s).
Test Procedure.  The test essentially consists of saturating a test

specimen and measuring the rate of flow of water through it due to a
pressure gradient.  The most commonly used test set-up (Fig. 16) consists
of a permeability cell to hold the sample, a set of inlet controls to admit
water at the specified test pressure while measuring the inflow, and a set of
outlet controls to allow the discharge from the test specimen to be moni-
tored along with the outlet pressure.  The permeability cell itself is
specially made to seal the sides of the specimen and allow the perme-
ating liquid, water, to go through the sample without any leakage.
Permeability cells of various specifications and dimensions exist in
order to apply water under pressure to one side of the specimen and
measure the rate of flow either at the inlet or at the outlet or sometimes
at both ends.  The type of test specimen, test pressure, duration of the
test, and the method used to seal the specimen in the cell, are some of
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the parameters varied in the past.[11]–[13][20][32][105]–[110]  The test is essen-
tially a laboratory method and has to be carried out under controlled
ambient and test conditions.  Difficulties have been pointed out in establish-
ing a steady state condition[13][36][111][112] even after subjecting the speci-
mens to a vacuum saturation method.[98]  Test durations of weeks rather
than days are common with concrete, however, the use of permeability
cell remains one of the most commonly used methods to determine either
the coefficient of permeability or the intrinsic permeability of concrete.
The range of permeability of concrete measured by this method varied from
10-16 to 10-11 m/s.  Although there are no widely accepted test parameters
and procedure of testing, the test is incorporated as a standard method in the
American Petroleum Institute’s recommendation:  API designation RP 27,
Recommended Practice for Determining Permeability of Porous Media[113]

and in Indian Standard IS 2645, Specification for Integral Cement Water
Proofing Compounds.[114]

Figure 16.  A typical permeability cell.
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In the absence of a widely used test procedure, the following aspects
may be given consideration while deciding on a steady state water perme-
ability test.

1. Design of the permeability cell.  The cell should with-
stand the test pressure without any deformation.  As high
driving pressures are common with low permeability
materials special attention must be given to the seal on
the side of the specimen.  Where confining pressures are
used to seal the side of the specimen, the ratio of the
confining pressure to the driving pressure must be suit-
ably chosen.  This ratio is known to have an effect on the
rate of flow at low confining pressures.[115]

2. Test specimen.  The test requires fully saturated speci-
mens.  If unsaturated specimens are used, the time taken
to establish the steady state will be longer than normal
and, hence, the duration of the test will increase. This is
not advisable for incompletely hydrated samples. The
size of the test specimen may pose another problem. If
thin specimens are used in order to improve the degree
of saturation, it may adversely affect the reliability of the
permeability test.  The height of sample may be taken as
three times the maximum aggregate size in order to
reduce the scatter of results.[115]  The diameter of test
specimens also depends on the maximum aggregate size
and here a minimum size of 50 mm is preferable[32]

3. Age of test specimens.  As unhydrated cement will react
with the water during the test and, hence, reduce the
permeability, it is preferable to test matured concretes.

4. The driving pressure.  Although high test pressures may
accelerate the test and establish the steady state rapidly
they may result in the modification of the pore struc-
ture.[115]  Leaching, associated with high pressures used
in the water permeability test, may result in an increase
in permeability.

Due to the interaction between water and cement hydrates, it may be
expected that some pore structure modifications are unavoidable in a steady
state water flow test, however, this effect can be minimized by a careful
selection of the above variables.  Table 11 gives typical permeability values
which can be found for concrete.
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Table 11. Steady State Water Permeability Coefficients for Concrete[116]

W/C Air Content (%) Compressive k (m/s) × 10-13

Strength (MPa)

0.35 4.0 33.1 0.37
0.45 5.8 26.1 1.26
0.55 7.3 20.0 4.68
0.65 6.8 16.6 8.14
0.75 6.5 10.6 10.90

Non-Steady Water Flow Test.  Due to the difficulty of establishing
the steady state of flow for most concretes, either the inflow or the outflow
measurements are sometimes used to express the permeability of concrete.
The test set-up for this type is the same as that used for the steady state flow
measurements, i.e., a suitable permeability cell is employed in order to
admit water under pressure and to measure either the inflow or the outflow,
or sometimes, both inflow and outflow.  The main difference is that the test
is not continued until a steady state of flow is achieved.  Different test
pressures, duration of the test, and test procedure, can be found in literature,
which make the test difficult to be standardized.  However, the test is
capable of identifying the variation of the quality of concrete.  Two in-situ
tests which make use of the non-steady water flow to characterize
concrete are the Steinart Guard Ring Test[3] and the Autoclam Water
Permeability Test.[99][100]

Laboratory Test.  Figure 17 illustrates the cell proposed in ISO/DIS
7032,[117] RILEM recommended method for measuring water penetration
as water inflow.  Test specimens can be either cylinders of 150, 200, or 300
mm diameter and height to diameter ratio of unity, or cubes of sides 150,
200, or 300 mm.  Usually tests are carried out at 28 days of age. However,
other ages can be chosen according to any special requirements.  The
specimen is kept in the cell and sealed.  Water is admitted through the inlet
and the outflow is measured.  The recommended pressures for testing are
P/3, 2P/3, and 4P/3, each pressure applied for successive periods of 24
hours where P is the maximum pressure likely to be encountered by the
concrete in-situ.  The time and pressure at which water first penetrates the
specimen and the volume of water collected during a given period at each
pressure are recorded.  The volume of water that has passed through the
specimen in unit time for each test pressure is then calculated and expressed
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as water penetrability.  If steady state conditions have been achieved at any
of the test pressures the outflow corresponding to this could be used to
calculate the coefficient of permeability, in m/s.  This draft International
Standards has been rejected by the British Standards Institution as the
details of the method are not considered to be sufficiently well developed,
in particular, with respect to the lack of standard values for applied pressure.

Figure 17.  Test arrangement for ISO/DIS 7032.[117]

In-Situ Test.  The viscous flow through a fine capillary tube under a
pressure head can be expressed by Poiseuille equation:

Eq. (27)
l

Hr
Q

η
π
8

4

=

where: Q = rate of flow (m3/s)
H = head of pressure (m)
r = radius of the capillary (m)
l = length of the capillary pore filled with water (m)
η = viscosity (Ns/m2)
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Here, the head of pressure, H, comprises two components, the capillary
attraction pressure and the applied head and, hence, the flow of water is due
to the combined effect of applied head and the capillary suction.  This is the
principle of both the Steinart Guard Ring Test and the Autoclam Water
Permeability Test.

Steinart Guard Ring Test.  The guard ring principle is used in this test
to achieve a unidirectional penetration of water.  Two concentric rubber
seals are glued and clamped to a concrete surface, creating two ring shaped
chambers.  These are filled with water and pressurized with compressed air
at 7 bar (101.5 psi).  The volume of water penetrating the concrete through
the inner chamber is recorded.

Autoclam Water Permeability Test.  This test[89][100] follows the
Clam permeability test which was developed originally to determine the
coefficient of permeability of concrete on site.[118]  In the Clam permeabil-
ity test, a 50 mm internal diameter metal base ring is glued onto the surface
of concrete and after saturating the test area by ponding water in the ring for
24 hours, the rate of penetration of water through the test area at a constant
pressure head of 25 psi (1.72 bar) is measured.  The measurements are taken
for 15 minutes and from a linear plot of the flow against time the coefficient
of permeability as defined in Darcy's equation (Eq. 3) is determined.
However, there are fundamental limitations as far as the determination of
the coefficient of permeability based on the rate of water penetration from
this test is concerned.  Capillary pores filled with water require relatively
high pressures to cause flow through them and, hence, the pressure used in
the test may cause flow through only relatively big pores.  This would mean
that the test is not capable of determining the coefficient of permeability of
saturated concretes.  However, if the ponding is eliminated from the test
procedure it would provide the rate of water penetration from a pressurized
source of water, i.e., a parameter which can be used to assess the permeabil-
ity characteristic of concrete can be obtained.  Although an apparatus to
carry out the Clam permeability test was commercially available it was
discontinued when the Autoclam Permeability System[87] was introduced
into the market; however, an apparatus similar to the Clam permeability test
is commercially available at present with the trade name the Germann
Water Permeability Test.

The Autoclam water permeability involves a procedure similar to
that used for the Autoclam sorptivity test (Sec. 4.4).  The main difference
is in the test pressure used, i.e., a pressure of 1.5 bar is used for the Autoclam
water permeability test.  The inflow of water through a test area of 50 mm
diameter through a surface mounted ring is measured at this pressure for a
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period of 15 minutes.  From a linear plot of the cumulative inflow and
square root of time, the slope is determined and reported as the Autoclam
water permeability index in m3/√min.  As the inflow is measured in this test,
the test location has to be dry to obtain meaningful data.  Typical data to
classify concrete are presented in Table 12.

Table 12. Protective Quality Based on Autoclam Water Permeability Index[100]

Autoclam Water Permeability
Protective Quality Index:  m3 × 10-7/√min

Very good ≤ 3.70
Good > 3.70 ≤ 9.40
Poor > 9.40 ≤ 13.80

Very poor > 13.80

Water Penetration Tests.  While the outflow method with a perme-
ability cell is generally used for testing the permeability of concrete, in the
case of concrete with comparatively high density it not only requires a long
period of time to perform the tests, but also it is often impossible to obtain
any measurable quantity of outflow water.  Therefore, water penetration
methods are most useful for testing relatively dense (i.e., low permeability)
concrete.[6][14][19][39][91][119]–[122]  Here, water under a specified hydrostatic
pressure is admitted into a permeability cell for a specified duration.  At the
end of the test the specimens are removed and split along the diameter in
order to determine an average depth of penetration of water.  Two different
methods can be used to estimate the permeation property of concrete based
on the depth of penetration:

1. Water penetration as an index.

2. Coefficient of permeability from penetration depth.

Although the first method has been subjected to standardization,[123] the
second method has become more popular[6] as it provides the coefficient of
permeability.  There was an attempt to calculate the diffusion coefficient
from the penetration depth.[120]  However, as different transport mecha-
nisms are involved in diffusion and water penetration under applied
hydrostatic head, one can question the basis of this procedure.  Therefore,
it is not included in this chapter.
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Depth of Water Penetration as an Index.  This test is included in the
German Standard DIN 1048[123] on test methods for concrete and is also
covered in a draft International Standards ISO/DIS 7031.[124]  The DIN
1048 water penetration test has been used in several investigations to
classify concrete.[19][39][119]  In this test (Fig. 18), the concrete sample, at the
age of 28 days, is initially subjected to a water pressure of 100 kPa (1
atmosphere) for 2 days and then for one day each to a water pressure of 300
kPa and 700 kPa, respectively.  At the end of this period, the test sample is
removed from the cell, surface, dried, and split in half perpendicular to the
injected face.  The average depth of penetration is noted and is used as an
indication of the permeability of concrete.  While DIN 1048 suggests the
use of slab or cube shaped specimens, ISO/DIS 7031 proposes cylindrical
cores of 150, 200, or 300 mm diameter with a height ratio of at least 0.5, but
not less than 100 mm height in any case.  When this test was introduced in
the early 70s,[91] the specimens were subjected to a water pressure of only
1 atmosphere for a period of 24 hours.  It may be noted that the British
Standards Institution has expressed doubts about the accuracy with which
the water penetration front can be located on the face of the split speci-
men,[3] therefore, it is not yet a British Standard Test.

Figure 18.  Test arrangement for ISO/DIS 7031.[124]

Water under pressure

Test specimen 150 x 150 mm
Sealing ring



Permeation Analysis 709

Typical results for various forms of concrete, reported by the Con-
crete Society[3] are as follows:

· Dense (50 MPa) concrete with slag and superplasti-
cizer: 5 mm

· Specification for good quality concrete to resist
aggressive environment: < 30 mm

· Specification for concrete in water retaining struc-
tures: < 50 mm

Coefficient of Permeability from Penetration Depth.  Valenta[14][121]

developed an equation to relate the depth of penetration x (m/s) to the
coefficient of permeability for non-steady state k´ (m/s) by using the theory
of kinetics of unsteady percolation of water into the concrete based on
Darcy’s formula.  This equation is given by:

Eq. (28) thkx ′= 2

where: x = depth of penetration of water (m) at a time, t (s)
h = hydrostatic head causing the water percolation (m)

(equals applied water head hp plus capillary elevation ho)

The value of ḱ  from the non-steady state would be different from the
coefficient of permeability, K, obtained by the steady state condition
because in the case of non-steady state of flow, some time is needed for
water to fill the capillary pores with no participation in effective flow
through the concrete.  However, it is possible to obtain the coefficient of
permeability as defined by Darcy’s equation for the steady state of flow[3][122]

by incorporating the volume of pores filled by the advancing water front,
v, as given by:

Eq. (29)
v

thK
x

2
=

with all the parameters as defined earlier.  This is generally known as the
modified Valenta equation.  The increase in weight of the test specimen can
be used to determine the volume of voids filled with water during the test
and the substitution of all parameters observed in the experiment would
provide the coefficient of permeability in m/s.  One of the requirements of
this test is that the penetration of water should be uniaxial.  However, if the
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concrete is very dense and the depth of penetration is small compared to the
diameter of the test area, a uniaxial penetration can be assumed.  The
permeability measured with this test varied from 5 to 3900 × 10-12 m/s for
a range of concrete tested by Browne and Domone.[125]

5.2 Gas Permeability Tests

The method of measuring the gas permeability of concrete has the
following advantages over parameters such as diffusion coefficient, initial
surface absorption, etc.

1. It is relatively quick to measure and, hence, it enables
specimens conditioned at any age to be tested without
any time delay.

2. The conditions of the specimen does not change during
the testing.

For these reasons and as the gas permeability of concrete is important for
the gas tightness of concrete storage vessels[3] and mechanisms such as
carbonation,[82] these tests have become quite common in order to measure
the permeability of concrete.  Testing concrete for gas permeability can be
carried out by either keeping the head constant and measuring the flow or
by monitoring the pressure decay over a specified time interval.

Constant Head Gas Permeability Tests.  The constant head gas
permeability tests are carried out with a permeability cell similar to that
used for the water permeability tests.  Air,[9][126] nitrogen,[6][108] or oxy-
gen,[8][71][73][127][128] can be used as the permeating gas.  The steady state of
flow can be established within a few minutes from the start of the test.[6][9]

Therefore, the rate of outflow of gas is monitored and the value correspond-
ing to the steady state is used to calculate the intrinsic permeability of
concrete by using Darcy’s equation.  However, in the case of gases, the
compressibility of gases should be taken into account, for which the
average pressure within the specimen is used in Darcy’s equation.[6][8][9][126]

Therefore, for the gas permeability test, Eq. (23) to calculate the intrinsic
permeability becomes:
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where: kg = the intrinsic permeability (m2)

µ = viscosity of the fluid (Ns/m2)

L = length of the specimen (m)

P2 = outlet pressure (N/m2), usually the atmospheric pressure

P1 = inlet pressure (N/m2)

Q2 = rate of flow at the outlet (m3/s)

A = area of specimen perpendicular to the direction of flow (m2)

In theory, the intrinsic permeability from this expression should be
the same as that obtained by the use of a similar expression for the liquid
(Eq. 23).  However, the value of k obtained from gas permeability tests
would be higher than that obtained from liquid permeability tests[6][9] due
to a phenomenon known as gas slippage, i.e., gases have a definite velocity
near the walls of the capillary pores irrespective of the applied pressure.
Therefore, the rate of flow of gases depends on both the intensity of the test
pressure and the type of the gas used, the extent of which was determined
by Klinkenberg[129] in 1941 as:

Eq. (31) kg  =  k(1+b/Pm)

where: kg = permeability coefficient at some finite mean pressure

k = permeability coefficient corresponding to infinite
mean pressure

b = constant = M/k (depends on the gas and the porous
medium)

M = slope of k verses 1/Pm plot

Pm = mean pressure = (P1+P2)/2

P1 = inlet pressure

P2 = outlet pressure

Therefore, by conducting a gas permeability test at different pressures and
plotting kg versus 1/Pm, an equivalent permeability of liquids can be obtained.
Based on this theory, Klinkenberg determined the intrinsic permeability
with nitrogen, hydrogen, and carbon dioxide, and found that there exists a
common permeability value for these gases.  For a range of concrete tested,
Bamforth found that the constant, b, can be estimated by using:

Eq. (32) b  =  1.635 × 10-8 kl
-0.5227
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where kl is the same as kg in Eq. (31).  The value of kl can be obtained from
liquid permeability tests.  Bamforth[6] found that the gas slippage effect
increases as the test pressure decreases and a plot of Eq. (31) could be used
to normalize the permeability coefficients for different test pressures used
in gas permeability tests.

Test Methods.  Although there are no British Standards for gas
permeability tests, a method by which the flow of air is used to determine
the intrinsic permeability of rock is available in ASTM Standard D
4525-85.[126]  A permeameter similar to that shown in Fig. 16 can be used
to carry out the steady state gas permeability test.  Figure 19 shows one of
the permeameters described in the ASTM Standard.  After keeping the
specimen in the holder, an air pressure of 700 kPa (7 bar) is applied to the
sleeve on the circumferential face of the specimen in order to eliminate the
leakage through its side.  The test is performed by admitting air through the
inlet valve such that a measurable flow occurs at the outlet, with very high
pressures being avoided to eliminate turbulent flow.  The flow rate is
measured when steady state is reached, and the various parameters needed
for calculating the intrinsic permeability are noted.  The test is repeated with
a number of test pressures, each time reducing the pressure by half of its
previous value.  These are used to obtain the coefficient of permeability
corresponding to an infinite mean pressure, as explained earlier.  The tests
are continued until a set of data which gives a linear relationship between
inverse of the mean pressure and the calculated permeability coefficient is
obtained.

Figure 19.  A typical gas permeameter.
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Several forms of gas permeameters could be found in the literature.
The main difference between them is in the way specimens are sealed in the
permeameter cell and the measurements are taken.  The flow depends on the
pressure difference, testing area, thickness and open porosity of the
specimen, and the viscosity of the test gas.  However, the basic procedure
remains the same as that described above.  Both nitrogen and oxygen are the
preferred gases to carry out gas permeability measurements.  Other gases
may be used, however, one of the criteria for selecting a gas should be that
it should not change the pore structure of concrete during the test.  The test
specimen should be preconditioned in a standard manner in order to
eliminate the influence of moisture on the test results.

Falling Head Gas Permeability Tests.  The difficulties of perform-
ing the constant head gas permeability tests on site have resulted in the
development of methods which do not require the measurement of the flow
at a constant pressure.  The various methods which can be used to measure
the gas permeability under this category fall in one of the following four
distinct types:

1. Drill hole suction tests

2. Drill hole overpressure tests

3. Surface suction tests

4. Surface overpressure tests

In general, a small cavity is made in concrete by drilling into the surface in
drill hole tests (both suction and overpressure tests) whereas a chamber
mounted on the surface of the test specimen is used in surface tests.  The
pressure is reduced below atmospheric to a certain level in suction tests
whereas it is increased to a specified level in overpressure tests.  A measure
of the change in pressure is used to derive a permeability index in both the
categories, details of which are summarized in Table 13.  Further relevant
details of these tests are given below.

Drill Hole Suction and Overpressure Tests.  In these tests it is
assumed that the air flow will be through the near surface concrete either
into the cavity (in suction tests) or from the cavity (in overpressure tests)
and, hence, a permeability index of the cover concrete can be obtained.
Table 14 gives the criteria to classify concrete on the basis of the Figg air
permeability results and, as stated earlier, both the Figg water permeability
test and the Figg air permeability test can be carried out with a commer-
cially available instrument, the Poroscope.[130]
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Table 13. Details of Falling Head Gas Permeability Tests

Test Method Test Area Method of Measurement

Drill Hole Suction
Figg Air A cavity of 10 mm Time in seconds for a
permeability[104] diameter and 20 mm deep change in pressure

at 20 mm below the surface below atmospheric
from 55 to 50 kPa.

Drill Hole Over Pressure
Hong and Parrott[128} A cavity of 20 mm diameter Time for a known drop

and 15 mm deep at 20 mm in pressure in the
below the surface cavity (no specific value

stated).

Reinhardt, et al.[131] A cavity of 14 mm diameter The time taken for a
and 20 mm deep at 20 mm decrease in pressure
below the surface. from 1000 to 950 kPa.

Surface Suction
Hilsdorf[132] 50 mm diameter area on Time required for the

the surface. pressure to increase from
20 to 50 mbar
below atmospheric.

SHRP Method[133] 100 mm diameter area on Air flow under a
the surface. vacuum of 635 mm of

mercury.

Torrent.[134] 60 mm diameter area on Increase in pressure
the surface from a near vacuum

stage.

Surface Over Pressure
Hansen, et al.[135] Not specified. Time for a specified

increase in pressure
near a sensor kept at a shallow
depth below a pressure head
on the surface.

Lydon, et al.[136] 35 mm diameter area on Pressure decay curve
the surface. for an applied pressure

of 10 bar.

Autoclam air 50 mm diameter area on Pressure decay from 0.5
permeability[100] the surface. over a period of 15

minutes.
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Table 14. Relationship Between Concrete Protective Quality and Figg Air
Permeability Index

Concrete Category Protective Quality Measured Time, s

0 Poor < 30
1 Not Very Good 30–100
2 Fair 100–300
3 Good 300–1000
4 Excellent > 1000

As noted in Table 13, Hong and Parrott’s method enables the
determination of the intrinsic permeability of concrete from the measure-
ment of the time taken for the air pressure in the cavity to drop over a
specific range by using the following equation.

Eq. (33)
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where: k = intrinsic permeability

µ = viscosity of gas

L = length of the flow path

Vc = volume of the cavity

P1 = starting pressure

P2 = finishing pressure

Pa = atmospheric pressure

A = area of flow

(t2 - t1) = duration of pressure measurement

The value of A/L is estimated from the geometry of the cavity and the near
vicinity through which gas escapes to the atmosphere.  This is monitored
with liquid soap applied by brushing around the test hole.

Two possible criticisms of Hong and Parrott’s test are in relation to
the reliability of the value of A/L and 0.5(P1 + P2) (t1 - t2).  Even if the
assumed value of A/L in the above equation is correct it is possible that the
use of different pressure ranges may result in different values of k because
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the rate of pressure decay is not linear.  However, this test provides the
opportunity to monitor the internal relative humidity in the test cavity and,
hence, to interpret the air permeability coefficient in terms of the internal
moisture content of concrete.

Surface Suction and Overpressure Tests.  As listed in Table 13,
either a vacuum chamber or a pressure chamber is mounted on the surface
of the test specimen and either the change in pressure over a specified
duration or the time required for a specified change in pressure is noted in
these tests.  In some cases, these observations are used as a measure of the
air permeability of concrete.  However, some tests involve the calculation
of a permeability index.

In the Hilsdorf method[132] the time required for the pressure to
increase from 20 mbar to 50 mbar below atmospheric is used to calculate
a permeability index by using the equation:

Eq. (34)
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where: M = permeability index (m2/s)

t0 = time at the beginning of the test (s)

t1 = time at the end of the test (s)

P0 = pressure inside the vacuum chamber at time t0 (mbar)

P1 = pressure inside the vacuum chamber at time t1 (mbar)

Pa = atmospheric pressure

Vs = volume of vacuum chamber (m3)

Usually the tests are performed until a constant rate of flow has been
reached.  This is identified by repeating the test a number of times at the
same test location until consecutive tests give the same result.  The concrete
surface is dried with hot air for five minutes and allowed to cool for two
minutes in order to eliminate the influence of the moisture content in the test
area on the measured permeability index.  However, it is unlikely that
satisfactory drying can be achieved with this procedure.  Also, if the
concrete is wet, it is likely that the application of a pressure below atmo-
spheric may cause water to migrate to the dried area from beneath, thereby
reducing the volume flow path.
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One of the criticisms of the above method is that if the concrete skin
is very porous air may enter easily into the test chamber through this layer
of concrete.  Therefore, high permeability values may be recorded even
where the concrete is relatively good.  This has been avoided in the method
developed by Torrent[134] by using a guard ring arrangement to direct the
flow uniaxially within the test zone in concrete.  Also, it has been possible
to calculate the coefficient of permeability with this method.  Although the
apparatus for carrying out the Torrent air permeability test is commercially
available, it requires some explanation as to the origin of the air which
degrades the vacuum in the instrument when concrete on site is not dry
beyond a certain depth.

The Autoclam permeability system,[99] which enables the Autoclam
sorptivity and water permeability test to be carried out, is used to determine
the Autoclam air permeability index of concrete.[100]  In this test the natural
logarithm of the pressure monitored (Table 13) is plotted against time and
the slope of the graph is reported as the Autoclam air permeability index.
Although moisture influences the test results, Nolan[95] has shown that the
quality of concrete can be classified in terms of the Autoclam air permeabil-
ity index if measurements are taken when the internal relative humidity in
a cavity in concrete at a depth of 10 mm from the surface is less than 80%.
At relative humidity values above this value the air permeability measure-
ments are reported to be of no benefit.  Table 15 provides criteria which can
be used to classify concrete on the basis of the Autoclam air permeability
index when tests are carried out on oven dried concrete.

Table 15. Protective Quality Based on Autoclam Air Permeability
Index[100]

Protective Quality Autoclam Air Permeability
Index:  Ln (Pressure)/min

Very Good ≤ 0.10
Good > 0.10 ≤ 0.50
Poor > 0.50 ≤ 0.90

Very Poor > 0.90
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6.0 FACTORS INFLUENCING PERMEATION TESTS

Both the characteristics of concrete and environmental conditions
influence permeation properties.  Some of the parameters which might
influence the permeation tests have been mentioned while discussing test
methods.  As the specific influence of these factors on each of the test
techniques is beyond the scope of this chapter, their general effect is
included in this section.  The effect of concrete on permeation properties
can be found in any good book on concrete technology.

The following factors should be given adequate attention while
planning a permeability test program:

1. Driving force and duration of test.

2. Ambient conditions at the time of test (temperature and
humidity).

3. Moisture content of the test specimen.

One way or the other the effect of these factors have to be taken into account
in any permeation test.

6.1 Test Pressure and Duration of Test

In steady state permeability tests, it is generally believed that a
constant rate of flow is established, however, the flow need not be constant
for the entire duration of the test and there may not be a linear relationship
between the applied pressure and the flow being measured.  Due to the
following reasons, the permeability may change with an increase in test
pressure and duration:

1. Impurities in the permeating water causing silting up and
chemical action with the materials in concrete.

2. Silting up due to particles carried from one part of the
concrete and deposited in the pores lower down.

3. Swelling of the cement.

4. Further hydration.

5. Calcium hydroxide washed to the bottom surface and
carbonated by the atmosphere, thus forming an imper-
meable layer.

Among these, the silting, swelling, and further hydration, are the main
reasons for the decrease in flow.
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It has been indicated earlier that if permeability tests are carried out
with gas a correction for the effect of gas slippage has to be applied to the
measured permeability value.  The correction for the gas slippage also
depends on the applied pressure, however, for sorptivity and absorptivity
tests, small changes in pressure head, up to 200 mm, do not change the result
to any significant extent, therefore, there is no need to apply any correction
to the measured values.

Finally, in the case of ionic migration tests, the intensity of voltage
applied does not necessarily result in a proportional increase in the flow of
ions. The reason for this has already been discussed under ion diffusion
tests.

6.2 Ambient Conditions at the Time of Test

Temperature influences the viscosity and surface tension of the fluid
and both temperature and humidity affect the flow mechanism.  It is
possible to take account of the effect of temperature on the viscosity and
surface tension of the fluid, and, hence, apply appropriate corrections for
various test techniques.  In some cases, empirical relationships have been
derived and they can be used.

The humidity is significant in permeability measurements, however,
it is difficult to account for its effect without a knowledge of the moisture
content of concrete; therefore, the effect of moisture content is generally
given importance in relation to the humidity effect on the permeation tests
on concrete.

6.3 Moisture Content of Concrete

The moisture content reduces the flow path in the case of gas flow
tests.  It also influences other permeation mechanisms such as sorptivity,
diffusivity, etc.  The effect of moisture has been reported in various
published works.  Whereas the influence of moisture in laboratory studies
is usually eliminated by drying the samples, the following methods can be
resorted to in order to remove its effect on site.

1. Precondition the surface by forced drying

2. Independent measurement of moisture content prior to
testing

The effectiveness of these techniques needs to be investigated thoroughly
before either of them can be used as a standard procedure.  At present only
isolated data exist.
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7.0 RELATIONSHIP BETWEEN PERMEATION
PROPERTIES AND DURABILITY OF CONCRETE

The various mechanisms of deterioration of concrete are corrosion of
reinforcement, freezing and thawing damage, salt attack, alkali attack,
alkali-aggregate reaction, sulfate attack, and acid attack.[137]  These
mechanisms are described in Ch. 1 of this book.  The ingress of various
ions, liquids and/or gases from the environment is responsible for either the
deterioration and/or the damage due to expansive reactions as a result of
these mechanisms.[138]  For instance, the ingress of chlorides and/or
carbonation would depassivate steel in concrete and in the presence of
oxygen and water steel may start corroding.  Similarly, the ingress of
chemicals such as acids, alkalis and sulfates is responsible for the chemical
deterioration of concrete.  The overall effect of the pore structure and
permeability influencing the penetration of these aggressive substances
and, thereby, their effect on the durability of concrete, can be visualized
in Fig. 20.[138]  Further explanation of this diagram is given below.

Properties of concrete at the inception of a structure are controlled by
constituent materials of concrete, method of manufacturing, and subse-
quent treatment given to hardened concrete.  These factors govern the pore
structure and permeability characteristics of the hardened concrete and
also various forms of cracks in concrete.  At the center of Fig. 20,
therefore, the manufacture of concrete and permeability, used in a collec-
tive sense, are presented.

The next set of outer blocks in Fig. 20 represent the penetration of
various aggressive substances which govern the different mechanisms
of deterioration.  The mechanisms of deterioration are shown next in a
set of blocks outside the aggressive substances.  The arrowhead lines
between these two sets of blocks indicate the dependence between the
penetration of aggressive substances and the deterioration mechanisms.
The influence of permeation properties on the penetration of aggressive
substances shown by arrowhead lines can be elaborated further.

Carbonation is the result of carbon dioxide diffusion and, hence,
gas diffusion is the relevant transport property.  Same is the case with
the diffusion of oxygen.  The ingress of chlorides is by ionic diffusion
and/or by absorption of chlorides in solution form.  The penetration of sulfate
also is governed by both ionic diffusion and absorption in solution form.
In the case of water, alkalis and salt solution, both absorption and liquid
permeability are important.  Finally, exposure conditions where a hydro-
static pressure exists or gas tightness is important, the liquid permeability
and gas permeability, respectively, are important.



Permeation Analysis 721

Figure 20.  Interdependence of permeation properties and durability of concrete.[138]
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As a result of all the mechanisms presented in Fig. 20, concrete cracks
and this in turn increases the permeation properties.  In sulfate attack,
chloride attack, and carbonation, slight modification of the pore structure may
occur, which in turn may decrease the permeation properties.  However,
under prolonged action of the mechanisms, concrete will eventually crack.

The test methods discussed in this chapter can be used to measure the
transport properties relevant to the various mechanisms of deterioration.
Experimental evidence exists illustrating the correlation between the
relevant transport properties and either the penetration of different aggres-
sive substances or the mechanisms of deterioration.  Typical correlations
are presented in Figs. 21 to 24.

The dependence of carbonation on gas permeability of concrete is
illustrated in Figs. 21[110] and 22.[139]  In Fig. 21 the depth of carbonation
after 20 weeks in an accelerated carbonation test is presented against the
intrinsic permeability in a logarithmic scale.  Figure 22 illustrates the
variation of the depth of carbonation of 27 different mixes after 14 days in
an accelerated test with the Autoclam air permeability results.  In both sets
of data, good correlation can be found between the depth of carbonation and
the gas permeability of concrete.  The variation between the two sets of data
is considered to be due to the difference in sample preparation, testing
conditions, and different types of cementitous materials used in the con-
crete.  The relationship between depth of carbonation and gas permeability
of concrete reported in Ref. 56, based on the work carried out in Germany,
is similar to that presented in Figs. 21 and 22.

Long, et al.,[140] reported the relationship between Autoclam water
permeability results and the weight loss (expressed as a percent of the initial
saturated weight) due to 300 cycles of ASTM C 666 Procedure A freezing
and thawing test (Fig. 23).  The data presented in Fig. 23 are based on tests
carried out on 27 different concrete mixtures.  As can be seen, there exists
a good correlation between the two.  Reference 56 reports a similar
relationship between the weight loss due to freezing and thawing test and
the intrinsic permeability of concrete.

The dependence of chloride penetration on sorptivity of concrete can
be seen in Fig. 24.[141] The data in this figure is based on ponding tests carried
out on both surface treated and untreated concrete specimens. The three
untreated concrete specimens showed in a linear correlation between the
chloride ingress and the sorptivity values and the reduction in sorptivity due
to surface treatments correspondingly resulted in a decrease in the chloride
content. Basheer and Cleland[142] reported that the reduction in both the
sorptivity and the chloride ingress was accompanied by a corresponding
reduction in the rate of corrosion of steel bars embedded in the test specimens.
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Figure 21.  Relationship between permeability and depth of carbonation.[110]

Figure 22.  Relationship between autoclam air permeability index and depth of
carbonation.[139]
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Figure 23.  Relationship between autoclam water permeability index and freezing and
thawing deterioration.[140]

Figure 24.  Relationship between autoclam sorptivity index and chloride ingress.[141]
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Whereas the dependence of various mechanisms of deterioration on
permeation properties is well documented for laboratory investigations,
not much data exist for in-situ investigations.  Two graphs are presented
below (Figs. 25 and 26) which report the dependence of both carbonation
and chloride ingress on air permeability of concrete based on tests carried
out with the Autoclam Permeability System on eleven concrete motorway
bridges in Northern Ireland.[140][143]  Although the effect of moisture was
not completely accounted for in the air permeability results, large variations
in both the depth of carbonation and chloride ingress corresponded with a
similarly large variation in the air permeability of concrete.

Figure 25.  Dependence of carbonation on air permeability of concrete bridges.[140]

Figure 26.  Dependence of chloride ingress on permeability of concrete bridges.[140]
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It may be remembered that the conceptual model relating permeation
properties to both the penetration of aggressive substances and the deterio-
ration mechanisms (Fig. 20) can be validated with data in so far as the
mechanisms of deterioration involve the transport of aggressive substances
and these initiate the deterioration.  Also, it is relatively easy to show that
there exists a good correlation between a specific mechanism of deteriora-
tion and a related transport property, however, in reality one mechanism
may act as the catalyst for a number of other mechanisms and the
permeation properties alone may not be sufficient to estimate both the rate
and the extent of deterioration.  Therefore, permeation properties allied to
a knowledge of both the physical and chemical characteristics of concrete
should be made use of in assessing the durability of concrete.

8.0 REMARKS ABOUT PERMEATION TESTS

On the basis of test techniques described in this chapter, the following
general observations can be made.

1. Among the four parameters of the transport processes in
a porous system, viz., adsorption, diffusion, absorption,
and permeability, both adsorption and diffusion mea-
surements are not suitable for testing concrete on site.
An exception to this is the determination of ionic
diffusivity, for which the ion migration tests can be used.

2. Both absorption and permeability methods can be used
for testing concrete from structures, however, most
methods involve testing cores rather than conducting
tests on site. Nevertheless, both the absorptivity tests and
the falling head gas permeability tests could be used in
order to obtain the sorptivity and the permeability of
concrete on site.

3. Among the various absorption tests, the determination
of the sorptivity from absorptivity tests, such as the
modified ISAT and the Autoclam sorptivity test, is
useful to study the effect of both curing and other surface
treatments to improve the quality of the near surface
concrete.



Permeation Analysis 727

4. Finally, tests involving sample drilling and/or coring
may alter the microstructure of concrete.  Surface
mounted tests have the advantage that tests are carried
out on an undisturbed concrete.
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NDT Techniques

V. M. Malhotra

1.0 INTRODUCTION

In the inspection and testing of concrete, the use of nondestructive
testing (NDT) is relatively new.  The slow development of these testing
methods for concrete is due to the fact that, unlike steel, concrete is a highly
non-homogenous composite material and most concrete is produced in
ready-mixed plants and delivered to the construction site.  The in-place
concrete is, by its very nature and construction methods, highly variable and
does not lend itself to testing by traditional NDT methods as easily as steel
products.

Notwithstanding the above, there has been considerable progress in
the development of NDT methods for testing concrete in recent years.  A
number of these methods have been standardized by the American Society
for Testing and Materials (ASTM), the International Standards Organiza-
tion (ISO), and the British Standards Institute (BSI).

The nondestructive tests may be subdivided into two main types.  The
first type includes those identified as sonic and pulse velocity tests, which
involve the determination of the resonant frequency and the measurement
of the velocity of a compressional pulse travelling through the concrete.
Also included in this category are stress wave tests for locating the flaws or
discontinuities that may be present or measuring thickness of concrete.  The
second type includes those tests which are used to estimate strength
properties and include the surface hardness, penetration, pullout, break off,
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maturity, pull-off, and combined methods.  Some of these methods are not
truly nondestructive because they cause some surface damage which is
generally insignificant.

2.0 RESONANT AND PULSE VELOCITY METHODS

2.1 Resonant Frequency Methods

Natural frequency of vibration is a dynamic property of an elastic
system and is primarily related to the dynamic modulus of elasticity and
density in the case of a vibrating beam; therefore, the natural frequency of
vibration of a beam can be used to determine its dynamic modulus of
elasticity.  Although the relationship between the above two is valid for
homogenous solid media which are isotropic and perfectly elastic, they
may be applied to concrete when the size of a specimen is large in relation
to the size of its constituent materials.

For flexural vibrations of a long, thin unrestrained rod, the following
equation or its equivalent may be found in any complete textbook on
sound:[1]

Eq. (1) ρπ
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and solving for E:

Eq. (2) 24
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where: E = dynamic modulus of elasticity
ρ = density of the material
L = length of the specimen
N = fundamental flexural frequency
k = radius of gyration of the section about an axis

perpendicular to the plane of bending (k = t/√12
for rectangular cross section where t = thickness)

m = a constant (4.73 for the fundamental mode of
vibration)
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The dynamic modulus of elasticity can also be computed from the
fundamental longitudinal frequency of vibration of an unrestrained speci-
men, according to the following equation:[2]

Eq. (3) E = 4L2ρN 2

Equations (1) and (3) were obtained by solving the respective
differential equations for the motion of a bar vibrating: (i) in flexure in
the free-free mode, and (ii) in the longitudinal mode.

Thus, the resonant frequency of vibration of a concrete specimen
directly relates to its dynamic modulus of elasticity. If the concrete under-
goes degradation, the modulus of elasticity will be altered and so will the
resonant frequency of the specimen, therefore, monitoring the change in
resonant frequency allows one to infer changes in the integrity of concrete.

The resonant frequency method was first developed by Powers[3] in
the U.S. in 1938.  He determined the resonant frequency by matching the
musical tone created by concrete specimens, usually 51 × 51 × 241 mm
prisms, when tapped by a hammer, with the tone created by one of a set of
orchestra bells calibrated according to frequency.  The error likely to occur
in matching the frequency of the concrete specimens to the calibrated bells
was of the order of 3%.  The shortcomings of this approach, such as the
subjective nature of the test, are obvious, but this method laid the ground-
work for the subsequent development of more sophisticated methods.

In 1939 Hornibrook[4] refined the method by using electronic equip-
ment to measure resonant frequency.  Other early investigations on the
development of this method included those by Thomson[5] in 1940, by
Obert and Duvall[2] in 1941, and by Stanton[6] in 1944.  In all the tests that
followed the work of Hornibrook, the specimens were excited by a
vibrating force.  Resonance was indicated by the attainment of vibrations
having maximum amplitude as the driving frequency was changed.  The
resonant frequency was read accurately from the graduated scale of the
variable driving audio oscillator.  The equipment is usually known as a
sonometer and the technique is known as forced resonance.

The forced resonance testing apparatus as described in ASTM C 215,
Standard Test Method for Fundamental, Transverse, Longitudinal, and
Torsional Frequencies of Concrete Specimens consists primarily of two
sections, one generates mechanical vibrations and the other senses these
vibrations.[7]–[9]  The principal part of the vibration generation section is an
electronic audio-frequency oscillator which generates audio-frequency
voltages.  The oscillator output is amplified and fed to the driver unit for
conversion into mechanical vibrations.
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In performing resonant frequency tests it is helpful to have an
estimate of the expected fundamental frequency.  Approximate ranges of
fundamental longitudinal and flexural resonant frequencies of standard
concrete specimens have been given by Jones.[10]

Calculation of Dynamic Moduli of Elasticity and Rigidity and
Poisson’s Ratio.  The dynamic moduli of elasticity and rigidity (or shear
modulus of elasticity) and the Poisson’s ratio of the concrete can be
calculated by equations given in ASTM C 215.  These are modifications of
theoretical equations applicable to specimens that are very long in relation
to their cross section and were developed and verified by Pickett,[11] and
Spinner and Teftt.[12]  The corrections to the theoretical equations involve
Poisson’s ratio and are considerably greater for transverse resonant
frequency than for longitudinal resonant frequency.  For example, a
standard 102 × 102 × 241 mm prism requires a correction factor of about
27% at fundamental transverse resonance as compared with less than 0.5%
at fundamental longitudinal resonance.[13]  The longitudinal and flexural
modes of vibration give nearly the same value for the dynamic modulus of
elasticity.  The dynamic modulus of elasticity may range from 14.0 GPa for
low quality concretes at early ages, to 48.0 GPa for good quality concrete
at later ages.[14]  The dynamic modulus of rigidity is about 40% of the
modulus of elasticity.[15]  It should be mentioned that more input energy is
needed for longitudinal resonance and, therefore, transverse resonance
made is used more often in laboratory investigations.  Gaidis and
Rosenberg[16] have published a new method for determining the fundamen-
tal frequencies.

Damping Properties of Concrete. Damping is the property of a
material causing free vibrations in a specimen to decrease in amplitude as
a function of time.  Several investigators, particularly Thomson,[5] Obert
and Duvall,[2] Kesler and Higuchi,[17] Shrivastava and Sen,[18] and Swamy
and Rigby,[15] have shown that certain properties of concrete can be related
to its damping ability.

Factors Affecting Resonant Frequency and Dynamic Modulus of
Elasticity.  Several factors influence the resonant frequency measurements,
the dynamic modulus of elasticity, or both.  These include the influence of
mixture proportions and properties of aggregates, specimen size effect, and
the influence of curing conditions.  These have been discussed in detail
elsewhere.[19]

Limitations and Usefulness of Resonant Frequency Methods.  Al-
though the basic equipment and testing procedures associated with the
resonant frequency techniques have been standardized in various countries,
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and commercial testing equipment is easily available, the usefulness of the
tests is seriously limited because:

1. Generally, these tests are carried out on small-sized
specimens in a laboratory rather than on structural
members in the field, because resonant frequency is
affected considerably by boundary conditions and the
properties of concrete.  The size of specimens in these
tests is usually 152 × 241 mm cylinders or 76 × 76 x 241
mm prisms.

2. The equations for the calculation of dynamic elastic
modulus involve shape factor corrections.  This neces-
sarily limits the shape of the specimens to cylinders or
prisms.  Any deviation from the standard shapes can
render the application of shape factor corrections rather
complex.

Notwithstanding the above limitations, the resonance tests
provide an excellent means for studying the deterioration of con-
crete specimens subjected to repeated cycles of freezing and thawing
and to deterioration due to aggressive media.  The use of resonance tests in
the determination of damage by fire and the deterioration due to alkali-
aggregate reaction have also been reported by Chefdeville,[20] and Swamy
and Al-Asali.[21]

The resonant frequency test results are often used to calculate the
dynamic modulus of elasticity of concrete, but the values obtained are some-
what higher than those obtained with standard static tests carried out at
lower rates of loading and to higher strain levels.  The use of dynamic
modulus of elasticity of concrete in design calculations is not recom-
mended.

2.2 Pulse Velocity Method

The application of pulse transmission techniques to the testing of
concrete is believed to have had its origin with Obert.[22]  Tests were made
on concrete replacement pillars in mines and involved the use of two
geophones, two high-gain amplifiers, and a camera with a moving film strip.
Two holes, approximately 6.09 m (20 ft.) apart vertically, were drilled into the
pillars.  The geophones were placed in the backs of the holes and the holes filled
with cotton waste.  A hammer blow was struck at the base of the pillar and at
the same time the camera lens was opened and the moving film strip exposed.
After the film was developed, the transit time of the impulse in travelling from
one geophone to the other was determined by measuring the distance between
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the two signals on the film, the speed of motion of the film having been
controlled carefully.  The velocity of the stress pulse could then be
calculated.

Long and Kurtz[23] reported performing somewhat similar experi-
ments with a seismograph in which the longitudinal velocity of the stress
pulse created by a single impact was measured between arbitrarily placed
geophones.  They stated that only very limited experiments of this nature
had been conducted, but the method appeared to hold great promise
providing the apparatus could be adapted to measure much shorter time
intervals than could be measured with the seismograph.

Long, et al.,[24] undertook further investigations along these lines and
in 1945 reported on the instrument and technique that resulted from their
work.

Subsequent investigations in North America and Europe have re-
sulted in the development of a number of other devices quite similar in most
respects.  These include the Micro-timer developed by the U.S. Bureau of
Reclamation, and the Condenser Chronograph developed by the Danish
National Institute of Building Research.

In 1946 the Hydro-Electric Power Commission of Ontario, Canada,
in an effort to develop a technique for examining cracks in monolithic
concrete structures, began a series of studies which resulted in the construc-
tion of an instrument known as the Soniscope.  The device, developed by
Leslie and Cheesman,[25] consists basically of a stress transmitter using
piezoelectric crystals, a similar pulse receiver, and electronic circuits
which actuate the pulse transmitter, provide visual presentation of transmit-
ted and received signals on a cathode-ray tube, and accurately measure the
time interval between the two.

The instrument was used extensively in Canada[25][26] and the
United States.[27]

During approximately the same time that the Soniscope was being
developed in Canada and the United States, work of a similar nature was
being conducted in England.  These investigations resulted in the develop-
ment of an instrument known as the Ultrasonic Concrete Tester.  This
instrument and its applications have been described at length by Jones.[28][29]

In recent years, portable, battery powered ultrasonic testing units
have become available worldwide.  One of the units available in the U.S.
is called the V-Meter.[12]*

*This is the same unit which is manufactured in England and is known as PUNDIT.
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Whereas the use of the resonant frequency tests has been restricted
primarily to the evaluation of specimens undergoing natural or artificial
weathering, pulse velocity techniques have been applied to concrete for
many purposes and, in most areas of investigation, only limited agreement
has been reached concerning the significance of test results.  The quantity
measured by all of these instruments is the travel time of stress pulses
passing through the concrete under test.  If the path length between
transmitter and receiver is known, or can be determined, the velocity of the
pulse can be computed.  It is in the interpretation of the meaning of this
velocity and in its use for determining various properties of concrete that
agreement is incomplete.  The technique is as applicable to in-place
concrete as to laboratory-type specimens and results appear to be unaf-
fected by the size and shape of the concrete tested, within the limits of
transmission of the instrument employed, provided care is taken when
testing very small specimens.  This, of course, is a highly desirable attribute
and, in many respects, makes the pulse velocity techniques more useful
than those involved in resonant frequency testing.

The use of pulse velocity techniques has been suggested for evaluat-
ing the strength of concrete, its uniformity, its setting characteristics, its
modulus of elasticity, and the presence or absence of cracks within the
concrete.[30]  There appears to be little question of the suitability of such
techniques to determine the presence, and to some extent the magnitude, of
cracks in concrete although it has been suggested that if the cracks are fully
water-filled, their locations may be more difficult to ascertain.  In all of the
other fields of investigation, independent investigators have reported
widely different degrees of success through the use of these techniques.[26]

Recently Sturrup, et al.,[31] have published data dealing with the
experiences of Ontario Hydro, Toronto, in the use of pulse velocity for
strength evaluation.

It is generally agreed that very high velocities (> 4570 m/s) are
indicative of very good concrete and that very low velocities (< 3050 m/s)
are indicative of poor concrete.  It is further agreed that periodic, systematic
changes in velocity are indicative of similar changes in the quality of the
concrete.  Beyond these areas of agreement, however, it appears that the
investigator must have a rather intimate knowledge of the concrete in-
volved before attempting to interpret velocities as measures of strength or
other properties of the concrete.  This is particularly true if the aggregate
involved is a lightweight aggregate.
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2.3 Stress Wave Propagation Methods

In recent years, considerable research has been undertaken in
Canada[32] by CANMET and in the U.S.A.[33][34] by NIST to develop
methods to determine flaws and discontinuities in concrete.  These methods
are classified as stress wave propagation methods and the common feature
of the various methods under development is that stress waves are intro-
duced into concrete and their surface response is monitored using a
receiving transducer connected to a digital data acquisition system capable
of performing frequency analysis.  One of the most attractive features of the
stress wave propagation methods is that access to only one surface of
concrete is required.

3.0 SURFACE HARDNESS METHODS

The increase in the hardness of concrete with age and strength has led
to the development of test methods to measure this property.  These
methods consist of the indentation type and those based on the rebound
principle.  The indentation methods consist principally of impacting the
surface of concrete by means of a given mass having a given kinetic energy
and measuring the width and/or depth of the resulting indentation.  The
methods based on the rebound principle consist of measuring the rebound
of a spring-driven hammer mass after its impact with concrete.

3.1 Rebound Method

In 1948 a Swiss engineer, Ernst Schmidt,[35]–[37] developed a test
hammer for measuring the hardness of concrete by the rebound principle.
The Schmidt rebound hammer is principally a surface hardness tester with
little apparent theoretical relationship between the strength of concrete and
the rebound number of the hammer.  However, within limits, empirical
correlations have been established between strength properties and the
rebound number.  Further, Kolek[38] has attempted to establish a correlation
between the hammer rebound number and the hardness as measured by the
Brinell method.

Description.  The Schmidt rebound hammer weighs about 1.8 kg and
is suitable for use both in a laboratory and in the field.  The main components
include the outer body, the plunger, the hammer mass, and the main spring.
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Other features include a latching mechanism that locks the hammer mass
to the plunger rod and a sliding rider to measure the rebound of the hammer
mass.  The rebound distance is measured on an arbitrary scale marked from
10 to 100.  The rebound distance is recorded as a rebound number
corresponding to the position of the rider on the scale.

Method of Testing.  To prepare the instrument for a test, the plunger
is released from its locked position by pushing the plunger against the
concrete and slowly moving the body away from the concrete.  This causes
the plunger to extend from the body and the latch engages the hammer mass
to the plunger rod.  The plunger is then held perpendicular to the concrete
surface and slowly the body is pushed towards the test object.  As the body
is pushed, the main spring connecting the hammer mass to the body is
stretched.  When the body is pushed to the limit, the latch is automatically
released and the energy stored in the spring propels the hammer mass
toward the plunger tip.  The mass impacts the shoulder of the plunger rod
and rebounds.  During rebound, the slide indicator travels with the hammer
mass and records the rebound distance.  A button on the side of the body is
pushed to lock the plunger in the retracted position, and the rebound number
is read from the scale.

The test can be conducted horizontally, vertically, upward or down-
ward, or at any intermediate angle.  Due to different effects of gravity on the
rebound as the test angle is changed, the rebound number will be different for
the same concrete and require separate calibration or correlation charts.[39]–[41]

Correlation with Strength.  Although the rebound hammer provides
a quick, inexpensive means of checking the uniformity of concrete, it has
serious limitations and these must be recognized.  The results of the
Schmidt rebound hammer test are affected by:

1. Smoothness of test surface.

2. Size, shape, and rigidity of the specimens.

3. Age of test specimen.

4. Surface and internal moisture conditions of the
concrete.

5. Type of coarse aggregate.

6. Type of cement (portland, high alumina, super
sulfated).

7. Type of mold.

8. Carbonation of the concrete surface.
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These limitations are discussed in detail elsewhere (see Ref. 19).
To gain a basic understanding of the complex phenomena involved

in the rebound test, Akashi and Amasaki[42] have studied the stress waves
in the plunger of a rebound hammer at the time of impact.

According to many researchers[38]–[40][43] there is a general correla-
tion between compressive strength of concrete and the hammer rebound
number; however, there is a wide degree of disagreement among various
researchers concerning the accuracy of the estimation of strength from the
rebound readings and the empirical relationship.  Coefficients of variation
for estimated compressive strength for a wide variety of specimens aver-
aged 18.8% and exceeded 30% for some groups of specimens.  The large
deviations in strength can be narrowed down considerably by developing
a proper correlation curve for the hammer, which allows for various
variables discussed earlier.  By consensus, the accuracy of estimation of
compressive strength of test specimens cast, cured, and tested under
laboratory conditions by a properly calibrated hammer, lies between ±15
and ±20%; however, the probably accuracy of estimation of concrete
strength in a structure is ±25%.

Greene[44] and Klieger, et al.,[45] have established correlation rela-
tionships between the flexural strength of concrete and the hammer
rebound number.

Limitations. The limitations of the Schmidt hammer should be
recognized and taken into account when using the hammer.  It cannot be
over stressed that the hammer must not be regarded as a substitute for
standard compression tests, but as a method for determining the uniformity
of concrete in the structures and comparing one concrete against another.

The rebound method has won considerable acceptance and standards
have been issued both by the ASTM and ISO and by several other countries
for determining the rebound number of concrete.

3.2 Probe Penetration Test

Penetration resistance methods are based on the determination of the
depth of penetration of probes (steel rods or pins) into concrete.  This
provides a measure of the hardness or penetration resistance of the material
that can be related to its strength.[19]

The measurement of concrete hardness by probing techniques was
reported by Voellmy[46] in 1954.  Apart from the data reported by Voellmy,
there is little other published work available on these tests and they appear
to have received little acceptance in Europe or elsewhere.  Perhaps the
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introduction of the rebound method around 1950 was one of the reasons for
the failure of the above tests to achieve general acceptance.[19]

In the 1960s the Windsor probe test system was introduced in North
America and this was followed by a pin penetration test in the 1980s.

The Windsor probe test system was advanced for penetration testing
of concrete in the laboratory as well as in-situ.  The device was meant to
estimate the quality and compressive strength of in-situ concrete by
measuring the depth of penetration of probes driven into the concrete by
means of a powder-actuated driver.  The development of this technique was
closely related to studies reported by Kopf.[47]  Results of the investigations
carried out by the Port of New York Authority were presented by Cantor*

in 1970.  Meanwhile, a number of other organizations had initiated
exploratory studies of this technique[48–[50] and a few years later Arni[51][52]

reported the results of a detailed investigation on the evaluation of the
Windsor probe, while Malhotra[53]–[55] reported the results of his investiga-
tions on both 150 × 241 mm cylinders and 610 × 610 × 241 mm concrete
slabs.

In 1972 Klotz[56] stated that extensive application of the Windsor
probe test system had been made in investigations of in-place compressive
strength of concrete and in determinations of concrete quality.  The
Windsor probe had been used to test reinforced concrete pipes, highway
bridge piers, abutments, pavements, and concrete damaged by fire.  In the
1970s, several U.S. federal agencies and state highway departments re-
ported investigations on the assessment of the Windsor probe for in-situ
testing of hardened concrete.[57]–[61]  In 1984 Swamy and Al-Hamed,[62] in
the U.K., published results of a study on the use of the Windsor probe
system to estimate the in-situ strength of both lightweight and normal
weight concretes.

Description of Test. The Windsor probe consists of a powder-
actuated gun or driver, hardened alloy-steel probes, loaded cartridges, a
depth gauge for measuring the penetration of probes, and other related
equipment.  The probes have a tip diameter of 6.3 mm, a length of 79.5 mm,
and a conical point.  Probes of 7.9 mm diameter are also available for the
testing of lightweight aggregate concrete.  The rear of the probe is threaded
and screws into a probe-driving head, which is 12.7 mm in diameter and fits
snugly into the bore of the driver.  The probe is driven into the concrete by
the firing of a precision powder charge.[8][19]  For testing of relatively low-
strength concrete, the power level can be reduced by pushing the driver
head further into the barrel.

*Cantor, T. R., Status Report on Windsor Probe Test System presented at Highway
Research Board Committee A2-03, Mechanical Properties of Concrete, 1970 Annual
Meeting, Washington, D.C.
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The method of testing is relatively simple and is given in ASTM C
803, Penetration Resistance of Hardened Concrete.

The manufacturer of the Windsor probe test system has published
tables relating exposed length of the probe with compressive strength of
concrete.  For each exposed length value, different values for compressive
strength are given, depending on the hardness of the aggregate as measured
by the Mohs’ scale of hardness.  The tables are based on empirical
relationships established in his laboratory; however, investigations carried
out by Gaynor,[49] Arni,[51] Malhotra,[53]–[55] and several others,[50][58][64]–

[66] indicate that the manufacturer’s tables do not always give satisfactory
results.  Sometimes they considerably overestimate the actual strength and
in other instances they underestimate the strength.  It is, therefore, impera-
tive for each user of the probe to correlate probe test results with the type
of concrete being used.  A practical procedure for developing such a
relationship is described elsewhere.[63]

The probe penetrations relate to some strength parameter of the
concrete below the surface which makes it possible to establish useful
empirical relationships between the depth of penetration and compressive
strength.

There appears to have been no systematic attempts to determine the
relative influences of these factors that could affect the probe penetration
tests results; however, it is generally agreed that the largest influence comes
from the coarse aggregate.  Apart from its hardness, the type and size of
coarse aggregate used have been reported to have a significant effect on
probe penetration.[51][62][65]  The considerable differences shown in data
tend to support the important influence of the aggregate type, however,
other parameters, such as mixture proportions, moisture content, curing
regime, and surface conditions, are likely to have affected these correla-
tions to some extent and could explain some of the observed differences.

Variability is reported in terms of standard deviations and coeffi-
cients of variation with values in the latter case being calculated from the
exposed length of the probe readings although more correctly they should
be based on the embedded lengths of the probe.  These data show that for
concrete with a maximum aggregate size of 19 mm a typical value for the
within-test coefficient of variation (based on depth of penetration) is about
5%.[67]

Probe Penetration Test vs. Core Testing.  The determination of the
strength of concrete in a structure may become necessary when standard
cylinder strength test results fail to comply with specified values or the quality
of the concrete is being questioned because of inadequate placing or curing
procedures.  It may also be required in the case of older structures where
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changes in the quality of the concrete must be investigated.  In these
instances the most direct and common method of determining the strength
of concrete is through drilled core testing; however, some nondestructive
techniques such as the probe penetration test have been gaining acceptance
as a means to estimate the in-situ strength of concrete.[60][68][69]

It has been claimed that the probe penetration test is superior to core
testing and should be considered as an alternative to the latter for estimating
the compressive strength of concrete.  It is true that the probe test can be
carried out in a matter of minutes, whereas cores, if from exposed areas and
if they have to be tested in accordance with ASTM C 42-87, must be soaked
for 40 hours,[70] also, the cores may have to be transported to a testing
laboratory, causing further delay in getting the results.

Advantages and Disadvantages of the Probe Penetration Test.  The
probe penetration test system is simple to operate, rugged, and needs little
maintenance except for occasional cleaning of the gun barrel.  The system
has a number of built-in safety features that prevent accidental discharge of
the probe from the gun, however, wearing of safety glasses is required.  In
the field, the probe penetration test offers the main advantages of speed and
simplicity, and that of requiring only one surface for the test.  Its correlation
with concrete strength is affected by a relatively small number of variables
which is an advantage over some other methods for in-situ strength testing;
however, the probe test has limitations which must be recognized.  These
include minimum size requirements for the concrete member to be
tested.  The minimum acceptable distance from a test location to any edges
of the concrete member or between two given test locations is of the order
of 150 to 200 mm, while the minimum thickness of the members is about
three times the expected depth of penetration.  Distance from reinforcement
can also have an effect on depth of probe penetration, especially when the
distance is less than about 100 mm; the importance of aggregate type and
aggregate content on the correlation is emphasized.[69]–[71]

3.3 Pin Penetration Test

In the late 1980s Nasser and Al-Manaseer[72][73] reported the devel-
opment of a simple pin penetration test for the determination of early-age
strength of concrete for removal of concrete form work.  Briefly, this
apparatus consists of a device which grips a pin having a length of 30.5 mm,
a diameter of 3.56 mm and a tip machined at an angle of 22.5 degrees.  The
pin is held within a shaft which is encased within the main body of the tester.
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The pin is driven into the concrete by a spring which is mechanically
compressed  when the device is prepared for a test.  The spring is reported
to have a stiffness of 49.7 N/mm and stores about 10.3 Joules of energy
when compressed.

When ready for testing, the apparatus is held against the surface of
concrete to be tested, and a triggering device is used to release the spring,
forcing the pin into the concrete.  Following this, the apparatus is removed,
and the small hole created in the concrete is cleared by means of an air
blower.  A depth gage is used to measure the penetration depth.[74]

4.0 PULLOUT TEST

A pullout test, by using a dynamometer and a reaction bearing ring,
measures the force required to pullout from concrete a specially shaped
insert whose enlarged end has been cast into the concrete.  Because of its
shape, the insert is pulled out with a cone of the concrete.  The concrete is
simultaneously in tension and in shear, the generating lines of the cone are
defined by the key dimensions of the insert and bearing ring (Fig. 1).  The
pullout force is then related to compressive strength by means of a
previously established relationship.

Figure 1.  Schematic cross section of pullout test.  (From ASTM Standard C 900.)
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The pullout techniques, though in use in the Union of Soviet Socialist
Republics[75] since 1935, are relatively new elsewhere.[79][81]  In 1944,
Tremper,[76] in the United States, reported results of laboratory studies
dealing with pullout tests covering strengths up to 35.2 MPa.  In 1968,
Tassios,[77] in Greece, reported the development of a nail pullout test.

In the 1970s Kierkegaard-Hansen,[78] in Denmark, and Richards,*  in
the U.S.A., have advocated the use of pullout tests on structural concrete
members.  A number of researchers including Malhotra,[79] Carino,[80] and
others,[81] have published data dealing with laboratory studies and field
testing.  A pullout system, known as LOK-Test, based on Kierkegaard-
Hansen’s work is now available commercially.

The main advantage of the pullout test is it provides a direct measure
of the in-situ strength of concrete.  The method is relatively simple and
testing can be done in the field in a matter of minutes.

A major disadvantage of the pullout test is that minor damage to the
concrete surface must be repaired; however, if a pullout force corresponding
to a given minimum strength is applied without failure, it may be assumed
that a minimum strength has been reached in the concrete and the pullout
insert need not be stressed to failure.  Another disadvantage is that the
standard pullout tests have to be planned in advance and, unlike other in-
situ tests, cannot be performed at random after the concrete has hardened.

In order to overcome the second disadvantage mentioned, new
techniques have been proposed.  These include the CAPO test and the
drilled-in pullout tests.[19]  In the CAPO test, a hole is drilled into concrete
and a special milling tool is used to undercut a 25 mm diameter slot at a
depth of 25 mm.  An expandable steel ring is placed into the hole and the
ring is expanded into the slot using a special device.  The entire assembly
used to expand the ring is then pulled out of the concrete using the LOK test
loading system; however, the test has found very limited acceptance
because of the high variability associated with the test data in the field
tests.[80]  Variability may be reduced assuring a flat surface beneath the
bearing ring.

The development of drilled-in pullout tests have been reported by the
Building Research Establishment (BRE), U.K.,[82] and by Mailhot, et al.[83]

In the BRE tests, an anchor bolt is placed in a hole drilled in hardened
concrete and a pullout force is applied to cause failure in concrete.  As with
the CAPO test, there is a high degree of variability in the test results.

*Richards Owen, “Pull-Out Strength of Concrete,” paper presented at the Research
Session, annual meeting American Concrete Institute, Dallas, Texas, 1972.
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Another pullout method studied by Mailhot, et al.,[83] involved epoxy
grouting a 16 mm long threaded rod to a depth of 38 mm in a 16 mm
diameter hole.  After the epoxy had cured, the rod was pulled out using a
tension jack reacting against a bearing ring.  Once again, the within-test
variability was reported to be high.

5.0 BREAK-OFF METHOD

In 1979 Johansen[84] reported the development of a method to
determine the in-situ strength of concrete.  The method known as break-off
has found some acceptance in the Scandinavian countries and has been
standardized by ASTM as C 1150.  Briefly, the test consists of breaking-off
an in-situ cylindrical concrete specimen at a failure plane parallel to the
finished surface of the concrete element.  The break-off stress at failure is
then related to the strength of concrete.

The principle of the break-off test is illustrated in Fig. 2.  A plastic
sleeve with an annular seating ring is inserted in fresh concrete to form a
cylindrical test specimen and a counter bore.  After the concrete has
hardened, the sleeve is removed and a special loading mechanism is placed
in the counter bore.  A hand operated pump is used to generate a force at the
uppermost section of the cylinder so as to break from the concrete mass.
The test result is reported as a break-off number, which is the maximum
pressure recorded by the gauge measuring the hydraulic pressure in the
loading mechanism.  In hardened concrete, in cases where the plastic sleeve
has not been installed, a concrete coring machine with a specially shaped
coring drill bit may be used to drill similarly shaped test specimens.

Carlsson, et al.,[85] Dahl-Jorgenson and Johansen,[86] and Naik,[87]

investigated the use of the break-off test, and have published correlations
between the break-off number and the compressive and flexural strength.
Earlier investigations performed at CANMET had indicated that the test
results obtained by this method had a high degree of variability, but
according to Naik,[87] and others, the changes in the design of the equipment
had overcome this problem.
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6.0 MATURITY METHOD

It is well known that the compressive strength of well-cured
concrete increases with time, however, the increase in strength is
governed by many factors other than curing time, the most important
being the concrete temperature and the availability of moisture.  The
combined effect of time and temperature has been studied by several
investigators since 1904, but no hypothesis was formulated in early
years.  Then, in the 1950s, the concept of maturity was advanced by
McIntosh,[88] Nurse,[89] Saul,[90] and others,[91]–[94] and strength-matu-
rity relationships were published.  Maturity was defined as the product
of time and temperature above a datum temperature of -10°C (14°F).

In 1956, Plowman[93] examined relationships between concrete
strength and maturity and attempted to establish a rational basis for the
datum temperature used for maturity to calculate the maturity index.  He
defined the datum temperature for maturity as the temperature at which the
strength gain of hardened concrete ceases.  From his investigations,
Plowman concluded that the datum temperature was -12.2°C (10°F).  These
earlier studies have been extensively reviewed by Malhotra.[94]

Figure 2.  A schematic of the break-off method.  (From ASTM C 1150.)
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Maturity Functions.  Maturity functions are mathematical expres-
sions to convert the temperature history of concrete to an index indicative
of its strength development.

The Nurse-Saul maturity function is as follows:

Eq. (4) ( )∑ ∆tT - T = M(t) oa

where: M(t) = the temperature-time factor at age, t, degree-
days or degree-hours

∆t = a time interval, days or hours

Ta = average concrete temperature during time
interval, ∆t, °C

To = datum temperature, °C.

It has been shown that the Nurse-Saul function does not accurately
represent time-temperature effects because it is based on the assumption
that the rate of strength development is a linear function of temperature.

In order to overcome some of the limitations of the Nurse-Saul
maturity function, the maturity function proposed by Freiesleben Hansen
and Pederson[95] can be used to compute equivalent-age at a specified
temperature as follows:

Eq. (5) ( ) ( )[ ]{ }∑ ∆te =t T1/ - T1/Q-
e

sa

where: t = equivalent age at a specified temperature, Ts ,
days or hours

Q = activation energy divided by the gas constant, °K

Ta = average temperature of concrete during time
interval ∆t, °K

Ts = specified temperature, °K

∆t = time interval, days or hours

This equation[7] is based on the Arrhenius equation which describes
the influence of temperature on the rate of chemical reaction.

Byfors,[96] Naik,[97] and Carino,[98] have shown that the equivalent
age maturity function based on the Arrhenius equation accounts better for
the effects of temperature on strength gain and is applicable over a wider
temperature range than the Nurse-Saul maturity function.
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One of the first engineering applications of the maturity method was
by Swenson[99] in Canada who used it in forensic investigations to estimate
the strength gain of concrete in structures.

The maturity method has been used to estimate the in-situ strength of
concrete during construction.  In the U.S.A. Hudson and Steele[100] used the
maturity approach to predict potential strength of concrete based upon
early-age tests.  Their results have been incorporated into an ASTM
Standard C 918, “Standard Test Method for Developing Early-Age Com-
pression Test Values and Projecting Later-age Strengths.”  Malhotra[101]

attempted to relate compressive strengths using accelerated-strength tests
with the maturities for these tests.

The maturity of in-situ concrete can be monitored by thermocouples
or by instruments called maturity meters.  Basically, these maturity meters
monitor and record the concrete temperature as a function of time using
thermocouples or thermistors embedded in the fresh concrete and con-
nected to strip-chart recorders or digital data recorders.  The temperature-
time factor or equivalent age is automatically computed and displayed.
Also, disposable mini-maturity meters based on the Arrhenius equation
have also become available.[98]  These primarily consist of a glass tube
containing a liquid which has an activation energy for evaporation that is
similar to the activation energy for strength gain in concrete; the amount of
evaporation from the capillary tube at a given time is indicative of strength
development in the concrete.

7.0 PULL-OFF TESTS

In the mid 1970s, researchers in the U.K. developed a surface pull-
off test to estimate the in-situ strength of concrete.[102]  Although some test
data have been published the test has found little acceptance outside the
U.K.

Briefly, the pull-off test involves bonding a circular steel disc to the
surface of the concrete under test by means of any epoxy resin.  Prior to this
bonding, sandpaper is used to abrade the surface of the concrete to remove
laitance, followed by degreasing the surface using a suitable solvent.  After
the epoxy has cured, a tensile force is then applied to the steel disc.  Because
the tensile strength of the bond is greater than that of concrete, the latter fails
in tension.  From the area of the disc and the force applied at failure it is
possible to obtain a measure of the tensile strength of concrete.  The pull-
off test is still in its infancy compared with other in-situ tests and as of 1992
has been standardized only in the U.K.
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8.0  COMBINED METHODS

In Europe, in general, and in Romania, in particular, the use of more
than one in-situ/nondestructive testing technique to improve the accuracy
of prediction of strength parameters of concrete has gained some credibil-
ity.[103][104]  Some researchers have suggested the use of rebound hammer
and pulse velocity techniques, while others have suggested the use of other
combined methods.  The proponents of this approach claim that the use of
two methods, each measuring a different property, can overcome the
limitation associated with the use of one method.  Some case histories have
been published supporting this claim; data disputing this claim are avail-
able also.

9.0 CONCLUDING REMARKS

Considerable progress has been made over the past two decades in the
development and use of nondestructive methods for estimating strength of
concrete.  A number of these methods have been standardized by the
ASTM, ISO, and other organizations, and several new methods are in the
process of being standardized; however, research is needed to standardize
those tests which determine properties other than strength.  Radar scanning
and impact/pulse echo techniques appear to be the most promising of these
type of tests.

Unless comprehensive correlations have been established between
the strength parameters to be predicted and the results of in-situ/nonde-
structive tests, the use of the latter to predict strength properties of concrete
is not recommended.
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Applications of Computers and
Information Technology

James R. Clifton* and Geoffrey Frohnsdorff

1.0  INTRODUCTION

The science and technology of concrete are undergoing revolution-
ary change due to developments in computer and information technologies
that are enabling concrete researchers, engineers, and practitioners to
develop, store and retrieve, integrate, and disseminate knowledge on all
aspects of concrete including formulation, processing, testing, and inspec-
tion, prediction of performance, repair, and recycling.  The rapid growth of
computer-based systems such as simulation models, databases, and
artificial intelligence decision-support systems, is evidence of the impact
of computer and information technologies on concrete science and technol-
ogy.  The purpose of this chapter is to draw attention to recent developments
in computers and information technology that are having enormous influ-
ences on the direction of the material science and technology of concrete.
Development in the material science of concrete in conjunction with
computer and information technology will undoubtedly contribute to great
improvements in the performance of concrete in the 21st century.  A major
advance in concrete science and technology has already resulted from the
development, application, and integration of computer-based simulation
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models, databases, and artificial intelligence decision-support systems.
In reviewing the application of computers and information technologies to
the material science of concrete a brief review of  their general application
to material science and engineering is presented first.  Then, developments
in computerized knowledge bases for concrete are reviewed and their
integration to form computer-integrated knowledge systems discussed.

1.1 Computer Applications in Material Science and Engineering

Since the development of the ENIAC (Electronic Numerical Integra-
tor and Computer), the first fully electronic computer, in 1946,[1] computers
have become ubiquitous in the scientific and engineering fields.  At first
they were primarily used for rapid, but straightforward, numerical calcula-
tions with early applications being in the design of atomic weapons at Los
Alamos and improving methods of cryptography during World War II.
Then, in the 1950s, their applications were extended to data storage and
retrieval beginning with the design of the EDVAC (Electronic Discrete
Variable Automatic Computer) built at the University of Pennsylvania for
the U.S. Army Ballistic Research Laboratory.[1]  Early, and still important,
applications to engineering were in “number crunching” including struc-
tural analysis using finite element modeling, computer-aided design (CAD),
and relational modeling involving the fitting of data.  In the early 1970s,
pioneering work by Feigenbaum[2] in the development of the chemical
identification expert system, Dendral, was an early introduction to the
concept of AI (Artificial Intelligence) and was instrumental in demonstrat-
ing the use of computerized scientific and engineering knowledge in the
solving of complex problems.  A further revolution is now taking place in
the computerized dissemination of data, information, and knowledge, by
the development of the Internet, fostered in the U.S. Congress by the High
Performance Computing Act of 1991[3] which was soon extended to define
the National Information Infrastructure.  Innovations in computer and
communication technologies coupled with this legislative initiative have
stimulated the worldwide explosive growth of the Internet.

These advances in computers and communications have enormous
implications in concrete science and technology in such areas as (i)
prediction of concrete performance through fundamental computational
models resulting in more reliable service life designs of concrete; (ii)
collaboration in research and in problem-solving efforts in the concrete
field, through sharing of data, information, and knowledge among geo-
graphically-dispersed colleagues, research organizations, manufacturing
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companies, and contractors; (iii) development of computer-integrated
knowledge systems which have the potential for representing virtually all
scientific and engineering knowledge of concrete and making the knowl-
edge readily available to those needing it.  Although, at present, most
knowledge of concrete is still stored in printed form and in the brains of
concrete technologists, its electronic representation is growing rapidly,
e.g., the ACI Manual of Concrete Practice[4] is available on CD-ROM disks
and simulation models of the microstructure of cements and the transport
properties of concrete can now be downloaded from the Internet.[5]  Civil
engineering World Wide Web sites dealing with concrete are also located
on the Internet.[6]

One of the most exciting recent developments in the application of
computers to the design of materials is the simulation modeling which is
being extensively used by chemists in the development of new complex
molecules for medical purposes.[7]  In the future, we anticipate that
significant advances in knowledge of concrete and other cement-based
materials will result from simulation modeling.

2.0 COMPUTER MODELS

Material science involves the development and application of knowl-
edge concerning relationships among microstructure, processing, and
properties of materials.  Modeling has become an integral component of
material science and now drives many advances in the fundamental
knowledge of materials, including cement-based materials.  A model of a
material can be defined as “a theoretical construct, which is made using
valid scientific principles expressed in mathematical language, that can be
used to make quantitative predictions about a material’s structure or proper-
ties.”[8]  In another definition, models are considered to be theoretical and
mathematical representations that predict experimental observations.[9]

2.1 Types of Models

Several types of models can be identified, including physical, con-
ceptual, logical, statistical, constitutive, and simulation models.[10]  A
miniature version of a concrete dam or building can be labeled as a physical
model.  It constitutes a material representation of an object with real-world
features.  Logical models deal with axioms and rules of deductive inference that
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permit the creation of logically-correct statements by applying the rules of
formal logic.  Regarding applications of computers to concrete, we are
interested in statistical, constitutive, and simulation models.  Statistical
models are often derived by data fitting using regression relations; how-
ever, some models, such as those developed by Parrot[12] and Powers,[11]

while involving data fitting, also incorporate knowledge of physical reality.
Constitutive models deal with observed patterns in properties[9] with
mathematical relations being derived to represent the observed patterns;
however, the basis for the model cannot be determined directly and cause
and effect are linked by assumed mechanisms.  A simulation model
includes some sort of stored or analytical representation of a system, which
is operated by prescribed algorithms that give numerical information on
desired physical or other properties.[8]  In the case of cement-based
materials, simulation models deal directly with microstructure at the level
of individual cement particles and their hydration products and the result-
ing microstructure.  They may also cover a wide range of scales, from
nanometers to meters.  Such multi-scale models may be used to simulate the
microstructure development in a hydrating cement paste or to predict
properties of concrete in a structure.  An example is a model for predicting
chloride ion diffusivity of portland cement concrete.[13][14]  In the future, the
authors believe that simulation modeling will be an essential tool in all
branches of science and engineering and it will make practical the material
design of concretes optimized for their applications.

2.2 Mathematical Language of Models

The mathematical language of a model may take several forms, such
as a set of deterministic empirical equations that have been fitted to
experimental data, or a set of physically-appropriate differential equations
whose coefficients have been determined from experimental data, or a set
of differential equations or computer algorithms that do not depend on any
special experimental input, only a comprehensive knowledge of physics
and chemistry.  Examples of models based on different mathematical
languages are described by Garboczi and Bentz,[8] and Jennings, et al.[9]

2.3 Material Science Models of Cement-Based Materials

During the past three decades many computational models based on
material science have been developed for cement-based materials.  Prior to
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the advent of computer simulation most models of cement-based materials
were of the constitutive type.  In the future, simulation modeling will likely
predominate.  Too many models have been developed to give more than a
brief review which is the intent of this section.  The models are somewhat
arbitrarily grouped into cement hydration models, microstructure models,
and simulation models.

Cement Hydration Models.  An early review of mathematical
models of cement hydration was prepared by Pommersheim and Clifton.[15]

They found, at the time of their review in 1979, that most models of cement
systems addressed one or the other of tricalcium silicate and dicalcium
silicate.  The models were composed of rate equations, constitutive rela-
tions, and conservation equations.  Probably the first comprehensive model
for the hydration of tricalcium silicate was developed by Kondo and Ueda
in the 1960s.[16]  Frohnsdorff, et al.,[17] also developed an early (1968)
general mathematical model which was applied to the hydration of tricalcium
silicate (C3S).  The kinetics of tricalcium silicate hydration was modelled
by Pommersheim and Clifton.[18][19]  In their model, a hydrating C3S
particle had three product layers: inner, middle, and outer (Fig. 1), with the
middle layer (or barrier layer) forming almost instantaneously and then
gradually disappearing.  The rate of hydration was controlled by diffusion
through these product layers.  This approach was further advanced by van
Breugel in the HYMOSTRUC model, which incorporated particle size
distribution, concentration gradients, heats of hydration, rates of diffusion,
temperature, and relative humidity.[20]  While not a model, the research by
Nonat[21] on factors affecting the hydration of C3S, is mentioned as it
provides data needed for model development.  Data was presented on
kinetics of hydration of tricalcium silicate, the thermodynamics, morpho-
logical and structural characteristics of calcium silicate hydrate (C-S-H),
and particle interactions during setting.  It was found that the concentration
of lime in the pore solution was the most important parameter affecting
the hydration kinetics and the morphological and structural features of the
C-S-H formed.

A major effort aimed at developing a conceptual basis for the
mathematical modeling of the hydration of portland cement was performed
by RILEM Technical Committee 68-MMH on Mathematical Modeling of
Cement Hydration, resulting in several reports in the 1980s.  A task group
chaired by Taylor[22] summarized conceptual models for the hydration of
tricalcium silicate (at room temperature and a water/cement ratio of 0.5 by
mass), with the objective of providing an introduction to the more difficult
problem of developing scientifically sound mathematical models for
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portland cement hydration.  Their conceptual model considered phase
equilibria, morphology and nature of the reaction products, and pore solution
composition.  Also, they discussed the mechanisms thought to control
hydration during the three major phases of C3S hydration:  the induction,
acceleratory, and deceleratory periods.  In a companion study, a task group
chaired by Young[23] examined the conceptual basis for the hydration of
dicalcium silicate (C2S).  They concluded that C2S hydrates slower than
C3S because, unlike C3S, the anhydrous silicate lattice in C2S contains no
oxide ions.  As part of the same general study, a task group chaired by
Brown[24] examined the hydration of tricalcium aluminate (C3A) and
tetracalcium aluminoferrite.  They reported that the reactions of C3A with
water and calcium sulfate produced ettringite and monosulfate, depending
on the relative proportions of the reactants, and metastable calcium alumi-
nate hydrates which converted into the cubic hydrate, C3AH6.

Figure 1.  Schematic of hydrating C3S grain.[18]

Few models of the hydration of typical portland cements have been
reported.  One of the most significant early studies was that by Brunauer,
et al.,[25] who investigated the hydration of portland cement pastes at low
porosities (w/c ratios of 0.2 and 0.3, by mass) and mathematically analyzed
the data.  In developing their model, they assumed that the hydration rate
was directly proportional to the product of the rate constant, a function
depending on the w/c ratio and the amount of unhydrated cement, and
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inversely proportional to the mass of hydration products raised to a positive
power.  Model constants were obtained using a differential method of data
analysis.  The model predicted that the hydration rate decreased as the
hydration product volume increased and as the w/c ratio decreased.
Probably the most advanced model of the hydration of a portland cement
yet developed is that by Bentz.[26]  It is a three-dimensional computer
model for the simulation of portland cement hydration and microstruc-
ture development.  This model will be further described in the section on
simulation modeling.

Microstructural Models.  The microstructure of cement-based ma-
terials is controlled by their constituents, the mixture proportions, process-
ing (e.g., mixing, consolidation, and curing), and degree of hydration.  The
properties of the hardened cement-based materials are dependent on their
microstructure; the capillary pore structure, which includes the transition
zone between the cement paste and aggregates, usually governs the trans-
port properties of concrete, while larger voids reduce the strength of
concrete.  Therefore, microstructure characterization and modeling have
come to make a major contribution to understanding the performance of
cement-based materials.  The progress of microstructure modeling has
been comprehensively reviewed in two parts by Jennings, et al.[9][27]  Part
1 deals with historical developments and provides a general overview,
while Part 2 addresses recent developments.  In Part 1, models of the
microstructure of cement-based materials and of shrinkage and creep are
described, while Part 2 describes models linking microstructure with flow
properties, moisture capacity, and shrinkage and creep.  Garboczi and
Bentz reported on the state-of-the-art of fundamental computer simulation
models for cement-based materials[8] and with Martys, reviewed[28] rela-
tionships between transport properties and the microstructure of cement-
based materials.  Van Breugel[29] used simulation models to link micro-
structural development with hydration kinetics of cement-based materials.

The reviews by Jennings, et al., were contributions to the proceedings
of a NATO Advanced Research Workshop on the Modeling of Microstruc-
ture and Its Potential for Studying Transport Properties and Durability, held
in 1994.[30]  The contents of the proceedings are:

Part I:  Modeling Pore Structure

· Scale and resolution of models

· Spatial distributions

· Data bases and expert systems
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Part II:  Transport Mechanisms and Durability

· Transport mechanisms

· Major parameters affecting transport properties

· Corrosion mechanisms and parameters

Simulation Models.  The first application of simulation modeling to
cement-based materials appears to be that described in 1985 by Roelfstra,
Sadouki, and Wittman.[31][32]  They used a two-dimensional (2-D) finite
element modeling approach to simulate the elastic properties of concrete.
The cement paste microstructure was treated as a continuum, but they used
simulation techniques to generate realistic 2-D shapes of certain classes of
aggregates.  Random elastic moduli information was stored in finite
elements from which they were able to make 2-D computations of elastic
moduli, diffusion coefficients, and thermal expansion coefficients of the
concrete.  The next major development was the computer simulation model
of Jennings and Johnson in 1986[33] which was later revised and improved
by Struble, et al.[34]  This model simulated the development of the micro-
structure in 3-D of a tricalcium silicate paste, starting with a numerical
representation of the initial cement particle/water mixture and then, in
successive iterations, operating on this stored information and calculating
the progress of the changes in small increments using an algorithm for
consuming the tricalcium silicate and generating hydration products.  The
tricalcium silicate particles were modeled as spheres with a size distribu-
tion typical of portland cement.

A continuum model developed to produce computer representations
of cement microstructures is based on the mosaic method.[35]  In this
approach, a 2-D space is divided by a set of intersecting lines and the
resulting polygonal shapes taken to represent unhydrated and hydrated
cement particles and hydration products (an analogous approach was used
in 3-D).  Although multiple discrete phases can be modeled using this
method, simultaneously modeling multiple continuous or percolated phases,
such as C-S-H gel, capillary porosity, and calcium hydroxide (CH),
presents a computational challenge.

An alternative approach to continuum-based models has been the
development of “digital-image-based models.”[28]  In these models, each
particle of cement or hydration product is represented as a collection of
elements (pixels).  Hydration can then be simulated by operating on the
entire collection of pixels using a set of cellular-automaton-like rules.  This
allows for the direct representation of multi-size, multi-phase, non-spheri-
cal, cement particles.  The model has evolved from one based simply on the
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hydration of C3S to one that considers all of the major phases present in
portland cement.[26]  In addition, due to the underlying pixel representation
of the microstructure, mapping the microstructure onto a finite difference
or finite element grid becomes trivial.  Thus, properties such as percolation,
diffusivity, complex impedance, and setting behavior, are easily computed.
To adequately model the hydration behavior of a cement by this approach,
it is necessary to accurately characterize the starting material, the cement
powder.  Using a combination of scanning electron microscopy (SEM) and
x-ray powder diffraction, along with imaging processing techniques, Bentz
and Stutzman[36] have developed a method for obtaining 2-D images of
unhydrated cements, which are converted into realistic 3-D representations
for use in simulations of cement hydration.

The processes involved in the simulation model of cement hydration
and the application of the model in predicting the properties of the hydrated
cement paste were described by Bentz.[26]  The reactions given in Fig. 2 are
implemented as a series of cellular automaton-like rules which operate on
the original 3-D representation of cement particles in water.  Simple rules
are provided for the dissolution of solid material, the diffusion of the
generated diffusing species, and the reactions of diffusing species with each
other and with solid phases.  These rules are summarized in the state
transition diagram in Fig. 3.  The simulated microstructure is scanned, the
rules applied to pixels exposed on the particles surfaces and, when all the
possible events have occurred for these pixels, defined as one cycle (or
scan), another cycle is implemented.  The cycles are repeated until the
reactions are complete or the desired degree of hydration has been achieved.
Then, the properties of the “virtual” cement may be calculated and com-
pared to experimental data.  An example of the level of agreement between
a measured cement property and the results from the model is given in Fig.
4 for chemical shrinkage.  Similarly, good agreements have been obtained
for degree of hydration and heat of hydration.  By incorporating a maturity
relationship, the model gave reasonable predictions of the compressive
strengths of mortar specimens.

By a multi-scale approach, many of the material properties of
concrete can be predicted starting with the hydration of C3S to form
C-S-H gel and CH at the nanometer level.  Then, using the nanometer-
scale model to form a continuum structure, the cement paste structure
is modeled on the micrometer scale.  The microstructure of the cement
paste is then used to calculate appropriate properties of a continuum in
which the aggregates are embedded to form a mortar/concrete model on
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the meter scale.  This approach has been demonstrated for predicting the
chloride ion diffusivity of portland cement mortar and concrete.[13][14]

On the nanometer scale, the connectivity of the gel pores is consid-
ered to control diffusivity, while the percolation of capillary pores is treated
at the micrometer scale.  Then the contributions of gel pores and capillary
pores, including those from the transition zone between the cement paste
and aggregates, are combined in calculating the diffusivity of mortars
and concretes.

The above simulation modeling of cement-based materials is in-
cluded in a 1200 page “electronic monograph” prepared by Garboczi,
Bentz, and Snyder based on the simulation modeling of cement-based
materials carried out at NIST (available on the Internet at http://
ciks.cbt.nist.gov/garboczi). This monograph provides comprehensive in-
sights into many aspects of the computational material science of concrete.

Figure 2.  Cement model reactions (numbers below reactions indicate volume
stoichiometry).[26]
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Figure 3.  State transition diagram for three-dimensional cement hydration model.[26]  Arrows denote reaction to form
hydration product; F[X] denotes that nucleation or dissolution probability is a function of the concentration of X.
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3.0 DATABASE SYSTEMS

A database system is defined by Date[37] as a computerized record-
keeping system, while a database is a collection of computerized data files
with persistent data.  A database system contains a description of its
structure in the form of a data dictionary and data schema, where the data
dictionary[38][39] is a guide to the information in a database and the database
schema provides a perspective—a way of seeing—the information in the
database.  In other words, a database system is a self-describing collection
of files containing within itself a description of its structure.

3.1 Applications of Databases in Concrete Technology

The process of developing scientific and engineering databases in
science and engineering and their application has been described by
Rumble and Smith.[38]  Some examples of data to be represented in concrete
databases are:

· Composition and physical properties of concrete-mak-
ing materials

Figure 4.  Measured and model chemical shrinkage vs. time for CCRL Portland cement 115
with w/c of 0.40.[26]
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· Properties of concrete such as transport properties,
mechanical properties, fire performance, and durabil-
ity vs. mixture design

· Rheological properties and consolidation characteris-
tics of concrete mixtures

· Performance data from research, laboratory and field
studies

· Pictures of distresses in concrete materials and struc-
tures

· Representational images such as graphs of relation-
ships and the results of models

· Standards and guidelines

· Bibliographic information

Design and development of databases which are intended to be of
lasting value can require considerable effort, be expensive, and require
specialized skills.[40]  Nevertheless, database development should be an
inherent part of any significant project related to research, design, performance
testing and prediction, and evaluation of the field performance of concrete.
The justification for investing in creating databases for scientific and
engineering data necessitates comment.  From a business standpoint,
several benefits are apparent[37] which are also applicable to scientific and
engineering databases; they include reduction of voluminous paper files,
persistence and rapid retrieval of data, organization of data to facilitate
analysis, and availability of up-to-date data.  From a societal point-of-view,
scientific and engineering databases can prevent “reinventing the wheel”
research and also, by data-sharing, provide data to other researchers for
input to models and for model validation.  The integration of large amounts
of data in a single database, known as “data banking,”[37] makes it practical
to gain more knowledge from the processing of the data (data mining).[41]

Frohnsdorff[42] has suggested that the development and maintenance of
national databases for concrete and concrete materials should be supported
by both the private sector and the government.

3.2 Existing Databases for Concrete and Concrete Materials

The number of numeric databases for concrete and concrete materi-
als is far fewer than those for other materials, such as metals and plastics.
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Westbrook, Kaufman, and Cverna, recently reviewed[43] the state-of-the-
art of electronic access to numeric scientific and engineering databases—
of some 100 available, none of them addressed concrete.  Restricting
coverage to electronically-distributed (e.g., by computer disk, CD-ROM,
or over the Internet) and nonproprietary databases, our search disclosed
only a few dealing with concrete and concrete materials.  While there must
be an enormous number of printed records of data on the properties and
performance of concrete, e.g., in handbooks and in the records of organi-
zations such as Federal and State construction agencies, cement and
concrete trade associations and their members, and large construction
companies, few appear to be in computerized form.  Examples of three
numeric databases available on computer discs are (i) a database developed
at the Oak Ridge National Laboratory for the Nuclear Regulatory Commis-
sion containing age-related material data for concrete and concrete-related
materials used to construct nuclear power plants;[44] (ii) a database devel-
oped by North Carolina State University under the Strategic Highway
Research Program[45] on the properties of high-performance concrete; and
(iii) a research-oriented database on creep and shrinkage of concrete
prepared under the auspices of a RILEM technical committee.[46]  An
example of a bibliographical database for technical literature is ICONDA
(CIB’s International CONstruction DAtabase),[46][47] which covers inter-
national literature on construction technology including concrete.  It has
over 25,000 citations and this listing is rapidly increasing.

An important activity pursued by both the government and private
sectors has been aimed at making databases accessible through the Internet.[5]

Recently, two databases for concrete have become accessible over the
Internet.  A database on the properties of concrete aggregates developed by
the Bureau of Reclamation,[48] which can be downloaded from the Internet
using FTP (File Transfer Protocol), and transferred to Microsoft Access for
searching.  A database based on virtually all—more than 300—portland
cements manufactured in North America in 1995, prepared by Gebhardt for
ASTM Committee C-1 on Cement,[49] is also accessible through the
Internet.[5]  In this case, the database can be searched on-line, and the search
is platform-and software-independent, i.e., it is an open system.  This is
possible through the use of the Remote Data Access [RDA] standard, which
is a standard for accessing data from distributed SQL-compliant relational
databases.[50]  The RDA standard provides protocols for establishing remote
connections between a database client and a database server.  In addition to
making the concept of open, distributed databases a reality, RDA will
facilitate electronic commerce in which distributed database developers
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can be compensated.  The attributes of distributed databases are discussed
in detail by Burleson[51] and Date.[37]  We predict that by the Year 2000,
distributed databases on concrete and concrete materials properties will be
commonplace.  By 1998, the data sets on compositions and ASTM test data
of portland cements in the proficiency sample program of the ASTM
Cement and Concrete Reference Laboratory[52] will be accessible from the
Internet through RDA.

3.3 Standards for Databases, Database Formats, Quality of Data

An important consideration in developing databases for concrete is
the standardization of formats and the quality and reliability of the data.
ASTM Committee E49 on Material and Chemical Property Data pioneered
the development of material database formats and guidelines for mate-
rials.[5]  The committee’s goal is “to promote and develop standard
classifications, guides, practices, and terminology, for building, pro-
cessing, and exchanging information among computerized material and
chemical property databases.”  Because knowledge of the quality of data
values will often be critical to the use of a database, databases should
incorporate quality indicators such as those prepared by ASTM E 1484[53]

and given in Table 1.  Building on the work of ASTM E49, ACI Committee
126, Database Formats for Concrete Materials Property Data, has devel-
oped formats to be used in reporting and storing data on the composition and
properties of cements, aggregates, chemical admixtures, mineral admix-
tures; on the processing of concrete; and on the properties and performance
of concrete.  Recommended database formats for chemical admixtures
have the following four data segments for recording the identity of a
chemical admixture and its properties and performance in concrete.[39]

· Constituent identification

· Chemical and physical characteristics

· Manufacturer’s recommendations

· Performance in concrete

The recommended data elements for identification of a chemical
admixture are presented in Table 2; they are typical of those for the other
data segments as well as those for other concrete materials property data
sets.  Chemical and physical data segments for chemical admixtures are
presented in Table 3, which shows the hierarchical format of the database.
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Table 1. Data Quality Standards1

Limited Use Data

· Data are traceable to an individual, organization, or reference

· After an independent review, an identifiable authority ap-
proved the digitized version for inclusion in the database

· Basis of data is identified

a. Experimental measurements

b. Derived Data

c. Estimated Data

· Type of data is indicated

a. Original point values

b. Analyzed data

1. Standard fit - specify fit and data

2. Fit unknown

Qualified Data

· Number of measurements and data sets stated

· Nominal confidence limited estimated

· Traceable materials specification assures reproducibility

· Testing methods are specified and conform to a standard

· Data are traceable to a testing data—generating organiza-
tion or individual

Highly Qualified Data

· High confidence limits determined (i.e., 0.99, 0.95, n)

· Perform minimum number of individual measurements

a. From minimum number of sample lots

b. From multiple suppliers (if appropriate)

· Data determined for each variable that significantly affects
property

· Independent testing performed (other than from the pro-
ducer and preferably by several leading laboratories)

· A second, independent evaluation (evaluator identified)

· Producer(s) identified

1From Reference 53
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Table 3. Chemical and Physical Data Elements forAdmixtures for Concrete1

Number Name Type Format

3011.xx Chemical Name Essential Alphanumeric String

3012.xx Percent by Mass Essential Floating Point

3013 Total Solid Essential Floating Point

3014 Total Solid Units (customary units) Desirable Alphanumeric String

3015 Total Solid Units (SI units) Essential Alphanumeric String

3016 Customary to SI Conversion Factor Desirable Floating Point

3017 pH Desirable Floating Point

3018 Density Desirable Floating Point

3019 Density (customary units) Desirable Alphanumeric String

3020 Density (SI units) Essential Alphanumeric String

3021 Customary to SI Units Conversion Factor Desirable Floating Point

3022 Comments Desirable Alphanumeric String

1From Reference 39

Table 2. Data Elements for the Identification of Chemical Admixtures for
Concrete1

Constituent Designation Data Segment
Number Name Type Format
3001.xx Constituent Class Essential Alphanumeric String

3002.xx Constituent Common Name Essential Alphanumeric String

3003.xx Constituent Producer Name Essential Alphanumeric String

3004.xx Constituent Producer  Plant Location Essential Alphanumeric String

3005.xx Constituent Producer’s Essential Alphanumeric String
Identification Number

3006.xx Constituent Standards Organization Desirable Alphanumeric String

3007.xx Constituent Specification Number Desirable Alphanumeric String

3008.xx Constituent Specification Version Desirable Alphanumeric String

3009.xx Constituent Specification Designation Desirable Alphanumeric String

3010.xx Constituent Notes Desirable Alphanumeric String

1From Reference 39.
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3.4 Future Advances in Databases

Advances continue to be made in database technology in such areas
as improved database languages, management systems with more efficient
search capabilities, and overall ease of database development.  It is to be
expected that the advances will benefit concrete technology.

In the near future, the most important advances in database technol-
ogy are likely to be in distributed open systems.  Looking further ahead,
Brodie[54] predicted that information systems of the future will go beyond
distributed database technology to provide intelligent interoperability
incorporating artificial intelligence and natural language processing.  Ways
in which artificial intelligence and databases can be integrated and how
distributed artificial intelligence can be realized have been further dis-
cussed by Bell and Grimson.[55]  They propose that the integration can be
achieved in three ways:

1. Enhanced expert systems

2. Intelligent databases

3. Intersystem communications

In an enhanced expert system approach, the expert system (expert
systems are defined in the following chapter) would be augmented with
data management functions or interfaced to a dedicated general-purpose
database management system; an intelligent database would have a deduc-
tive database management system embedded in it and in intersystem
communication, both an expert system and a database would coexist and
communicate with each other.  In this case control might reside with either
system or in an independent system.  If the control resided with the expert
system, it would have the capability of selecting databases germane to a
specific problem from a matrix of distributed databases.  In addition, it
would control the retrieval, flow, and interpretation of data and knowledge,
and transform them into conclusions and recommendations for presenta-
tion to the user.  The importance to concrete technology is that the problem-
solving ability of an integrated system controlled by an expert system
would be limited only by the limits of our level of fundamental knowledge
of concrete and our ability to represent that knowledge in an appropriate
form; thus, it would have virtually unlimited potential for growth.
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4.0 ARTIFICIAL INTELLIGENCE AND KNOWLEDGE-
BASED SYSTEMS

A recognized success of the artificial intelligence (AI) field has been
the development of intelligent knowledge-based systems.[56]  Three types,
each of which can be used to solve problems in the concrete domain are
expert systems, neural networks, and case-based reasoning systems.  Ex-
pert systems and neural networks are well-established problem solvers
while case-based reasoning is likely to become a competing technology.

4.1 Expert Systems

Expert systems are regarded as the first success of artificial intelli-
gence (AI) technology.  Their function is to capture the knowledge and
heuristic reasoning of human experts and apply it to the solution of
problems which are sufficiently difficult to normally require the service of
domain experts.[56]  Early expert systems were authentic expert systems in
that they captured the knowledge, largely in the form of heuristics, of a
single domain expert, e.g., an expert in a specific domain such as causes of
human illness.  Today’s expert systems often include heuristic and factual
knowledge from several experts and from other sources such as models,
guides, and standards; for this reason they are sometimes termed knowl-
edge-based systems.  Expert systems consist of two essential elements—
knowledge bases and inference (logic) systems (Fig. 5).

Figure 5.  Architecture of an expert system.[58]
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The knowledge base contains concepts and knowledge the system
needs about relationships among the concepts. The inference system, often
in the form of rules, simulates the way an expert makes inferences about the
subject. In their simplest and most-often-used form, expert systems are
analogs of expert opinion and are often termed “shallow systems.” When
combined with databases or mathematical models to support expert opinion
they may be termed “deep systems.” In general, expert systems are most
effective in limited domains in which well-defined solutions exist. Also, they
are best developed for domains in which the knowledge base is relatively
stable, otherwise they may be obsolete before being completed. The
development, principles, and applications of expert systems to concrete
have been discussed by Clifton and Oltikar,[57] and Clifton and Kaetzel.[58]

4.2 Application Domains

The value of expert systems as aids to decision making has been
demonstrated in a range of technical fields.  Well-known examples are in
medical diagnosis,[58] identification of chemical compounds,[2] and guid-
ing the overhaul of diesel engines.[60]  Expert systems are also applicable
to many types of problems which occur in concrete technology, including
the following categories:[5]

1. Diagnosis—Diagnostic systems were among the first
expert systems developed.  An example from the con-
crete field is HWYCON[61] which was developed to
assist highway inspectors in identifying the causes of
distress in concrete highway pavements and bridges and
recommending remedial action; it has also found use in
graduate courses in engineering materials.

2. Selection—Selection systems can form a basis for se-
lecting the most cost-effective durable concrete for
specific applications.  A prototype expert system,
DURCON (from DURable CONcrete)[57] was devel-
oped in the 1980s to represent the knowledge contained
in the American Concrete Institute’s “Guide to Durable
Concrete.”

3. Scheduling/processing planning—Scheduling systems
may have application in strategic planning or simulation
in construction.  In this case, the expert system is likely
to contain a model of the construction process.
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4. Monitoring/control system—Expert systems that con-
tinuously monitor and in some cases control complex
processes, can handle large amounts of input data and
respond to routine situations.  For example, an expert
system could be used to monitor the structural condition
of concrete structures.

5. Computer-aided design—Computer-aided design (CAD)
systems based on expert system technology have en-
abled engineers and architects to develop customized
models of plants, factories, and concrete structures.

The state-of-the-art of expert systems for construction materials,
with the emphasis on concrete, was recently reviewed by Kaetzel and
Clifton.[62]  They found that the most successful applications of expert
systems have been in the design of structures and structural components,
distress identification and failure diagnostics, repair and rehabilitation, and
project planning.  In the area of concrete, fifteen expert systems were
identified of which seven were operational.

In a recent workshop on standards for cement and concrete[63] it was
recommended that standard practices and other standard documents should
be expressed in the form of expert systems; one of the benefits would be that
key provisions could be retrieved much more quickly than by reference to
text and the interpretation of standards in an expert format would be more
straightforward.

Future Trends in Expert Systems.  In the 1970s and early 80s, expert
systems were promoted as the solution to many of mankind’s problems;
eventually, the excessive optimism dissipated and many expert system
development efforts were terminated.  The major problem was that expec-
tations were not being met rapidly enough.  Conclusions from a recent
survey were that the greatest barriers to growth in expert systems were
difficulties in system integration (which relies on standards), the knowledge
bottleneck (effective transfer of human knowledge into an expert system), and
management inertia (the memory of artificial intelligence failures in the
1980s).[56]  Automated knowledge-acquisition tools now present the poten-
tial of reducing and possibly eliminating the knowledge-acquisition barrier
with domain experts being able to enter knowledge directly into an expert
system without the intervention of knowledge engineers.  This will simplify
both the development and maintenance of expert systems.  The impact of
automated knowledge-acquisition on concrete knowledge will be substantial,
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e.g., the benefit of being able to capture and preserve the knowledge of the
few true concrete experts would be immeasurable.

Expert systems will be increasingly interfaced with databases, neural
networks, and various types of mathematical models, to form integrated
systems.  Visual information (graphical information and images of all
sorts) will be an increasingly important component of expert systems (e.g.,
images of pavement distresses in HWYCON[61]), to aid in the decision-
making process.  Also, as suggested by the increasing attention by academic
and corporate researchers,[64][65] expert systems will be distributed under
the umbrella of distributed artificial intelligence.  While traditional AI
emulates some forms of human intelligence with single, unified systems,
distributed artificial intelligence systems (DAIS) brings a decentralized
approach to intelligence.[56]  Applications that are especially suited to DAIS
are those in which an important aspect of a problem is itself distributed.  An
example in concrete technology is the consolidation and curing of concrete
pavements in which several processes affect the quality of the hardened
concrete.

4.3 Neural Networks

As the name implies, neural networks were developed as an attempt
to model the functioning of neurons in the human brain;[66] however, since,
at best, they are simplistic models of human intelligence, other names have
been introduced for neural networks; they include adaptive systems,
parallel distributed processing models, and self-organizing systems.

Description of Neural Networks.  A brief description of neural
networks is given here; detailed information may be obtained from such
books as Ref. 66 and 67.  Neural networks use networks of simple but
highly-connected “neurons” which process input data to give the desired
outputs.  The connected elements can consist of one or more layers.  A 3-
layer network is presented in Fig. 6.  Similar to regression equations, the
connections between the elements have adjustable weights.  Several
approaches have been developed for adjusting the weighted connections by
training with actual data.  Neural networks are able to work with incomplete
or unreliable sets of data.  They excel at relatively low-level, data-rich tasks
such as image processing.[56]  With expert system technology’s focus on
high-level reasoning, a natural synergy should exist between neural-net
(NN) and expert systems (ES).  Coupled ES-NN systems could use a neural
net for initial filtering and processing of data, followed by use of an expert
system for specific reasoning functions.[56]  For example, while neural
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networks appear to have great potential for empirically determining the
effects of different variables on the performance of concrete they do not
provide information on the reasons for the observed effects.  In a coupled
ES-NN system the expert system part could assist in determining reasons
for the observed effects.  Coupled ES-NN systems have been applied by the
Bechtel AI Institute to inspect for defects in manufactured items and to give
recommendations on corrective actions.[56]

Figure 6.  Artificial neural network.[5]  (a)  A 3-layer neural network with connections.  (b)
Connection weights, Wn, and output, Oj.

(a)

(b)
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Application of Neural Networks. Some applications of neural net-
works to concrete and related materials have included prediction of thickening
times of oil-well cements,[68] prediction of shear strength of concrete
beams,[69] evaluation of the condition of deteriorating concrete struc-
tures,[70] interpretation of impact-echo test results,[71] and prediction of the
depth of carbonation of concrete.[72] An example of the possible application
of neural networks is the design of concrete mixtures. This is because, at
present, much of the vast body of data on mixture design is incomplete and
fuzzy—just the type of data for which neural networks are best suited.

4.4 Case-Based Reasoning

Case-based reasoning is based on the paradigm of human thought in
cognitive psychology that contends that human experts derive their know-
ledge from solving numerous cases in their problem domain. Although
humans may generalize patterns of cases into rules, the principle unit of
knowledge is “the case.”[73] Thus, the reasoning is by analogy or associa-
tion with the solutions for previous similar cases.  Case-based reasoning can
be particularly useful in areas where traditional rule-based reasoning is
relatively weak, such as knowledge acquisition, machine learning, and reason-
ing with incomplete information. At present, prototype computer programs
are being tested for their effectiveness in problem-solving tasks using the
case-based reasoning approach. Manual systems have been successfully
used in medicine, law, and in design and failure analysis. Such systems have
dealt with conceptual design of office buildings and building failure
analysis.[74] A possible application of case-based reasoning to concrete
problems is the identification of causes of concrete deterioration where the
records are incomplete and traditional methods of analysis are inconclusive.

5.0 COMPUTER-INTEGRATED KNOWLEDGE
SYSTEMS (CIKS) FOR CONCRETE

5.1 Features and Development of a CIKS

A computer-integrated knowledge system (CIKS) is a computerized
intelligent system of integrated knowledge bases providing the knowledge
needed for solving complex problems.[75]  The term knowledge base denotes



Applications of Computers and Information Technology 789

any entity that contains knowledge, including models, databases, images,
handbooks, guides, and standards and codes.  Integration means that know-
ledge and data flow seamlessly (automatically) across interfaces, i.e., from
one knowledge base to another.[5]  A CIKS can be developed to solve
problems which may require the use of databases or a wide spectrum of
knowledge ranging from the experience of experts in the form of heuristics
to fundamental knowledge and factual data that is contained in either
locally or globally distributed databases.

The development of a CIKS involves the following major steps:[5] (i)
defining the purpose of the system and the intended users; (ii) identifying
and developing the appropriate architecture for the system; (iii) developing
an information model; (iv) developing a prototype system; and (v) establishing
methods for determining the reliability of, and for maintaining, the CIKS.
The reliability of a CIKS will depend on the quality of the knowledge it contains.

5.2 Application of CIKS to Concrete Technology

Two examples of different applications of CIKS technology to
construction materials and systems are presented, followed by a description
of a prototype system for reinforced concrete.

Service Life Design.  The conceptual CIKS shown in Fig. 7 incorpo-
rates an expert system along with models and databases.  It maps a
methodology for designing a concrete mixture design to obtain a specific
service life.[5]  First, an expert system and mathematical models are used to
define the necessary material properties required by the concrete to give the
desired service life.  Then, distributed databases are searched to determine
if existing mixture designs can be found which will give the necessary
material properties at an acceptable cost.  If such a mixture design is found
it is specified; if not, a new mixture must be formulated.  Several methods
can be used, possibly in combination, to formulate a new mixture that is
more likely to give the required properties.  The new mixture can be tested,
either by models or standard test methods, or a combination.  If the new
mixture gives the required properties, it is specified; if not the process is
repeated.  Note that data on each new mixture designed are “banked” into
the database for further reference by those who have access to the system.
An operational, prototype CIKS that can provide an estimate of the service
life of reinforced concrete in which the most probable mode of degradation
is chloride-induced corrosion is described in a following section.
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Electronic Handbooks.  In a recent workshop on CIKS for high-
performance construction materials and systems (HPCMS),[75] a prevail-
ing opinion was that, in the near future, a likely application of CIKS to
HPCMS will be the dissemination of databases on the types, properties, and
sources of commercially-available construction materials.  Such databases,
which could be considered to be electronic handbooks, would be of great
value to designers and material specifiers.  The integrating of databases
with models giving reliable predictions of performance and life-cycle
costs[81] should help to make apparent the technical and economical
benefits of high-performance concrete and other high-performance con-
struction materials.  The integrated system should be more effective than
stand-alone databases in stimulating the use of high-performance construc-
tion materials.

A Prototype CIKS for Concrete.  A prototype CIKS for predicting the
service life of chloride-exposed steel-reinforced concrete has recently been
developed[76] (also, available on the Internet at http://ciks.cbt.nist.gov/
~bentz/welcome.html).  The system consists of a series of hypertext markup

Figure 7.  Conceptual CIKS for designing mixtures for HPC, based on service life
requirements.[5]
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language (HTML) pages and forms which can be accessed over the
World Wide Web.  It includes numeric and literature databases, ACI
guidelines for proportioning concrete mixtures for ordinary and high-
strength concretes, simulation and service life models, and guidance on
analyzing experimental results.  Forms for use in submitting input to the
computer program are for:

1. Mixture proportioning of ordinary and high-strength
concrete.

2. Estimating the chloride ion diffusion coefficient of a
concrete as a function of mixture proportions.

3. Simulating the chloride concentration profile in a con-
crete exposed to an external source of chloride ions.

4. Predicting the service life of reinforced concrete ex-
posed to an external source of chloride ions.

The steps in designing a concrete and predicting its service life are as
follows:  The main menu viewed upon accessing the system is shown in Fig.
8.  The first step in obtaining a concrete with a desired service life is
selecting the concrete materials and the mixture proportions.  The current
ACI guidelines for ordinary concrete[77] and for high-strength concrete[78]

are computerized and they form the basis for designing the concrete mix
proportions.  The user fills in the form shown in Fig. 9 for proportioning an
ordinary-strength concrete; then, a trial mixture design is proposed to the
user along with the predicted chloride ion diffusivity (D).  The prediction
of chloride ion diffusivity is based on a model developed at NIST.[13][14]

The next step is to predict the service life of the reinforced concrete based
on the assumption that the service life is the same as the initiation period
(the time for the corrosion-threshold concentration of chloride ions to
accumulate at the depth of reinforcement).  The time for the threshold of
chloride ions to reach the reinforcement is modeled using Fick’s second law
of diffusion.[79]  In addition to knowing the value of D, the depth of concrete
cover over the reinforcement, the concentration of chloride ions at the
concrete surface must be known or assumed.  Using the values given in
“Example 1, Bridge Deck,” from the report by Weyers and Cady,[80] the
service life predictions for an ordinary concrete and a higher strength
concrete are given in Table 4.
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Figure 8.  Main Menu of model CIKS for concrete.[76]

Figure 9.  Data entry form for the model CIKS for concrete.[(7] Showing example inputs
in bold characters; SI units can be selected if desired.

1) Ordinary strength concrete mixture proportioning (ACI 211.1-91)

2) High strength concrete mixture proportioning (with/without a
water reducer) (ACI 211.4R-93 Guide)

3) Predict the chloride ion diffusivity of a concrete based on mixture
parameters

4) Predict the service life of a reinforced concrete structure exposed
to chloride

5) Predict the chloride ion penetration profile of a concrete after a
specific time

6) Advice on analyzing chloride ion penetration profile data

7) View the literature database on chloride ion diffusivity in concrete

Ordinary Strength Concrete Mixture Proportioning
Based on ACI 211.1-91 Standard Practice

Compressive Strength 3500 psi (Permitted range of 2000-6000 psi)

Max. Agg. Size 1.5 in. Guidance

Dry Rodded Unit Weight of Agg. 100 lbs per cubic ft.

You may specify slump by changing value below and

turning “Specific Slump” to On or

you may have slump selected based on construction type

selected further down (by leaving “Specify Slump” at it Off value).

Slump 2.0 in.

Specify Slump On

Fineness modulus of fine aggregate 2.8
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6.0 SUMMARY

The purpose of this chapter is to draw attention to recent advances in
computers and information technology that are contributing to major
advances in the material science and technology of concrete.  For example,
these advances in computer technology have enormous implications in
concrete science and technology in such areas as prediction of concrete
performance, including service lives; sharing of data, information, and
knowledge among geographically-dispersed concrete researchers and
practitioners; and development of knowledge-based systems such as com-
puter models and artificial intelligence decision-support systems.  Also,
integrating these knowledge-based systems can form systems (computer-
integrated knowledge systems) that have the potential for representing
virtually all scientific and engineering knowledge of concrete and making
the knowledge readily available to those needing it.

In this chapter the development and application of knowledge-based
systems were reviewed in the sequence: computer models; databases;
artificial intelligence knowledge-based systems; and concluding with
computer-integrated systems.  The history of mathematical modeling of
cement-based materials was reviewed from a material science perspective
with an emphasis on simulation modeling as the authors believe that it will
soon become the basis for the material design of concrete optimized for its
application.  Only a few databases were found which addressed concrete
and its constituents.  The development of distributed databases which are
platform-independent is now possible by the use of a Remote Data Access

Table 4. Mixture Proportions and Properties for Concrete Calculated Using
the Prototype CIKS for Concrete[76]

Compressive Strength 24.1 MPa (3500 psi) 48.2 MPa (7000 psi)

w/c 0.62 0.31
Air Content 1.0% 1.5%

Cement 272 kg/m3 597 kg/m3

Water 167 kg/m3 185 kg/m3

Fine Aggregate 874 kg/m3 470kg/m3

Coarse Aggregate 1172 kg/m3 1201 kg/m3

d × 10-12 m2/s 7.0 0.9
Estimated Service Life 3.8 years 29.2 years
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(RDA) standard, which is a standard for accessing data from distributed
SQL-compliant relational databases.  In the future it is likely that distrib-
uted databases will be linked with expert systems, with the expert system
controlling the search and retrieval of data.  Three types of artificial
intelligence (AI) knowledge-based systems, each of which can be used to
solve problems in the concrete field, were reviewed: expert systems; neural
networks; and case-based reasoning systems.  Expert systems and neural
networks are well-established problem solvers, while case-based reasoning
will likely become a competing technology. Two examples of different
applications of CIKS technology to construction materials and systems
were presented, followed by a demonstration of a prototype system for
predicting the service life of reinforced concrete exposed to an external
source of chloride ions.
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Image Analysis

David Darwin

1.0 INTRODUCTION

This chapter discusses the steps needed to identify features of interest
and extract quantitative information from digital images.  The processes
involved in image analysis include image acquisition, image processing,
feature recognition, and data analysis.  To be successful, image analysis
requires an understanding of both the nature of the signal used to form the
image and the properties of the specimen.  For materials being investigated
for the first time this may necessitate use of an iterative process in which
the imaging and analysis parameters are refined as information is gathered.
One of the key goals of this chapter is to assist in the formulation of a
strategy aimed at assuring objectivity in the analysis process.

By its very nature, image analysis differs from the hunt-and-record
approach, which tends to emphasize features that are of interest to the
analyst without providing a statistical understanding of the occurrence of
the features.  This is not to say that image analysis cannot be applied to a
single image—it can.  Typically, when used on a single image the goal is
to identify specific features; however, when a broader understanding of the
material is desired multiple images must be acquired and analyzed.  The
balance of this chapter describes each of the principle steps required for
image analysis of cementitious materials.

800
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2.0 IMAGE ACQUISITION

The first step in image analysis is image acquisition.  This step must
not be considered in isolation, since objective analysis requires an under-
standing of how the steps involved in acquiring and processing the data are
mutually dependent.  Understanding the nature of the signal and of the
specimen itself is of principal importance.  Although images can be
generated from a number of sources for the study of cementitious materials,
scanning electron and light microscopes are the principal tools.  As
described in Ch. 7, when using the scanning electron microscope (SEM)
and associated instrumentation, signal sources typically consist of second-
ary electrons, backscattered electrons, and characteristic x-rays.  Of these,
backscattered electrons (BSE) normally provide the greatest utility, al-
though in recent years BSE imaging and x-ray microanalysis have been
combined to identify features within concrete and its constituent materi-
als.[2]  Secondary electrons (SE) primarily carry topographic information
and are, therefore, not as useful as BSE for applying image analysis to bulk
specimens.

The actual process of image acquisition consists of recording the
signal intensity for each picture element (pixel) within a digital image.  The
source of the signal is typically a digital camera mounted on a light
microscope or a detector mounted in an SEM.  The raster (image on the
digital monitor) shape is dependent on the number and spacing of the pixels.
Ideally, the pixels are spaced equally in the horizontal and vertical direc-
tions, but this is not universally true.  A case in point being the standard
television image in which pixels are spaced farther apart in the horizontal
than in the vertical direction.

Available pixel densities include 512 × 480 (television image in the
Western Hemisphere) and square images with pixel densities of 2x (typi-
cally x = 6 to 12; 64 × 64 to 4096 × 4096).  Pixel densities of 512 × 512 and
1024 × 1024 are the most popular.

The information within an image is carried by the intensities of the
individual pixels. In a typical image acquisition system, each pixel can have
one of 28 = 256 discrete values or gray levels, from 0 to 255.  (Note:  With
some systems, images can be acquired with 212 = 4096 or 216 = 65536 gray
levels, but such “depth” is hardly justified for cementitious materials.)[2]

In the balance of the chapter, application of the scanning electron
microscope is emphasized. Applications to light microscopy will be ad-
dressed as appropriate.
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2.1 Nature of the Signal and Contrast Mechanisms

In an SEM, backscattered electrons and x-rays are generated from a
volume within the specimen.  That volume depends upon the energy of the
primary electrons, the properties of the material, and the signal itself.  When
a primary electron strikes a specimen it undergoes a series of interactions
throughout what is described as the interaction volume.  Each signal is
generated from a portion of the interaction volume known as the sampling
or information volume.  Image resolution depends, in part, upon the size of
the sampling volume, which, in turn, depends upon the size of the interac-
tion volume.  As illustrated in Fig. 1 for silicon, the interaction volume
typically takes on a pear shape; secondary electrons are generated from a
narrow region near the surface (typically 10 nm); backscattered electrons
are generated from approximately the outer 30 percent of the interaction
volume; while the x-ray generation range occupies a major portion of the
interaction volume.  The depth of the interaction volume, or electron range,
is closely approximated by an expression developed by Kanaya and
Okayama.[4]

Eq. (1) mµ
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in which A is the atomic weight, Z is the atomic number, Eo is the energy
of the beam (or primary) electrons in keV, and ρ is the density of the
material in g/cm3.  For example, RKO for silicon (A = 28.09, Z = 14, ρ = 2.34
g/cm3) is 6.85 µm for Eo = 25 keV.

The example shown in Fig. 1 demonstrates that the size of the
sampling volume depends on the nature of the signal and the properties of
both the primary electrons and the material being imaged.  Thus, as
magnification increases and the points at which the signal is obtained
become closer together, ultimate resolution depends on the sampling
volume.  For SE, the lateral dimensions of the sampling volume closely
match the size of the electron probe.  For BSE and x-rays the lateral
dimensions of the sampling volume are considerably greater than the size
of the electron probe. At low accelerating voltages, however, the lateral
dimensions of the two approach each other. (Note:  imaging strategy becomes
progressively more important as acceleration voltage is decreased.)[5]

Under any circumstances, resolution depends upon both the surface projec-
tion of the information volume and the spacing of the pixels on the surface
of the specimen.
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As a general rule, the diameter of the surface projection of the
sampling volume should not be greater than two times the pixel spacing on
the specimen.[5] Otherwise, the image becomes progressively less distinct
as overlapping signals are assigned to the pixels.  It is clear, based on Fig.
1, that the resolution obtainable with x-rays will always be poorer than that
obtainable with backscattered electrons, which will, in turn, be lower than
that obtainable with secondary electrons, unless special techniques or
transmission electron microscopy are used.[5]

The analyst must be aware of the contrast mechanisms that are
available within a signal.  In backscattered electron imaging, the principle
contrast mechanism is the backscattered electron coefficient, η , which is a
function of atomic number.  In light microscopy, contrast mechanisms are
provided by the number and wave length of the photons.

For a BSE image, the contrast, C, or relative difference between
signals, is

Figure 1.  Interaction volumes and sampling volumes for Si, Eo = 25 keV.[3]



804 Analytical Techniques in Concrete Science and Technology

Eq. (2)
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in which η1 and η2 are, respectively, the backscattering coefficients for high
and low density materials.  The lower the contrast, the more difficult it is
to distinguish features from each other.

The threshold equation,[5] which is based on the Rose criterion for
identifying the contrast between two points,[6] defines the minimum beam
current, iB, required to see a given contrast for a given pixel dwell time, tpp.
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in which ε  is the efficiency of signal collection (signal current/primary
beam current).  The pixel dwell time, tpp, is the time during which the signal
is acquired from each pixel on the surface of the specimen.

Solving Eq. (3) for C provides guidance in developing a strategy to
improve, that is lower, the detectable level of contrast.
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Choices include increasing the beam current, iB, or increasing the pixel
dwell time, tpp , or a combination of the two.  Any step that will increase the
total signal collected can be used to improve the contrast available in an
image or, alternatively, improve the ability of the imaging process to
distinguish between signals of different but similar intensity.  For a
scanning electron microscope, increasing the beam current, iB, also in-
volves increasing the probe diameter and/or increasing the accelerating
voltage.  At relatively high accelerating voltages, an increase in the probe
diameter will have little effect on the information volume for BSE.  At low
accelerating voltages, however, an increase in the probe diameter can have
a significant effect on the size of the sampling volume.
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It is worth repeating that when using x-ray microanalysis the ultimate
level of resolution will always be poorer than is available with BSE imaging.

For both scanning electron and light microscopy, the magnification,
or more accurately the pixel size on the specimen, along with the lateral
dimensions of sampling volume affect the ability to distinguish the edges
of features.  The reason is that the intensity of pixels at a boundary lies
between the intensity of the features of either side of the boundary.
Therefore, the smaller the pixel size on the specimen (usually correspond-
ing to a higher magnification), the more accurately the boundaries can be
distinguished.  Boundary or edge detection plays an important role in image
processing and data analysis.

2.2 Sample Preparation, Standards, and Imaging

Images should be acquired in as consistent a manner as possible, and
techniques for preparing specimens for imaging and for establishing
instrumentation settings need to be selected with this goal in mind.  For both
BSE imaging and light microscopy, specimens should be prepared so that
features and boundaries between features are not damaged or altered.
Procedures such as epoxy impregnation and polishing need to be evaluated
to insure that the techniques do not damage the surface of the specimen.  For
example, one technique that is used with light microscopy for automated
analysis of air void content involves grinding and then polishing the surface
of the concrete, application of a surface stabilizer to prevent damage at the
edges of the air voids, additional polishing, painting, and then filling the air
voids with a gypsum powder.[7][8]  The surface is carefully cleaned to insure
that the gypsum powder remains only in the air voids.  Carelessness in the
operation can enlarge air voids and/or cause deposition of the gypsum
powder in a manner that would indicate higher than actual air contents.[7][8]

Standards have played an important role in establishing reproducible
intensities for both scanning electron and light microscopy.[9] It is not
unusual for intensities to be set by the operator without the use of standards.
This, unfortunately, adds another level of uncertainty to the process. If many
images must be analyzed, the level of uncertainty increases. A standard for
use with the SEM consisting of polished magnesium, a portion of which is
overlaid with a thin layer of silicon, has been used successfully.[3][10]

Typical application of the standard is shown in Fig. 2. A scale is added to
the videoscope of an SEM, and the contrast and brightness settings are adjusted
to obtain reproducible intensities for the two materials on the standard.  In
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this case, the signal at the left is silicon and the signal at the right is
magnesium.  For light microscopy two different colored resins have been
used successfully for establishing consistent brightness and contrast
settings.[8]

Figure 2.  SEM videoscope with scale and signal produced by Si-Mg standard.[10]

It is also important to insure that both the illumination and the signal
collection parameters are consistent within and between images.  For a
scanning electron microscope this may mean allowing the filament to reach
a stable temperature prior to imaging, along with regular measurements of
the beam current.  It also means using a consistent working distance
between the microscope pole piece and the specimen and reproducible
takeoff and collection angles.  For light microscopy it means uniform and
reproducible illumination of the surface and a consistent magnification.
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2.3 Statistical Considerations

Whether using a scanning electron or a light microscope, any
imaging strategy must include the consideration of the number of images
and the area of investigation needed to achieve the desired level of
statistical certainty in the analysis results.  The number of frames, n,
required to obtain an estimate of the area occupied by a selected phase with
an acceptable error can be expressed as

Eq. (5)
δ

 ZS
n =

where Z represents the degree of statistical confidence that the area percent
of the phase is within δ of the true average, S is the preliminary estimate of
the population standard deviation of the area percent of a phase, and δ is the
acceptable error or one-half the maximum acceptable confidence inter-
val.[11]  For 95 percent confidence that the area percent of a phase is within
δ of the true average, Z = 1.96.  If phases are analyzed during the image
acquisition process, the analyst has the ability to select the number of
images, n, as initial estimates of the standard deviation, S, are determined.

It is worth noting that the total sampling area obtained using Eq. (5)
is generally a function of the magnification as well as the resolution.
Generally speaking, as the magnification decreases, the number of images,
n, decreases, but the total area that is imaged increases.  This so-called scale
effect is due to the tendency to less accurately define the edges of features
as the effective pixel size increases.  The result is an increase in the standard
deviation, S, and, therefore, an increase in the required number of images.
For automated analysis of air content, it has been observed that the standard
deviation, S, increases with the air content, resulting in a higher required
survey area as the air content increases.[8][12]
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3.0 IMAGE PROCESSING

Once an image has been acquired, features and their distinguishing
characteristics must be identified prior to analyzing the data carried by the
image.  Image processing cannot add information to an image, but the step
is critical to insuring that the analysis yields the greatest information
possible.

Many image processing techniques are used because of a lack of
clarity in the signal.  Therefore, prior to placing major dependence on image
processing procedures, it is wise to obtain the clearest possible signal.  Steps
include selecting the magnification, illumination (electron or light), pixel
density, and signal acquisition time, as discussed in Sec. 2.0.

3.1 Contrast and Brightness

Contrast and brightness are, respectively, the difference between and
the absolute value of pixel intensities.  The goal of image processing should
be to modify the pixel intensities so that the maximum information can be
extracted.

The range of the intensities within an image can be represented using
a histogram, such as shown in Fig, 3.  The intensities represented by the
histogram can be modified by multiplying and/or adding a constant to the
initial values.  Doing so can result in compression or stretching of the
original histogram.  It may also be desirable to normalize the histogram in
cases where a large percentage of the pixels have nearly the same intensity.
This is accomplished using a transfer function, H(k), such as

Eq. (6) ( ) )255...,,0  (for         
0

1 =
=

= ∑ k
k

i
in

T
kH

where T is the number of pixels, k is the original pixel value, and ni is the
number of pixels with intensity i.[13]

Applying the transfer function results in a new image in which the
pixel intensities are as evenly distributed as possible.[13]

The process of histogram and, thus, image modification is normally
used to aid the human eye in distinguishing individual features. The
sensitivity of the human eye, however, is limited to far less than 256 gray
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levels.  The response of the eye is logarithmic and humans are able to
distinguish only about 20 discrete gray levels in the full range of black to
white.[2][13]

Histogram compression (Fig. 4) is often used by operators to estab-
lish settings to get a good-looking image.  The procedure, however, is
generally a poor choice for image analysis since it tends to limit the
information that can be extracted.  Histogram stretching is far more
advantageous since, while it adds no new information, it provides for the
maximum contrast or difference in gray levels available in the image.
Using histogram stretching, the clarity of selected features is enhanced.
The process can involve “saturation,” which forces the gray levels of some
features to full black (0) or full white (255).[10][14]

Figure 3.  Intensity histogram exhibiting good usage of the available display range (after
Ref. 13).
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3.2 Thresholding

The process of identifying features by distinguishing discrete ranges
of gray level associated with the features can involve thresholding, density
slicing, or binary segmentation.[13]  Each term has a somewhat different
meaning.  The general process of thresholding includes the other two
procedures and involves the establishment of specific gray levels, or
thresholds, so that features exhibiting intensities between two thresholds
are assigned to the same class.  The procedure works well for materials in
which multiple feature classes can be identified using distinct gray level
ranges.  Density slicing is a similar process in which limits on gray level are
selected.  The gray levels of features outside of those limits are set to
black.[13]  Binary segmentation involves the selection of two categories of
features lying on either side of a single threshold.  Binary segmentation
works well for a two-phase image, such as obtained with a light microscope
of the surface of air-entrained concrete in which the air voids have been
filled with a gypsum powder, as described earlier.[7][8]

Two strategies are usually used to establish thresholds.  One involves
the use of histograms for images in which the individual features have rather

Figure 4.  Example of image histogram indicating inadequate usage of available display
range (after Ref. 13).
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distinct gray levels.  In such a case, the histogram exhibits a series of peaks
separated by deep valleys.  The low point in each valley is used to establish
the threshold between feature classes.  Figure 5 illustrates the process for
a two-phase image obtained in a study of air void content using a light
microscope.  This procedure, however, is not always best for backscattered
electron images of cementitious materials because of overlap in gray
levels,[10][15] the contribution of multiple features to the gray level of
individual pixels,[3][10] and the effect of porosity on modifying the signal
intensity.[16]

Figure 5.  Gray level histogram of an air-entrained concrete image showing the threshold
value distinguishing air voids from background.[8]
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The second approach involves interactive modification of the indi-
vidual thresholds (perhaps using the histogram as a starting point) for use
in automatic identification of features.[10][14]  Using this process, the
operator modifies the thresholds until the features of interest are accurately
delineated on the image.  This procedure works well for cementitious
materials because the gray level ranges of some features are very close and
often overlap.

It is highly advantageous to have reproducible gray levels when
setting thresholds.  The standards used for setting imaging parameters, as
described in Sec. 2.2, serve this purpose well.[10][14]

3.3 Image Modification

When an image carries random information (noise) that cannot be
corrected or removed by improving the collected signal, it may be neces-
sary to modify the image to aid in feature identification and analysis.  This
can be done by applying a smoothing kernel to reduce local variations in
gray level.[2][13]  One such kernel applies an equal weight to the pixel of
interest and each of the eight surrounding pixels.

Eq. (7)
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In most cases, however, it will be more advantageous to weight the
intensity of the pixel of interest using a kernel, such as

Eq. (8)
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In each case, the gray level of the center pixel is replaced by the
weighted average of the pixels within the kernel.  A kernel can consist of
any odd number of rows and columns.  The kernel size is best chosen to be
equal or slightly smaller than the size of the image structure of interest.[13]

References 2 and 13 provides useful introductions to the subject.
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The process of modifying images using kernels is often referred to as
filtering.  Other image modifications include identifying regions of rapidly
changing intensity using kernels that represent discrete approximations of
derivative operators,[13] such as

Eq. (9)
















−

−

−

=

1   0   1

1   0   1

1   0   1

x

)y,x(F

δ
δ

Other operations, such as entropy maximization[2][17] and the local
Hurst operator,[2] can be useful in extracting information from an image.

4.0 FEATURE RECOGNITION AND DATA ANALYSIS

The final steps in image analysis involve the identification of
individual features and the extraction of quantitative information.  The
latter step often includes analyses that provide estimates of the three-
dimensional properties of the material.  Most commercial image analysis
programs have the ability to identify and catalog the properties of surface
features once the thresholding has been completed.

4.1 Feature Recognition

The purpose of image acquisition and image processing is to delin-
eate the features of interest for use in the analysis.  The thresholding process
establishes regions with specific ranges of gray level.  Features within
specific ranges are assigned to the same class.

There are some cases, however, in which gray level alone is not
adequate to distinguish between features.  For example, in cement clinker,
C2S and C3A have backscattered electron coefficients, η, that overlap.
Therefore, it is impossible to distinguish these phases based on gray level
alone. However, if BSE image analysis is combined with x-ray microanalysis,
the two materials can be separated.[1][15]  Once this is done, the features are
identified as belonging to different classes and the analysis can proceed.

Another example of feature recognition that depends on more than
gray level is that of identifying cracks in cementitious materials.[14][18]  With
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a BSE image of a polished epoxy-impregnated specimen, cracks and voids
exhibit a lower gray level than surrounding features.  However, because of
the overlap of information volumes (laterally and vertically), cracks and
voids exhibit significantly different gray levels as they pass through or over
regions of different density.  For example, the absolute gray level of a crack
through unhydrated cement is higher than the gray level of a crack through
undesignated product. This identification problem has been solved by
looking at local differences rather than absolute values of gray level.[14][18]

In the case of automatic identification of entrained air voids in
concrete described earlier,[8] absolute difference in gray level, as
identified through binary segmentation, has proved to be satisfactory
for feature identification (Fig. 5).

Once individual features have been identified, additional steps may
be required for feature recognition. For example, in the process of identi-
fying cracks and voids, these features have similar gray levels, but they also
possess distinguishing geometric properties that aid in identification. In
addition, there may be regions of a feature that are not correctly assigned
because of artifacts in the image or variations in the signal due to noise or
even the basic nature of the imaging process.  The analyst may then use
steps such as erosion (removal of pixels on the perimeter of a feature) or
dilation (addition of pixels) to obtain better feature definition[2] or apply
other techniques to join portions of features that should be treated as
contiguous.[2][14]

Once the features have been identified, additional geometric proper-
ties are measured to further characterize the features.

4.2 Data Analysis

Perhaps the most basic concept in image analysis is the stereologi-
cal relationship that relates the percentage of points corresponding to
each constituent, PP, with the fraction of linear intercepts for that constitu-
ent, LL, the constituent’s area fraction, AA, and the constituent’s volume
fraction, VV.

Eq. (10) PP = LL  = AA = VV

This relationship simply means that individual sampling techniques
for a grid of points, a line scan, or an area analysis, can be used interchangeably
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to determine properties on a surface or volume basis.  The point count and
linear traverse techniques used for manual determination of air void
properties in hardened concrete[19] are based on the relationship given in
Eq. (10).  The relationships in the equation can be used to develop strategies
for analysis.[20]–[22]

Analyzing digital images rarely involves the use of a grid to develop
a point count.  Rather, for computer analysis the point count and area
analysis become identical since every pixel can be assigned to a feature
type.  Individual features are identified based on contiguous pixels belong-
ing to the same feature type.  Data obtained from the areal (surface) analysis
can then be used to develop an estimate of the three-dimensional properties
of the features of interest.

A simpler technique, involving the use of a linear traverse or line scan in
which the pixels on a horizontal line are assigned to specific feature classes, can
also be used to estimate areal and volume percentages and geometric properties.

Edge detection plays a role in analysis.  As discussed in Sec. 3.0, the
problem of edge detection arises from the intermediate values of gray level
that are measured for the pixels on a feature boundary.  The ability to
accurately identify an edge can significantly improve the accuracy of an
analysis.  As the size of the pixel relative to the size of the feature increases,
the ability to detect edges is degraded.  Thus, for a fixed image pixel density,
edge detection improves with increased magnification and degrades with
decreased magnification.  Careful detection during the image processing
stage is critical to developing a consistent representation for feature edges.

In cases where the geometric properties of features are of interest, the
intersection of features with the boundary of the image or frame becomes
important.  The apparent alteration of geometric properties due to trunca-
tion by a boundary, as shown in Fig. 6, is known as the frame edge effect.

A number of techniques can be used to correct for the frame edge
effect, including the use of a guard ring within the image,[22] as shown in
Fig. 7.  Any features with centers of gravity outside of the guard ring are
disregarded in the analysis.  Guard rings can be selected based on the
maximum feature size or can be variable for features of different sizes.[23]

When features occupy a significant portion of the frame area the use of a
guard ring can be cumbersome.
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Figure 7.  Application of a guard ring within the boundaries of an image for which the
center of circular features of diameter yi can be located and not be intersected by a frame
edge.[8]

Figure 6.  Field of view showing the intersection of areal features by the frame edges.[8]
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An alternative procedure for correcting for the frame edge effect uses
techniques of geometric probability to determine the distribution of feature
properties (usually length or area).  The process involves developing a
matrix that describes the apparent length and area distributions of features
of a specific shape as they would be measured in an image of specific size
as a function of the actual distribution.  An estimate of the actual geometric
distribution of the features is obtained by solving the inverse problem, that
is inverting the matrix for use as an operator to apply to the measured feature
length or area distribution as obtained from the images.[8]

This procedure is illustrated for horizontal line segments in a frame
of length L with the relation[8]

Eq. (11) {NL(i)*} = [Kij]{NL(j)}

Eq. (11) relates the apparent length distribution, {NL(i)*}, in which some
of the line segments are intersected by the left or right edge of the frame,
to the true length distribution {NL(j)}.  The dimensionless coefficients, Kij,
form an upper triangular matrix with the following values:

Eq. (12)
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where, NL(i)* and NL(j) are, respectively, the number of lines with apparent
or true lengths in classes i or j; and li is the length corresponding to class i
which contains line segments of length li ±∆li/2.

Since {NL(i)*} is actually measured in the field of view, the estimate
of the true length distribution, {NL(j)}, is calculated from this relationship
as

Eq. (13) {NL(j)} = [Kij]
–1  {NL(i)*}
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Similar procedures based on stereology can be used to develop
operators that use line scan and areal data to provide estimates of three-
dimensional geometric properties.  Excellent summaries of stereological
techniques are presented in references.[20]–[22]
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Specialized Techniques

Hiroshi Uchikawa

INTRODUCTION

Many techniques are used alone or in combination with others in
concrete science and technology to investigate the physical, chemical, and
mechanical phenomena.  In spite of extensive research applying these
techniques, there are still many unresolved problems.  Some of the common
techniques that have been used are described in previous chapters.  There
has been continued activity to explore the applicability of new techniques.
Some are in their infancy as far as their application to concrete is concerned
and some others have shown definite promise.  Where appropriate, some
techniques described in this chapter are also mentioned in other chapters.

In this chapter some details of fourteen types of techniques that may
have application in concrete studies have been discussed.  As many of them
have not found widespread use in concrete some examples of their appli-
cability to other compounds have been emphasized, thus the potentiality of
these techniques can be appreciated.

820
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1.0 AUGER ELECTRON SPECTROSCOPY

Principle and Special Features.  When an electron beam irradiates
the sample, an electron on the L2(2P)-shell is emitted through an interme-
diate process, called the Auger process, in such a way that an electron
on the L1(2s)-shell transfers to a vacancy on the K(1s)-shell and energy
corresponding to the difference is given to the electron on the L2(2p)-shell,
as shown in Fig. 1.  The method that specifies the elements in the sample
by measuring the kinetic energy (Ek-2EL) of the emitted electrons and
quantitatively analyzes their content is called Auger electron spectroscopy
and the apparatus used for this purpose is called Auger Electron Spectroscope
(AES).  The energy level of the auger electron is so low that it is measured under
a vacuum as high as 10-8 torr using an electron energy analyzer (EEA).

Figure 1.  Emission process of Auger electron.

Since emitted energy is as low as 40 to 2,000 eV, as shown in Fig. 2,[1]

the depth from which energy can be released is nanometers or less, or
1/1,000 that for the characteristic x-rays.  AES is characterized by having
the potential to analyze the elements contained in a microscopic region of
the surface.  The S/N ratio of an Auger electron is so small that energy of
the electron is often expressed by the differential coefficient of energy.
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The sample for AES is generally limited to a conductive material.
Recently, however, even an insulator providing no correct Auger electron
spectrum due to charge-up has been used for AES by a newly developed
sample inclination method.  Current of primary electron beams, Ip, is the sum
total of back scattered electron, Ib, secondary electron, Is , Auger electron,
Ia , and absorbed current, Iab.  The absorbed current is nearly equal to zero
in an insulating material, the Ip > Ib + Is + Ia.  Electrons corresponding to Iab
are, therefore, charged up and released, whereupon a noise produced by
them interferes with the measurements.  The currents Ib and Ia , the sum total
of Is, Ib, and Ia, can be equalized to Ip by increasing Is.  The measurement
can be freed from noise interference by improving the emission efficiency
of secondary electron, δ.  Meanwhile, δ depends upon the accelerating
voltage of primary electron beam, Ep, the angle of incident electron beam,
θ, and the type of sample material.  The emission efficiency of the
secondary electron, δ (θ) , for the angle of incidence, θ , of sample is
expressed by Eq. (1)[1]

Eq. (1) δ (θ) = (1/cos θ) × δ (0)

where δ (0) is emission efficiency of secondary electron at θ of zero.  Near
an accelerating voltage of 5 kV of the primary electron beam at the
measurement of Auger electron spectrum δ (0) is 0.3 to 0.5.  Substituting
0.3 for δ (0) and 1 for δ(θ) in Eq. (1), θ is given as 72.5°.  The resolving power
decreased with the increase of θ.  The angle of inclination of sample was,
therefore, fixed to 75°.

Figure 2.  Kinetic energy of Auger electron and the depth from which the Auger electron
can be released. (Uchikawa.)[1]
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Apparatus.  A photograph and block diagram of the Auger Electron
Spectroscope are illustrated in Fig. 3.  Recently, apparatus obtaining a
secondary electron image and an Auger image having a two-dimensional
resolving power of 50 nm or better has been developed by scanning the
electron beam converged to the order of several nanometers.

Figure 3.  The photograph and block diagram of Auger electron spectroscope (JEOL
JAMP-7100E).

Applications.  Auger electron spectroscopy is mainly used for
analyzing the surface composition of a microscopic region as small as 1 µm
in diameter and nanometers deep. The two-dimensional distribution of an
element in the direction of depth can be determined by combining the
sample inclination method with the ion-sputtering method. The two-
dimensional concentration distribution can be determined at a resolving
power of 50 nm, though the resolving power of EPMA is 500 to 1,000 nm,
by incorporating the data processing and system control function in the same
way as for CMA/EPMA. An analytical mapping is illustrated in Fig. 4.
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Figure 4.  Electron distribution map of the cross section of semiconductor device
determined by Auger electron spectroscope.  (Courtesy of JEOL.)

Secondary electron image Element distribution map
of semiconductor device determined by Auger electron

spectroscope

AES is widely used for the surface and depthwise analyses of ceramic
and metallic materials.  An Auger spectrum of the rupture cross-section of
particle-particle boundaries of a sintered body prepared by sintering a
mixture of Mn-Zn ferrite with 0.1 wt. percent of CaO and 0.02 wt. percent
of SiO2 is illustrated in Fig. 5.[2] The figure reveals that the atomic
concentration of Si and Ca are 8 and 22%, respectively, and both atoms are
unevenly deposited on the particle-particle boundaries.

Figure 5. Auger spectra at the cross-section of grain boundary of Mn-Zn ferrite.
(Franken, et al.)[2]
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The wettability of solder is affected by impurities.  Figure 6[3]

illustrates that large quantities of oxygen and aluminum are distributed on
the surface of poor wettable solder (a).  An enlarged spectrum reveals that
aluminum distributed on the surface of wettable solder is metallic while that
distributed on the surface of a poor wettable one is aluminum oxide.  From
these results, the poor wettability of solder is attributed to aluminum oxide
produced on the surface of it.

Figure 6.  Auger spectrum on Au surface of four metal layer electrode (Au/Ni/Mo/Al/Si).
(Fujiwara, et al.)[3]

The electric properties of a multilayered film used for IC depend upon
the manufacturing method. The analytical result by AES of the difference
of the depthwise chemical composition of a multilayered film composed of
four layers of Au/Pb/Ni-Cr/TaN for IC is illustrated in Fig. 7.[4]  The figure
reveals that the layers are manufactured regularly, as designed by the
sputtering method, while the Ni-Cr layer is thin and a large quantity of C
is mixed in the TaN layer and a large quantity of O is brought onto the
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boundary of CR and TaN layers by the vapor deposition method.  Moreover,
the layer structure formed by the vapor deposition method is irregular, it is
inferred that the difference in the electric properties of the multilayered film
between the sputtering and vapor deposition methods is caused by the
contamination of impurities and the irregular form of layers.

Figure 7.  The depth profile of IC multi-layer film measured by AES.  (Hayashi, et al.)[4]

Applications of AES to the cement and concrete reset are few so far.
Papers on the applications of AES include one[5] presenting that the
bonding state of C3S, C12A7, CA and CA2, can be estimated from the
symmetry of Auger spectra of Ca, O, and Al, and another paper[6] suggest-
ing (from the analytical result in the direction of depth of the passive layer
on the reinforcement in concrete) that Ca2+ penetrates the passive layer
when pore solution is the saturated solution of Ca(OH)2, while it stays on
the surface of the passive layer when Na is contained in the pore solution.
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An attempt has been made to measure the change of surface compo-
sition of clinker minerals toward the depth with time in the initial stage of
hydration by AES.[1][7]  The change of composition in the direction of depth
from the surface of alite and belite crystals according to the dipping time
in water is shown in Fig. 8.[1]

Secondary electron image
 of clinker

Measuring condition of AES:
Accelerating voltage:  3.0 kV, Probe Current:  1.98 × 10-7 A
Pressure:  4.4 × 10-2 Pa, Time constant:  0.1 sec.
Ion gun voltage:  3.00 kV, Sputtering rate:  2.5 nm/min.

Figure 8.  Change of Ca/Si molar ratio toward the direction perpendicular to surface after
water etching determined by AES.  (Uchikawa.)[1]
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The analytical positions are the center of alite and belite shown in the
secondary electron image.  The C/S molar ratios on the surface layer and at
depths of 3 and 8 nm from the alite surface etched for thirty seconds are
approximately 1.3, 2.1, and 3.0, respectively. Calcium ions in alite are
selectively dissolved at the beginning of hydration. The position showing
the theoretical value of C/S ratio of alite is 8 nm deep which depth coincides
with the distance between the peak and the trough on the surface of
approximately 11 nm by AFM described later.  The C/S ratios on the surface
layer of belite and at a depth of 3 nm from it are 1.6 and 2, respectively.  The
result indicates that the hydration reactivity of belite is lower than that of
alite because Ca ions are dissolved at the beginning of hydration less from
the shallower part in belite than in alite,

The next example is the result of studies on the adsorptive behavior
of organic admixtures on each cement mineral at the initial stage of cement
hydration. Carbon and sulfur, main components of organic admixture, and
calcium, one of the main components of clinker minerals, were analyzed by
AES in the direction of the depth from the surface of the adsorbed layer. The
sample was prepared in such a way that the polished surface of clinker was
dipped in a practical concentration of aqueous solution of admixture for
thirty seconds.

Analytical points by AES are shown on the secondary electron image
photographs of Fig. 9[8] and the changes of the concentrations of carbon,
sulfur, and calcium, in adsorbed layer on alite and on the interstitial phase
are shown in Fig. 10.[8]

Aqueous solution of Aqueous solution of
β-Naphthalenesulfonic Lignin sulfonic acid-
acid-based admixture based admixture

Analyzing point: �: Alite; �: Interstital phase

Figure 9.  Secondary electron image and analyzing point by AES of polished surface of
clinker dipped in aqueous solution of organic admixture.  (Uchikawa, et al.)[8]



Specialized Techniques 829

From these results it is concluded that the organic admixtures are
adsorbed preferably more on interstitial phase than on alite and the
preferred adsorption is remarkable in β-naphtalenesulfonic acid-based
admixture.  The thickness of the adsorbed layer on alite is larger in lignin
sulfonic acid-based admixture and that on interstitial phase is thicker when
β-napthalenesulfonic acid-based admixture is used.

2.0 SCANNING TUNNEL MICROSCOPY AND ATOMIC
FORCE MICROSCOPY

2.1 Principle and Special Features

Observation of Surface Structure.  When a voltage is applied to a gap
of approximately 1 nm between a needle and a conductive sample, electric
current passes through the gap by the tunnel effect in the inverse proportion
to the gap distance.  An image showing the  roughness of the surface of
sample at the atomic level can be obtained by scanning the surface with the
needle keeping the tunnel current constant.[9]  A microscope utilizing this
theory is called a scanning tunnel microscope (STM).  A microscope

Figure 10.  Secondary electron image and analysing point by AES of polished surface of
clinker dipped in aqueous solution of organic admixture.  (Uchikawa, et al.)[8]
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substituting the atomic force between the probe and the sample for the
tunnel current is called an atomic force microscope (AFM), shown in
Fig. 11.[1]  A method for identifying an element from the relationship
between the tunnel current and the voltage is called scanning tunnel
electron spectroscopy.  A combined instrument of STM with SIMS or XPS
is being developed for determining the structure and composition of the
surface layer at the same time.  It is expected to be a useful tool for
characterizing a material.

Figure 11.  Diagram explaining the principle of the atomic force microscope.  (Uchikawa.)[1]

Various improvements have been made on STM developed at Zurich
Research Laboratories of IBM in 1982, for practical use.  Tungsten,
platinum, and/or platinum iridium alloys are used for the needle probe.  It
is most important, for obtaining accurate data to keep the probe clean by
removing impurities deposited on it during measurement and to improve
reliability.  STM is characterized by having enough resolving power, as
high as 0.1 nm in the vertical direction and 0.01 nm is attained for the
vacuum type STM, for obtaining a real image of each atom.

Attention has been paid to STM as a tool for the final fine processing
(atomic manipulation) of a material as well as for its characterization.  STM
is, therefore, developed to fine machining of a material at the level from the
magnitude of an atom to an order of nanometer using phenomena such as
electric field evaporation, movement of atom by adsorption, surface
reaction of gas, and mechanical cutting.

STM and AFM require no evacuated environment, unlike electron
microscopes, and they can be operated even in an ambient atmosphere, gas
and water.  STM and AFM are, therefore, expected to find wider application
in the future.
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Measurement of Surface Force.  Since the 1950s the direct measure-
ment of the force acting between the solid surfaces has been investigated in
such a way that the distance, which is controlled within a range of an order
of magnitude of nm, between the surface of a solid suspended with a spring
and that of another fixed solid is varied and the interactive force (F) is
determined from the displacement of the spring according to the following
equation:

Eq. (2)  F  = k  ∆Η

where k is a spring constant and ∆H is the displacement of spring.[l0] A
surface force apparatus[11] representative of that method is operated in such
a way that two solid samples fixed to respective springs are brought close
to a distance of 0.1 nm or less and the interactive force is obtained by
multiplying the displacement of the samples caused by the interactive force
by the spring constant.  Minimum measurable value in this method is 10  nN.
The distance between the solid surfaces is measured at an accuracy of 0.2
nm by the interference caused by white incident light from the bottom of the
apparatus transmitting those solids. Since the contact position of a solid
with another can be accurately determined, the distance between the solid
surfaces can be measured accurately. However, the solid samples must be
transparent and their surfaces must be smooth at the molecular level. The
sample applied to the method is, therefore, limited to a few kinds of solids,
such as a plane of cleavage of mica. The measurements by the surface force
apparatus (SFA) are only a few examples, including hydration force acting
between two pieces of mica in an aqueous solution of KC1,[12] force of
hydrophobic mutual action of a cationic surface active agent,[l3] and interactive
force between surfaces covered with macromolecular adsorption film.[14]

Recently, AFM has begun to be used as a tool for measuring simply
and precisely the forces acting between the solid surfaces having the
distance of nanometers by bringing the probe close to it to approximately
1 nm without being influenced by the surface state of the solid sample. The
distance between the probe and the sample can be controlled with an
accuracy of 0.05 nm using a piezoelectric element. The displacement of a
cantilever caused by the force acting between the surfaces is determined at
an accuracy of 0.1 nm at least, by measuring the intensity of laser beams
reflected from the back side of the lever with a position-sensitive photode-
tector. The force acting between the surfaces (F) is calculated by multiply-
ing the displacement of cantilever (∆H) by the spring constant of the lever
(k) and the lower limit of the measurement is 10-3 nN. Since the atomic force
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microscope cannot so accurately determine the contact position of the
probe with the sample as the surface force apparatus, the measurements of
the distance in the curve of the distance between the surfaces versus the
force acting between the surfaces (F-D curve) with the AFM are not so
accurate as those with the SFA.  The AFM is, however, more easily operated
than the SFA and does not require as much smooth surface of the sample
as the SFA because the measuring region is small (order of µm2) and an
opaque sample can be examined.

Apparatus.  Since most commercial apparatuses have both functions
of STM and AFM they can be used as either STM or AFM by exchanging
the needle probe.  The photograph and block diagram of STM and AFM are
shown in Fig. 12.

DAC: Digital analog converter; ADC: Analog-digital converter
RAM: Random access memory; HV: High voltage

Figure 12.  Block diagram and photograph of STM and AFM.  (Digital Instruments Co.,
Nano Scope AFM.)
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AFM is operated in such a way that the surface of a sample is scanned
with the probe controlling a piezoelectric element so as to keep the
repulsive force between the atoms at the tip of probe and those in the sample
constant.  An image of the surface structure of the sample can be obtained
by the signal sent from the piezoelectric element.

2.2 Application

Observation of Surface Structure.  STM and AFM are useful for
observing the surface structure of insulating materials.  In the field of
cement and concrete research, they are used for observing the crystal
structure and surface structure of clinker minerals, hydrates, and adsorbed
layer of organic admixture, on the surface of cement particle.

The AFM images of the surfaces of alite before and after dipping in
water for thirty seconds are shown in Fig. 13.[1][7]  The smooth surface,
before dipping, has a roughness of as much as approximately 1 to 2 nm and
fine scratches at intervals of approximately 50 nm regarded to be abraded
with abrasion grains of 0.05 µm in average diameter.  The roughness of
surface, after etching, is enlarged by the dissolution of elements and the
distance between peaks is approximately 100 nm.  The smoothness of the
surface determined in an accuracy of 0.1 nm in the direction of depth is
shown in Fig. 14.[1]7]  The distance between the peak and the trough on the
surface of alite is 10.3 to 11.5 nm.  Assuming that the distance corresponds
to the size of an alite crystal dissolved, four unit cells with the c-axis 2.5 nm
long are leached out from the surface in the direction of c-axis.  The distance
is increased to 18.5 and 39.4 nm by increasing the dipping time to 600 to
3,600 seconds, respectively.  The distance is proportional to 1/4 power of
the dipping time, as shown in Fig. 15.[7]

The adsorptive behavior of organic admixtures on clinker minerals
at the initial stage of hydration of cement was investigated by AFM.  The
roughness of a small region (0 to 2,000 nm) on the surface of clinker alite
and a large region (0 to 50 µm) covering alite, belite, and interstitial
materials surface of polished clinker dipped in water and aqueous solution
of admixture was determined by AFM.  The surface of clinker dipped in the
aqueous solutions of admixture is rougher and the distance between peaks
and the distance between the peak and the trough is larger than that dipped
in water, as shown in Figs. 16[8] and 17.[15]  The results shown in Fig. 17
indicate that the differences in the height of the surface adsorbing
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polycarboxylic acid-based admixture (PC), aminosulfonic acid-based ad-
mixture (AS), naphthalene sulfonic acid-based admixture (NS), and lignin
sulfonic acid-based admixture (LS), between interstitial materials and alite
in the cement clinker are approximately 130 nm (1%), 140 nm (2%); 190
nm (2%); 290 nm (1%), 300 nm (2%), and 110 nm (0.25%), 100 nm (0.5%),
on an average, respectively.  The difference of 20 nm between the height of
interstitial material surface and alite surface after dipping 30 seconds in
water (Fig. 17) indicates that the organic admixtures are unevenly adsorbed
more to the interstitial materials than to the alite and the degree of the
uneven adsorption depends on the type of admixtures.

Measurement of Surface Force.    Researches on the measurements
of the force acting between the surfaces with AFM include verification of
the DLVO theory from the measurements of the F-D curve of aqueous
solutions with various concentrations of NaC1,[16] estimation of adsorption
state of a nonionic surface active agent,[l7] determination of isoelectric
points of the probe from the measurements of force of action in aqueous
solutions with various pH values,[18] measurement of very little force of
action between biomolecules,[19] and proof of the existence of steric
repulsive force and estimation of its rate of contribution in the dispersion
of cement particles by the addition of organic admixture by measuring the
interactive force and zeta potential with the Electrokinetic Sonic Amplitude
Method.[20]

Before etching After etching with
water for 30 seconds

Figure 13. AFM image of clinker alite surface before and after etching with water.
(Uchikawa, et al.)[1][7]
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AFM Image

Dipped NS (1%)
in water

PC (1%) NS (2%)

PC (2%) LS (0.25%)

AS (2%) LS (0.,5%)

Figure 17.  Roughness of polished surface of clinker dipped in water and aqueous solution
of organic admixtures (range:  0–50 µm).  (Uchikawa.)[15]
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An example of the Force Distance (F-D) curve of silicon wafer
surface adsorbing naphthalene sulfonic acid-based admixture (surfactant,
NS) is shown in Fig. 18.[20]  The F-D curve expresses the repulsive force
acting between a solid surface and needle probe as a function of distance
when making the needle probe approach to the solid  sample.  The moving
distance of the probe from the starting point and the interactive force
calculated from the deflection of the cantilever are put on the X and Y-axes,
respectively.  The point, S, at which the interactive force begins linearly
increasing indicates the point where the probe is brought into contact with
the surface of sample.  The force acting between the solid surfaces is deter-
mined as the difference of the interactive force between points S and P, and
the range of the interactive force acting is determined from the moving time
of the probe.  There is a small difference between the F-D curve of the probe
approaching the sample and that of the probe withdrawn from it.

Figure 18.  An example of F-D curve.  (Uchikawa, et al.)[20]
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An example of measuring the interactive force between organic
admixture and cement particles is shown in Fig. 19.[20]  The polished
surface of cement clinker immersed in a 10% aqueous solution of admix-
ture was used as the sample and the interactive force was measured as the
function of the distance between the needle probe and surface of admixture
adsorbed clinker.  The F-D curve varied according to the passage of time
from the immersion in the aqueous solution of admixture. Maybe this is
because the distance between the probe and the polished surface of clinker
varied with time by the dissolution of component elements and the
deposition of hydrates on the surface.  It is, therefore, important to choose
the measuring time in the study of a material such as cement which reacts
during the measurement.  Comparing this with the experimental results of
silicon wafer, measurement was started five minutes after immersing the
clinker in the admixture solution.

Figure 19.  Relationship between interactive force and the distance from the surface of
sample.  (Uchikawa, et al.)[20]

The relationships between the distances from the surfaces of the
adsorption layer of admixtures determined from the F-D curves obtained
five minutes after immersing the polished surface of cement clinker in
various organic admixtures and the interactive force are illustrated in Fig.
20.[20]  The repulsive force, measured by the probe of 100 nm in diameter,
on the polished surface of cement clinker immersed in pure water was 0.004
nN, while the maximum repulsive forces on the polished surface of cement
clinker immersed in such aqueous solutions of admixtures as NS (conden-
sate of β-naphthalene sulfonate with formalin), PC-A (copolymer of acrylic
acid with acrylic ester) and PC-B (copolymer of olefin with maleic acid)
were 0.24, 0.60, and 0.19 nN, respectively.  It was clarified that the distance
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of the initiation of repulsive force increased with increasing the repulsive
force generated from the admixture.  The interactive force logarithmically
fell off in inverse proportion to the distance from the surface of the
adsorption layer of admixture.

Figure 20.  Relationship between the interactive force and distance from the surface of the
clinker immersed in solutions of various organic admixtures.  (Uchikawa, et al.)[20]

3.0 CHROMATOGRAPHY

3.1 Principle and Special Feature

Chromatography is a method for separating the components con-
tained in the sample from each other by mixing the sample with the moving
phase comprising liquid or gas, passing the mixture through the stationary
phase comprising solid or liquid with some affinities with the components
to be separated and utilizing the difference of the affinities of the compo-
nents.  Each component is portioned out to both phases at a specified ratio
according to the affinities with both phases and hence is separated.

Chromatography is classified into Gas Chromatography (GC), High
Performance Liquid Chromatography (HPLC) and Supercritical Fluid
Chromatography (SFC), according to whether the mobile phase is gas,
liquid or a super critical fluid.
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Gas Chromatography (GC).  Gas Chromatography (GC) uses gas as
the moving phase and is classified into gas-solid chromatography, using a
solid adsorbent as the stationary phase, and gas-liquid chromatography,
using a nonvolatile liquid. The former is appropriate for separating inor-
ganic gas and hydrocarbons with low boiling points, while the latter is
appropriate for separating general organic compounds.  The components to
be separated by GC are limited to gas or liquids vaporizable at a temperature
of approximately 450°C. GC is, however, characterized by smaller pressure
differences for mobilization because low-viscosity gas is used as the
moving phase, thereby, larger theoretical plate numbers than liquid chro-
matography can be attained by using a longer column.

High Performance Liquid Chromatography (HPLC).  High Perfor-
mance Liquid Chromatography (HPLC) uses the liquid moving phase.

The classical liquid chromatography (LG), including thin-layer
chromatography, paper chromatography, and column chromatography, has
a low transport speed of the moving phase because it transports through the
stationary phase by gravity and diffusion so that a long time is required for
the analysis.  HPLC uses a high-pressure-resistant filler as the stationary
phase to force the moving phase to move with a pump.  The transport speed
of the moving phase is as high as milliliters per minute, therefore, analysis
is carried out more rapidly than conventional LC.

HPLC is roughly classified into partition chromatography, ion ex-
change chromatography, and size exclusion chromatography, by the sepa-
ration mechanism.  Partition chromatography separates the components by
the dipole interaction and hydrophobic interaction with the stationary
phase.  Ion exchange chromatography separates the components by Cou-
lomb force acting on the electric charges between the stationary phase and
the components.  Size exclusion chromatography uses porous particles with
a series of pores similar to the size of the molecules of the components
concerned as the stationary phase to separate the components by the
difference of molecular size utilizing a phenomenon that the finer the
molecule, the deeper the invasion of the pore is.  A typical size exclusion
chromatography is gel permeation chromatography (GPC) using porous
gel as the stationary phase.

Supercritical Fluid Chromatography (SFC).  Supercritical Fluid
Chromatography (SFC) uses a supercritical fluid produced by compressing
gas to high density at a temperature and pressure exceeding the critical
points as the eluent.[l]  Although CO2 containing a small quantity of an
organic solvent as the modifier is generally used, hexane and some sort of
gas such as Xe and N2O can also be used, depending upon the purpose.  SFC
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combines the performances of gas chromatography (GC) and high perfor-
mance liquid chromatography (HPLC).  Thermally unstable materials and
nonvolatile materials which cannot be analyzed by GC can be analyzed by
SFC because the effluent containing a modifier has high solubility at a low
temperature.  High-resolving power separation and analysis can be made in
a short time with a longer column with larger theoretical plate number,
using a lower viscosity fluid than in HPLC, because the viscosity of the
eluent is approximately one-tenth that of liquid with the same density and
its diffusion coefficient is ten-times that of the liquid.

3.2 Apparatus

Gas Chromatography.  Figure 21 shows a photograph and block
diagram of GC.

GC has steadily progressed into capillary GC.  The determination
accuracy of the split injection of a sample is improved by using an
autosampler injecting the sample for a period as short as 0.1 seconds.  The
loss of a component in the sample can be decreased and microanalysis can
be made by applying the injection method of cold-on-column.  The
sensitivity of GC is enhanced by injecting the sample as much as ten
microliters into a capillary column.  In the thermal cracking capillary GC
useful for the characterization of polymers, quantitative microanalysis of
a low boiling substance can be made by a newly developed thermal
desorption apparatus based on the dynamic head space method.

Figure 21.  Photograph and block diagram of gas chromatograph.  (Hewlett Packard, HP
6890.)
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A thick film wide pore capillary column is suitable for GC/MS and
GC/FT-IR to determine trace and volatile components.  High molecular
weight components can be analyzed by the development of high-tempera-
ture resistant capillary columns.[21]

An ultraviolet ray absorbing detector with long light path, a non-
radiative electron capture detector utilizing energy generated by micro-
wave induced discharge in helium, and a detector combining a microwave
induced plasma emission spectrometer with a photodiode array monitor,[22]

have been developed to improve the sensitivity and selectivity of the
detector.  A combination of GC with other analytical methods, including the
GC/FT-IR/MS[23] and LC/GC[24] systems, enable high-separation, high-
sensitivity capillary columns to be put to practical use.

High Performance Liquid Chromatography.   Figure 22 shows a
photograph and block diagram of HPLC.

A high-pressure, infinite feeding, constant flow rate, nonpulsating
feed pump, is required for HPLC.  Various types of pumps are commer-
cially available.  Although a septum sample injector has been used for
HPLC so far, a bubble injector is more widely used at present.  An injector
weighing the sample with a perforated disk and injecting it by rotating the
disk has been developed for micro-HPLC, using a small-diameter column
to prevent the peak width from widening.  In the computer-based HPLC
system the stable base line is obtained by the temperature gradient analysis
programming the temperature of the column oven.

Figure 22.  Photograph and block diagram of high-performance liquid chromatograph.
(TOSOH, CCP and 8020.)
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An ultraviolet-visible detector, differential refractive index detector,
and fluorescence detector, are usually used for HPLC.  In order to obtain the
qualitative information on the peak and improve the sensitivity, selectivity,
and flexibility of detection, MS, NMR, FT-IR, ultraviolet detector, Raman
spectrophotometer, ESR, electrochemical detector, detectors utilizing ra-
dioactivity, chemical emission and laser, ZGP, rotary power detector,
dielectric gas detector, flame detector, and flow potential detector, are
being evaluated.

Computerization is tried, not only on the application to the data
processing, but also to the data transmission to a host computer as a part of
laboratory automation regarding HPLC with integrator as a terminal analytical
system.  Fast-HPLC has recently been developed to shorten the analyzing
time maintaining the separating power constant by reducing the particle
size of filler as small as 3 to 5 µm and cutting down the column length.

Highly sensitive ion exchange chromatography has recently been
developed and widely used by connecting a background eliminating
column to the outlet of the separating column in series in the ion exchange
chromatograph to remove acidic or basic material used as the eluting agent
in the form of water or exchange it into lower-conductivity material,
thereby feeding only target ion specimens to the conductometric cell.

Super Critical Fluid Chromatography.  Figure 23 shows a photo-
graph and block diagram of SFC.  Unlike GC and HPLC, supercritical
chromatograph is equipped with a control system for keeping the tempera-
ture and pressure at the critical points or higher.

Figure 23.  Photograph and block diagram of supercritical fluid chromatograph.  (JEOL,
JSF-8800.)
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3.3 Applications

Gas Chromatography.  The applications in the field of cement and
concrete research include an example of the measurement of the polymer-
ization degree of silicate anions in the C-S-H by GC after trimethylsilylation
of a hydrate of silica-fume-blended portland cement[25] and examples of the
identification and determination of organic compounds contained in hy-
drated cement by analyzing gas produced by decomposing hydrated cement
in a pyrolysis unit.[26]

High Performance Liquid Chromatography.  Various HPLCs have
recently been applied to the characterization of organic admixtures for
concrete.  Since the anionic organic surface active agents used as the
admixture for concrete are generally nonvolatile they have been often
analyzed by GC after eliminating a hydrophilic group, including a sulfonate
group, mainly causing non-volatility to improve the volatility.  The pre-
treatment is, however, complicated and poorly reproducible.  Since those
problems have been solved with the progress of hardware and data-
processing software, HPLC is replacing GC as the tool for characterization
of organic admixtures.[27]  The analytical results by GPC of the molecular
weight distributions and mean molecular weights of high-performance
water-reducing agents mainly composed of sodium and calcium β-naph-
thalene sulfonates and mainly composed of sodium melamine sulfonate are
shown in Fig. 24.[28]  A differential refractometer is used for detecting the
eluted matter and pullulan is used as the standard sample for the calculation
of molecular weight.  The figure reveals that even the same series of
admixtures mainly composed of the same type of compounds have different
molecular weight distributions and mean molecular weights in accordance
with the brand.

In addition, several papers report changes in the molecular weight of
a melamine sulfonic acid-based admixture by the adsorption to the cement
particles by GPC,[29] molecular weight of a naphthalene sulfonic acid-
based admixture determined by GPC to diffusion properties,[30] the deter-
mination of the molecular weight of lignosulfonic acid-based admixture by
GPC to investigate the relationship with the adsorption to cement particles,[31]

determination of a naphthalene sulfonic acid-based admixture extracted
from hardened cement paste with water or potassium carbonate by HPLC,[32]

the determination by HPLC of a naphthalene sulfonic acid-based admixture
extracted from hardened cement paste by the hydrochloric acid dissolution-
calcium hydroxide addition method,[33] the determination of the polymer-
ization degree of trimethylsylylated silicate hydrate by GPC.[34]
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Figure 24.  Chromatogram of organic admixtures measured by gel permeation chromatog-
raphy.  (Uchikawa, et al.)[28]

Super Critical Fluid Chromatography.  An application example of
measuring the condensation degree of silicate anion in C-S H produced in
the ternary component blended cement composed of portland cement, blast
furnace slag, and fly ash hardened paste, is shown in Fig. 25.[35]  Since the
trimethylsylylated silicate polymer derivative composed of tetramer or higher
polymers is nonvolatile it cannot be analyzed by conventional gas chroma-
tography.  Although the molecular weight distribution in the sample can be
obtained by high performance liquid chromatography it cannot be eluted
into fractions by condensation degrees.[34]  Since silicate polymer derivatives
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up to a heptamer can be clearly eluted by SFC, the change of the conden-
sation degree of silicate anion in C-S-H according to the progress of
hydration can be traced in detail.  SFC is, therefore, expected to be a useful
technique to relate the structural change of silicate polymer derivatives to
the physical properties of mortar and concrete.

Figure 25.  Supercritical fluid chromatogram of hydrated ternary components blended cement
composed of slag, fly ash, and portland cement treated by TMS.  (Uchikawa, et al.)[35]

4.0 MASS SPECTROMETRY

4.1 Principle and Special Features

Mass spectrometry is a method for ionizing the sample, separating
the ionized ions by the mass difference, and estimating them.  It is able to
identify and determine elements and isomers, molecular weights, and
molecular structures.

Mass spectrometry can detect molecular ions at a detection sensitiv-
ity of an order of magnitude of picogram (10-I2 g).  This is accomplished by
supplying energy to the molecules in the sample by various methods,
separating electrons from or adding them to the sample, and producing
molecular ions (parent ions) with the same mass as the molecules, and
separating the molecular ions with different mass numbers from each
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other by various methods. The analytical data are derived by plotting m/z
(mass number of ion/charge of ion) (the axis of abscissa) versus the
detection intensity (the axis of ordinate).

Since the ionized molecular ions have high internal energy, a part of
the parent ions is divided into molecular ions with smaller mass numbers.
Thus produced, a molecular ion is called a fragment.  The molecular
structure of the parent ion can be estimated from the type of the fragment.

In mass spectrometry, the sample is ionized by atomic bombardment
of fast accelerated thermoelectrons, vaporization in an electric field, and
irradiation with a laser beam.  The ionization method is selected depending
upon the polarity, volatility, thermal stability, and molecular weight, of the
compound concerned.

The electron ionization, chemical ionization, atmospheric pressure
chemical ionization, and thermospray ionization, are used for ionizing a
molecule with molecular weight up to approximately 1,000.

The electron ionization (EI) of the gaseous sample by exposing to
thermoelectrons is a method most widely used.  The accelerating voltage of
thermoelectrons is 70 eV and the degree of vacuum in the ionization
chamber is 10-4 to 10-5 Pa.  Since large internal energy is supplied to the
sample by thermoelectrons, the fragments are easily produced.

The chemical ionization (CI) is a method for producing molecular ions
of the sample by sending the reactant gas, including methane and ammonia, and
the sample to the ion source and reacting the ions produced from the reactant
gas with the molecules of the sample.  Fragments are hardly produced because
energy supplied to the molecular ions of the sample is lower than in EI.

The atmospheric pressure chemical ionization (APCI) is a method
for producing the molecular ions for the sample by ionizing a solvent by
corona discharge under atmospheric pressure and then reacting it with the
molecules of the sample.  The method is used for the ionization for LC/MS
because the liquid sample can be used without any treatment.

The thermospray ionization (TSI) is a method for ionizing the sample
molecules with ions of a solvent produced by spraying the heated sample
solution.  This method is useful for ionizing a solution type sample in the
same manner as LC/MS.

A “soft” ionization method is used for determining compounds with
the molecular weight of tens of thousands to hundreds of thousands,
including protein, in such a way as to produce the parent ions alone by
inhibiting the production of fragments. Such a method is applied to the
determination of difficult to volatilize or thermally unstable compounds by
combining with a special preparation method of sample.
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The fast atom bombardment (FAB) is a method of bombarding the
sample with neutral particles of xenon, argon, and cesium, fast accelerated
up to several keV of energy.  The fast neutral particles produced by
exchanging an electric charge with a fast ion beam shot from an ion gun in
the gas chamber are bombarded onto the sample target prepared by coating
the sample and an ionization promoter including glycerol.  It is able to
ionize difficultly volatile and thermally unstable compounds and polymers
with molecular weight of 1,000 or more and obtain a stable mass spectrum
because of a long ionization time.

The electrospray ionization (ESI) is a method of producing molecu-
lar ions of a solute by passing a sample solution dissolved in water through
a capillary at the tip of which a voltage of 5 to 6 kV is applied at a flow rate
of 50 to 200 µl/min to charge it electrically, spraying charged droplets on
the electrospray ionization source under atmospheric pressure and vapor-
izing the solution from the droplets.  The method is used not only for the
same purposes as FAB, but also for producing small m/z ions also from
high-molecular weight compounds.  It can produce multivalent ions and the
detection range of the method is wide.

The matrix-assisted laser desorption ionization (MALDI) is a method
of ionizing the sample by mixing the sample with such a matrix as synaptic
acid, for accelerating the absorption of laser, and irradiating the mixture
with a N2-laser.  This method is not only used for the same purposes as for
FAB and ESI, but widely used as the ionization method for the time of flight
mass spectrometry (TOFMS) because the ionization time is very short.

The measuring methods for mass number of ions are classified into
the magnetic field type, quadrupole type, and time of flight type, according
to the detection type of molecular ion.

4.2 Apparatus

An example of the mass spectrometer is illustrated in Fig. 26.  The
apparatus generally comprises an ion source for ionizing and accelerating
the sample, a mass analysis part for separating ions according to the
difference of mass number/charge (m/z), and an ion detector for detecting
the separated ions.
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The double converging magnetic field type mass spectrometer uti-
lizes a phenomenon that the orbit of an ion is bent by force of action from
the magnetic field according to the mass of ion at the time when the ion
passes through the magnetic field.  Assuming that the mass number, charge,
elementary charge, strength of magnetic field, curvature radius of orbit, and
accelerating voltage of the ion, are m, z, e, B, R, and V, respectively, m/z will
be

Eq. (3) m/z = ½(eB2R2/V)

Assuming that R and V are constant, m/z corresponding to the strength of
magnetic field (B) can be detected by changing B. The accelerating voltage
in the magnetic field type apparatus is generally several kV to 10 kV.

Even ions with the same m/z are not given constant energy by
acceleration.  The larger the width of the distribution the lower the resolving
power of detection.  It is, therefore, important to equalize the energy of an
ion by using the electric field for improving the resolving power.  The orbit
of an ion is bent by force of action from the electric field at the time when
the ion passes through the electric field.  The following equation applies to
the relationship between the curvature radius (R) of the orbit of ion,
accelerating voltage (V) and strength of electric field (E):

Eq. (4) R = 2V/E

Only the ions with energy corresponding to V can be passed through the
electric field and sent to the measuring part by keeping R and E constant.

Figure 26.  Photograph and block diagram of double converging magnetic field type mass
spectrometer.  (JEOL, JMS-HX110A.)
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The unit for equalizing the energy of ions by installing an electric field
before the measuring part is called a double conversing magnetic field type
device.

The quadrupole type mass spectrometer has four columnar elec-
trodes (quadrupole) arranged as shown in Fig. 27.  An electric field is
developed by applying dc voltage and high-frequency ac voltage to two
electrodes facing each other and ions accelerated by the voltage of 10 to 20
V are passed through the electric field.  The ions are vibrationally moved
keeping the amplitude corresponding to m/z by the electric field. Since the
ions with too large an amplitude collide with the electrodes, the ions with
a certain value of m/z pass through the electric field undetected.  Since the
quadrupole type can be operated at lower voltage than other types it is
characterized by the simple structure of spectrometer and the easy
operation.  It has, however, shortcomings in that the resolving power is
lower and the sensitivity of m/z of 1,000 or more is poorer than that of the
double converging magnetic field type.  The block diagram of the
quadrupole mass spectrometer is illustrated in Fig. 28.

Figure 27.  Schematic explanation of quadrupole electrode.
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The time of flight type mass spectrometer utilizes the different flying
velocity of ions in the electric field according to m/z.  Assuming the applied
voltage, the length of analytical tube, and the time of flight of ion in the
analytical tube are to be V, L, and t, m/z is expressed by

Eq. (5) m/z = 2eVt2/L2

Assuming that V and L are constant, m/z can be determined by measuring
the time of flight (t).  The time of flight method is useful for measuring the
molecular weight of a substance such as protein with the molecular weight
exceeding hundreds-of thousands because the measurement can be made
independent of the mass number.  The photograph and a block diagram of
the time of flight type mass spectrometer are illustrated in Fig. 29.  The time
of flight mass spectrometer includes the linear type of one-way flight and
the reflector type of shuttle flight of ions reflected by voltage.  Since the

Figure 28.  Photograph and block diagram of quadrupole mass spectrometer.  (Perkin
Elmer, Q-MASS 910.)
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reflector type has longer flight distance than the linear type, the resolving
power of the former is higher than the latter.

The mass spectrometry of a mixture produces so much of parent ions
and fragments that the mass spectrum is complicated and the analysis is
often difficult.  A tandem mass spectrometer (MS/MS) has been developed
for solving those problems by detecting a specified ion using two spectrom-
eters connected in series.  The block diagram of MS/MS is illustrated in Fig.
30.  The tandem-in-space type mass spectrometer is characterized by
selecting only an ion (precursor ion) with specified m/z from various parent
ions and fragments in the first MS and introducing the ion to the ionization
chamber to produce another ion (product ion) and analyze in the second
MS.  The bombardment activation method is used for ionizing the sample
by colliding it with neutral molecules including argon.

Figure 29.  Photograph and block diagram of time-of-flight type mass spectrometer.
(Shimazu/Kratos, Kompact Maldi IV.)
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4.3 Applications

Mass spectrometry (MS) has been used so far for identifying and
determining trace components in the solid, liquid, and gaseous samples,
estimating the molecular structures of organic compounds, and measuring
the ratio of the isomer contents. Since the range of the measurable
molecular weight has recently been rapidly widened MS is used for the
composition analysis of biological materials and the structural analysis of
protein.

An example of the identification with MS of polychlorinated aro-
matic compounds and a mass spectrum of a sex pheromone illustrate the
utility of this technique.[36][37]

Mass spectrometry has been used for analyzing organic compounds
for the high-performance water-reducing agents and for the raw materials
of macro defect-free cement and polymer concrete  in the fields of cement
and concrete research.

Figure 30.  Photograph and block diagram of tandem-in-space type mass spectrometer
(MS/MS).  (JEOL, JMS-700T.)
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In order to estimate the origin of the carbonate compounds in
hydrated cement, the permillage of the contents of carbon and
oxygen isomers (13C and 18O), namely, δ18 = [(18O/16O)s, - (

18O/16O)R]/
(18O/16O)R × 1,000 (%) and δ13 = [(13C/12C)s - (

13C/12C)R]/(13C/12C)R ×
1,000 (%) are determined.[38]  In those equations, (18O/16O)s and (13C/12C)s

are the ratios of the isomers in the sample and (18O/16O)R and (13C/12C)R are
the ratios of the isomers in the standard samples. The standard samples of
carbon is Pee Dee Belemnite of the ocean-originated calcium carbonate and
that of oxygen is the Standard Mean Ocean Water produced by the
International Atomic Energy Agency in Austria.

The ranges of δ18 and δ13 measured using carbonates from various
origins are illustrated in Fig. 31.  Domain I, II, III, IV, V, VI, VII, VIII, and
IX, are marine sedimentary limestone, laid from continental water,
carbonate precipitated from cement in open air and fresh water, carbonate
precipitated from cement in water of Paris region (no gas phase carbon
comes from dissolved mineral species), carbonate in the archeological
cement sample from Mycenes, mortar obtained from Knossos, an ancient
shrine in Greece, carbonate produced in Champlieu, in France, carbonates
in current cement with and without limestone filler, and carbonate in a
mixture of cement and limestone without containing CO2 from the
atmosphere or carbon dissolved in water, respectively.  In the figure, D,
E, F, G, and H are the sample taken from a concrete bridge in Nanteuli in
a  suburb of Paris, the sample taken from a concrete bridge in Gargenville
in a suburb of Paris, the sample containing 3% of carbonate taken from
a concrete bridge built 50 years ago from gneiss and granite produced in
Brest, the sample taken from a runway built from a coral reef-originated
limestone and seawater of the Indian Ocean, and the low porosity
sample taken from an inner wall of a block house built in Normandy in
1943, respectively.  It is inferred from Fig. 31 that a half of the carbonate
of D is limestone used as the filler, the carbonate of E is oceanic
limestone, the carbonate of F is mainly produced from carbon dioxide
contained in rainwater, most of the carbonate of G is produced from
carbonate ions dissolved in the seawater and limestone, and most of the
carbonate of H is produced from carbon dioxide contained in rainwater.[38]
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5.0 SECONDARY ION MASS SPECTROSCOPY

5.1 Principle and Special Features

A low-penetrability ionic beam with sputtering function is used for
determining the element distribution on the surface and in the direction of
depth of a solid.  Neutral atoms and molecules, x-rays, secondary ions, and
secondary electrons, are emitted from the surface of a solid sample
irradiated with high-energy ions.  Secondary ion mass spectroscopy (SIMS)
is a method for analyzing the composition of a sample using the secondary
ions among them.  An ion microprobe mass analyzer (IMMA) is an
instrument for analyzing the microscopic region of the surface and has the
function of observing the two-dimensional element distribution of the
surface of the sample by irradiating with the ionic beam converged into
hundreds of nanometers.

Figure 31.  13C - 18O diagram of various carbonates.  (Letolle, et al.)[38]
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Figure 32.  Interaction between incident ion and solid sample. (Uchikawa.)[1]

When a sample is irradiated with an ionic beam such as O2+, Ar+, and
Cs+ of 10 to 20 keV, the atoms in the sample are given kinetic energy by
the collision of ions.  When the kinetic energy is sufficiently larger than a
potential barrier in the material of the sample, the atoms move in the sample
colliding with other atoms and, finally, the atoms in the surface layer are
driven out as the secondary ions as shown in Fig. 32.[1]

The secondary ions driven out are separated and detected with mass
spectrometer and the elements contained in the sample are both qualita-
tively and quantitatively analyzed by SIMS as shown in Fig. 33.[39  The area
of the measuring region for SIMS is hundreds of nanometers to hundreds
of microns lying between those for AES and ESCA.  The two-dimensional
information of the surface layer of one to tens of nanometers in depth can
be obtained.  Even a small quantity of 100 ppm to 0.l ppb of any element
can be analyzed.  The sample is inclined to the direction of incident ionic
beam at 45°.  The secondary ions emitted from the sample by sputtering are
detected.  Since the sample is eroded conically, the secondary ions emitted
from the rim of the hollow eroded conically make the measurement
inaccurate.  The area masking[40] or electronic aperture[41] method combin-
ing a restricted field lens and a restricted field slit is used for analyzing a
sample in the direction of depth so that only the secondary ion emitted from
the center of sputtered area are detected.  An ion gun is selected considering
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the elements to be analyzed and the measuring region.  Since the mass
analysis has a small background and a large dynamic range, it is suitable for
the microanalysis.

Charging-up during the analysis of an insulating material is pre-
vented by covering the surface with an electron conductive layer except for
the measuring region and blowing the vapor of indium only upon the
measuring region to form an electron bombardment-induced conductive
layer[42] or neutralizing the charge by the thermionic irradiation method or
the negative ionic beam.[43]

Apparatus.  A photograph and a block diagram of the secondary ion
mass spectrometer are illustrated in Fig. 34. The spectrometer comprises
the primary ion (Xe+, Ar+ and Ca+

 etc.) generating unit composed of an ion
gun, an ion accelerator, and an iris for the ion beam, and the secondary ion
analyzing unit.

Figure 33. Ionic image and mass spectra of cement clinker determined by SIMS.
(Uchikawa, et al.)[39]
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Figure 34.  Photograph and block diagram of secondary ion mass spectroscope.  (Hitachi
IMA-3000.)

Application. The application of SIMS to the cement and concrete
research field began to be reported in the first half of the 1980s. Papers published
since then include a paper [44] inferring from the comparison of the average
composition in bulk with the surface composition determined by SIMS that
Fe, K and alkali are concentrated on the surface of high-early-strength
portland cement, blast furnace cement and hydrated high-early-strength
portland cement respectively, a paper[45] presenting the determination of
the capability of normal portland cement to fix Co, Ce and Sr by SIMS together
with other analyses and the existing state of those atoms in hydrated cement,
respectively, a paper[46] describing the limit of qualitative analysis of
admixtures due to the structural factors and the possibility of quantitative
analysis, and a paper[47] presenting by analyzing the interface between
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quartz and cement paste in mortar prepared by using quartz as aggregate left
to stand in So2 gas of the concentration of 5% that in the paste at a depth of
submicrons from the interface and so Na is decreased.

The analytical result of alite in clinker by SIMS using Cs+ and O2+
as the primary ion source is shown in Fig. 33.[39]  The result indicates that
alite contains trace elements including F, Ti, P, Co, and Zn, as well as minor
elements including Mg, S, Na, and K.  The location and name of: the cement
manufacturing plant can be identified from the kind and contents of those
trace elements contained in each clinker mineral.

6.0 CHROMATOGRAPHY-MASS SPECTROMETRY

6.1 Principle and Special Features

An apparatus for accurately separating a specified component from
the sample and identifying it by combining a component-separating func-
tion of chromatograph with a component identifying function of mass
spectrometer is called a chromatograph-mass spectrometer.

Although a volatile mixture sample is analyzed by Gas Chromatog-
raphy-Mass Spectroscopy (CC/MS), a non-volatile compound is analyzed
by Liquid Chromatography-Mass Spectroscopy (LC/MS), and instruments
based on the thermospray, electrospray, and Frit-FAB methods, have
recently been used.

6.2 Apparatus

Figure 35 shows a photograph and block diagram of LC-MS. Liquid
chromatography-mass spectrometry is made by separating the components
in the sample from each other with a liquid chromatograph (LC), removing
the eluent at the interface, sending it to a mass spectrometer (MS), ionizing
the components under high vacuum, and measuring the mass numbers of
them.[28]  A liquid chromatogram showing the time of elution and the
intensity of eluted product on the axes of abscissas and ordinates, respec-
tively, is obtained by LC and a mass spectrum through mass number/
electric charge of ion (m/z) and the intensity on the axes of abscissas and
coordinates, respectively.  A diagram drawn by plotting the mass-spectral
intensity against the time of elution at a specified m/z is called the mass
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chromatogram.  Since the measurement is continuous, a mass spectrum at
any time of elution can be obtained.  The type of eluted product at a specified
time in LC can be estimated by comparing the mass chromatogram with the
liquid chromatogram.

Figure 35. Photograph and block diagram of apparatus of LC-MS (JEOL, JMS-
LX2000) and schematic explanation of liquid chromatography-mass spectrometry.
(Uchikawa, et al.[28])
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6.3 Applications

An example of the determination of the monomer/polymer ratio of a
main component, disulfonic acid/monosulfonic acid ratio, the content of
low-condensates, and the poly-condensates, by separating and identifying
the components of naphthalene sulfonic acid-based and melamine sulfonic
acid-based admixtures by LC/MS[28] is described below.

A liquid chromatogram of an organic admixture obtained by LC/MS
is illustrated in Fig. 36. Since the admixture contains various components
with different hydrophilicities, hydrophobic particles including octadodecyl
silica gel and aqueous solution, are used as the stationary phase (column)
and moving phase (eluting solution), respectively, and a column for
reversed phase partition chromatography separating the components by the
difference of the hydrophobicity and hydrophilicity balance is used in this
particular case.  The mixture of an aqueous solution of dibutyl amine-acetic
acid and CH3CN is used as the eluting solution. The stronger the hydrophi-
licity of a component, the earlier the component is eluted and the stronger
the hydrophobicity of a component, the later the component is eluted.
Considering that disulfonic acid is more hydrophilic than monosulfonic
acid and low-condensate is more hydrophilic than polycondensate when the
number of sulfonate groups per monomer are the same as each other, the
type of an organic sulfonic acid corresponding to each peak can be
identified.  Since even the same type of admixtures exhibit different sizes
of peaks, the contents of the components vary according to the brands.

An example of mass spectra of naphthalene-based organic admixture
and melamine-based admixture is illustrated in Fig. 37 and liquid chro-
matogram-mass spectrograms (mass chromatogram) of them are illus-
trated together with their molecular structure formulas in Fig. 38.  Sulfur
trioxide, naphthalene sulfonic acid monomer, naphthalene disulfonic acid
monomer, dimer, trimer, tetramer, pentamer, and hexamer of naphthlene
sulfonic acid, are identified by the peaks at m/z of 80, 207, 287, 427, 647,
867, 1088, and 1308, respectively, in mass spectra of a naphthalene-based
admixture.  Sulfur trioxide, condensate of melamine sulfonic acid and
monomer, dimer, and trimer of melamine sulfonic acid are identified by the
peaks at m/z of 80, 222, 247, 407 and 639, respectively, in the mass spectra
of a melamine-based admixture. The main components of the naphthalene-
based admixture include monosulfonate monomer and its condensate,
disulfonate monomer and its condensate and sulfonic acid not forming
metallic salt, while those of melamine based admixture include
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Figure 36.  Liquid chromatogram of organic admixtures.  (Uchikawa, et al.)[28]

melaminesulfonic acid monomer and its condensate.  Besides such infor-
mation, the monomer/polymer ratio, the content of low condensates and
polycondensates listed in Table 1 can also be obtained by LC/MS.
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Figure 38.  An example of liquid chromatogram-mass spectrogram of organic admixtures.
(Uchikawa, et al.)[28]
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7.0 NUCLEAR QUADRUPOLE RESONANCE ANALYSIS

7.1 Principle and Special Features

An atomic nucleus with the nuclear spin quantum number (I) of
± ≥ ½ has the nuclear magnetic moment and that with the nuclear spin
quantum number of ≥1 has the nuclear quadrupole moment as well as the
nuclear magnetic moment.  The nuclear quadrupole moment is a state
forming two + and - pairs in the spatial distribution of the quantity of
electricity in a nucleus.  Figure 39 reveals that it has two types: (a) uniaxial
arrangement and (b) planar arrangement.  The nuclear quadrupole moment
is called also the electric quadrupole moment.

A substance (nucleus) placed in a static magnetic field causes the
Zeeman splitting of spin energy to quantize to the nuclear magnetic
quantum number (m) in the direction of the magnetic field.  The resonance
absorption is caused by irradiating with an electromagnetic wave with
energy corresponding to the splitting width (energy equal to that between
the levels adjoining each other at the splitting, several MHz to hundreds of
MHz) as illustrated in Fig. 40(a).

The nuclear magnetic resonance (NMR) method is based on the
magnetic resonance adsorption by irradiating an atomic nucleus having
nuclear magnetic moment with radio waves. The electron spin resonance
(ESR) method is also based on the principle similar to NMR by irradiating lone
pair electrons with microwaves. Another technique measures the resonance

Monomer/ Disulfonate/ Content of Content of
Condensates Monosulfonate Low Poly- High Poly-

Admixture Condensates Condensates

Naphthalene DI-C Medium Low Medium Much
sulfonate- DU-C High High Much Much
based MI-J Low Low Less Less
admixture

Melamine ME-C Low — Much Medium
sulfonate-
based NL-J Low — Less Medium
admixture

Table 1. An Example of the Composition of Various Organic Admixtures
(Uchikawa, et al.)[34]
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absorption caused by irradiating the nuclear quadrupole moment (I ≥ 1)
existing in the nucleus in advance and is called the nuclear quadrupole
resonance absorption method, as illustrated in Fig. 40(b).

NMR determines the molecular structure, including the state of
electrons in the vicinity of the nucleus, types of bonding atomic group, state
of bonding, distance between spins, and direction of spin, by the chemical
shift depending upon the variation of the electron densities in the vicinity
of nucleus according to the properties of the atom and the molecule and by
the spin-spin interaction (J-coupling) caused by being shielded from the
external magnetic field by the adjacent nuclei with magnetic moment.

Figure 39.  Schematic explanation of electric distribution on nuclear quadrupole moment.

Figure 40.  Split of spin energy in (a) NMR and in (b) NQR.
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The nucleus causing the resonance absorption by the radio wave turns
back to the original thermal equilibrium state with the lapse of time.  The
process is called a relaxation process.  The relaxation process includes the
process of emitting energy and that of turning the spin directed to one
direction toward random directions.  The former and the latter are called the
longitudinal or spin-lattice relaxation time (T1) and the transverse or spin-
spin relaxation time (T2), respectively.

Information on rotation, vibration, and translation of molecule, can
be acquired by determining the relaxation mechanism by the inversion
recovery technique and by the spin echo technique. A study on the temperature
dependence of T1 is important for studying the state of electrons.

The observation of the nuclear quadrupole resonance absorption of
a nucleus alone is called the pure quadrupole resonance (PQR), while the
observation of two resonance absorptions of the radio wave of a nucleus
caused by the Zeeman splitting (NMR) by applying the magnetic field from
the outside and the nuclear quadrupole (PQR) is collectively called NQR.
The resonance conditions of NMR, NQR, and ESR, are expressed by the
following formulas:

Eq. (6) ∆E = hν = h γ Ho/2π

Eq. (7) ∆E = hν = (eQ/2) · (∂Ez/∂Z)

Eq. (8) ∆E = hν = gβHo/2π

where ∆E is difference of energy between the levels, h is Planck’s constant,
ν is resonance frequency, γ is magnetic rotation ratio (depending upon
nuclides), Ho is strength of outside magnetic field, g is spectroscopical
splitting factor, and β is Bohr magnetron.

KClO3 which is a typical molecule causing the electric field gradient,
∂Ez/∂Z, is illustrated in Fig. 41.

By NQR the kind of nuclide can be identified because the nuclear
quadrupole peculiar to the nucleus is formed and the chemical bonding state
and symmetry can be determined because the electric field gradient of the
nuclear quadrupole is affected by the state of surrounding electrons.

In short, NQR is characterized by:

1. The resonance frequency that largely depends upon the
nuclides.

2. The resonance frequency of inorganic compounds is
different from that of organic compounds though the
nuclide is the same.
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 NQR Frequency in Various Compounds (Chihara, et al.)[48]

3. The resonance frequency is surely changed even by
slightly changing the substituent group.

4. Each transformation of a polymorphous substance has
its own resonance positions and resonance frequencies.

Accordingly, NQR is an effective means for the identification of
crystalline substances and phases.  The NQR frequencies of various organic
and inorganic compounds are listed in Table 2.[48]
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7.2 Apparatus

Since few instruments for measuring NQR for exclusive use are
commercially available, the remodeled instruments for NMR are used in
many cases.

NMR includes the continuous wave (CW) NMR and Fourier trans-
formation (FT) NMR or pulse-NMR.  CW-NMR determines the resonance
absorption sweeping the external magnetic field of the frequency of the
radio wave used for irradiation.  FT-NMR produces the spectrum of the
frequency region by the Fourier transformation of the free induction decay
signal generated by the irradiation with a short, but high-power radio wave.
Although the sensitivity of NMR is much lower than that of infrared and
ultraviolet spectrophotometries, the FT-NMR method has such a high
sensitivity by integration that the NMR signal of trace and low isotopic
abundance elements can be easily obtained.  The market share of the
apparatus based on FT-NMR is, therefore, high.

A uniform, strong magnetic field is required for improving the
resolving power of NMR.  The resonance frequency of 1H of the initial
apparatus was approximately 40 MHz.  At the end of the 1960s, it was
increased up to 100 MHz.  The intensity of the magnetic field has been
remarkably increased by the development of superconducting magnets up
to 500 to 600 MHz.  The increased strength of the magnetic field, improved
probe, and progress of computer, have recently made the determination of
27Al and 29Si as well as 1H and 13C in solid possible.  43Ca may be
determined by NMR in the near future.

Figure 42 illustrates the schematic diagram of the measuring system
of NQR using NMR.  The system comprises a magnet, a sample chamber,
a data processor, a spectroscope, a wide band power amplifier, a Dewar (1.2
~ 1,000 K) and a NQR probe.  A magnetic field-sweeping magnet may be
required.  Since the width of the peak at resonance frequency of NQR is as
broad as hundreds of Hertzes to MHz, which is broader than 10 to 100 Hz
of that of solid NMR as well as that of liquid, the frequency generator is
required to generate broad frequencies of 1 to 1,000 MHz and 10 to 200
MHz for NQR and NMR, respectively.



Specialized Techniques 871

Figure 42.  Block diagram of JNM-NQR220 (JEOL) system.

7.3 Applications

NQR is not popular at present.  This is because the resonance
absorption of a nucleus is not caused in the case when symmetry in the
molecule is high though the nucleus has I ≥ 1.  For example, NaCl does not
cause resonance absorption because the symmetry in the Na nucleus (I = 3/2)
in NaCl is high though Na has the conditions causing the resonance
absorption.  Also, the application of NQR is limited to specific crystalline
substances composed of regularly arranged atoms and molecules while it
is not applied to liquids in which the interaction of atoms and molecules
randomly arranged are equalized though the nuclear quadrupole is formed.

As mentioned before, NQR is a supplemental analytical means to
NMR and has been applied so far to the studies mainly on Na (I = 1) and C1
(I = 3/2) in organic substances.  At present, however, the study on Cu (I = 3/2)
in high-temperature superconductors is actively carried out.  In the high-
temperature superconductors, the superconductive state is broken by ap-
plying a stronger external magnetic field than critical strength of magnetic
field (Jc).  NQR, which can measure the resonance absorption in a zero
magnetic field is, therefore, effective.  A temperature-measuring device is
being developed because the resonance frequency of NQR is a function of
the temperature.[49][50]

Examples of the application of NQR to high-temperature supercon-
ductors are provided by Asayama[51] and Imai, et al.[52
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The measurement of NMR of solid 29Si has finally been established
and that of solid 27Al has just started in the fields of cement and concrete
research.  No research on the application of NQR to these fields has been
reported.  This is because Si of I = 1/2 cannot be measured by NQR and the
nuclei such as Ca and Al are relatively low sensitive though these nuclei
meet the requirement of I ≥ 1.  It is expected that trace or small amounts of
elements contained in cement or concrete could be measured by sharply
improving the sensitivity of the instrument to obtain various new knowl-
edge in the near future.

8.0 X-RAY ABSORPTION FINE STRUCTURE ANALYSIS

8.1 Principle and Special Features

A part of x-rays irradiating a substance is transmitted and scattered
and the rest is absorbed.  The relationship between the intensity of incident
x-rays (I0) and that of transmitted x-rays (I) is expressed by the following
equation:

Eq. (9) Io/I = exp (-µ t)

where t is thickness of sample and µ is the total linear absorption coefficient.
The linear absorption coefficient is proportional to the density (ρ) of

the substance.  When a uniform sample is used, µ/p, called mass absorption
coefficient, is a value peculiar to each element independent of the state of
the substance.  Plotting the mass absorption coefficient versus the wave-
length of x-rays, a curve in which the mass absorption coefficient is sharply
changed at a wavelength is drawn, as illustrated in Fig. 43.  The sharp
change of mass absorption coefficient is called K-absorption edge, L1-
absorption edge, etc., by the orbits of electrons concerned.  In the region
where the mass absorption coefficient increases with the increase of the
wavelength of x-rays, the following Victreen equation applies:

Eq. (10) µ/ρ = Cλ 3 - Dλ 4

where C and D are constants.
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Figure 44.  X-ray energy and x-ray absorpiton near absorption edge.

Figure 43.  Wave length dependence on mass absorption coefficient by Platinum.
(Klug, et al.)[53]

The result of detailed observation near the absorption edge indicates
that there is a microstructure with different x-ray absorptivity, as illustrated
in Fig. 44, in the region from x-ray absorption edge to 1,000 eV on the high-
energy side.  The regions from the absorption edge to approximately 50 eV
and that from 50 to 1,000 eV are called the x-ray absorption near edge
structures (XANES) and extended x-ray absorption fine structures (EXAFS),
respectively, and both structures are collectively called the x -ray absorp-
tion fine structure.  The structure is formed in such a way that photoelec-
trons flying out of the inner shell are scattered by the surrounding atoms
during the propagation of them in the solid as spherical waves and the
spherical waves are modulated to form the microstructure on the absorption
spectrum. Since XAFS is a local physical phenomenon around the atom
concerned, the x-ray absorption fine structure analysis is used for the
analyses of ultra-fine particle, amorphous material, liquid and solid, as well
as single crystal and powdered crystal.
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The transmission method measuring the intensity of x-rays before
and after transmitting the sample is widely used for determining the
microstructure.  Meanwhile, the fluorescent x-ray spectrometry measuring
the intensity (yield) of fluorescent x-ray reflected from the sample surfaces
is used for the thick and membrane samples which cannot transmit x-rays.
The angle of incident x-rays in the fluorescent x-ray spectrometry is usually
fixed to 45 degrees to measure the surface alone and it is applied only to
heavy elements which generate a high-intensity of fluorescence x-rays.
Meanwhile, Auger electron spectroscopy is used for light elements.

Although the steric configuration of atoms and the state density of
conducting material can be determined by the analysis of XANES, the
analysis is so complicated because XANES appears as the result of the
interference effect caused by the multiple scattering between the x-ray
absorbing atoms and the surrounding atoms that a structural model is
required.  It is inferred from the resolving power of monochromator and the
absorption of x-ray in air that only the atoms having the adsorption edge in
a range from 5 to 25 ev, such as titanium or higher atoms, can be measured
in XANES.  The information obtained by EXAFS is the radius distribution
around a specified element and, accordingly, the distance between the atom
absorbing x-rays, the atoms around it and the coordination number and kind
can be determined by analyzing EXAFS.

8.2 Apparatus

It is desirable that the x-ray used for XAFS is uniformly strong and
continuous throughout all the wavelength region.  Synchrotron orbital
radiation (SOR) continuously generating high-strength and high-directiv-
ity x-rays has gained attention as the radiation source, as described in Sec.
9.  The equipment of SOR is, however, so large-scaled and expensive that
its application is limited.  Accordingly, the rotating anode type high-
power x-ray generator and various devices using a thermoelectron radiat-
ing electron gun with filament composed of W and LaB6 for generating x-
rays, using an x-ray path evacuated or filled with He gas for preventing the
atmosphere from absorbing x-rays and using a high diffraction intensity
analyzing crystal or curved analyzing crystal for preventing the fluorescent
x-rays from lowering its intensity, are generally used for determining the
microstructures.  The commercially available equipment can determine
XAFS ranging from Al to Ra.
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Figure 45.  Extended x-ray absorption fine structure analyzer. (Rigaku Co.)

8.3 Applications

Examples of XANES of Pt, Au, Ta, Ta2O5 and PtO2 are illustrated in
Ref. 54.

The change of the coordination number and intra-atomic distance of
a Ru crystal of catalyst by using alumina as carrier is traced in Ref. 55.

In the field of cement and concrete research, a paper presents that the
stabilizing mechanism of a Cr compound in hardened cement is investi-
gated by determining XAFS at the K-absorption edge of Cr in the samples
prepared by adding 2,500 ppm each of Na2CrO4 to blast-furnace slag (Mix
#l), portland cement (Mix #3), and a mixture of portland cement, blast-
furnace slag, and fIy ash (Mix #2), and hydrating them for nine days.[56]  The
radiation source used for the experiment was NSLS (2.5 GeV and 250 mA)
of Brookheaven in the U.S.  The result of measurement of XAFS and the

Auger electron spectroscopy is mainly used for measuring the K-
absorption edge of light elements including C, N, O, and F, in an ultra-soft
x-ray region.  Fluorescent x-ray spectroscopy and Auger electron spectros-
copy are used for measuring the K-absorption edge of Na to Cl in a soft x-
ray region and the L-absorption edge of Ni to Rh.

Figure 45 illustrates photographs of a general view and the spectro-
scopic and detection parts of commercially available equipment.
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Figure 46.  Near edge spectra from Cr K-edge of (a) K2CrO4, (b) Mix #3, (c)  Mix #2, (d)
Mix #1, and (e) CrOOH.  (Lee, et al.)[56]

wave form after Fourier transform of the spectrum are illustrated in Fig. 46
and Fig. 47, respectively.  The calculated results of the coordination number
and the interatomic distance are listed in Table 3.  Those figures reveal that
the wave forms of Cr added to portland cement and in blast-furnace slag are
similar to those of K2CrO4 and CrOOH, respectively.  Table 3 reveals the
similar trend in coordination number and interatomic distance.  These
results indicate that Cr6+ added to the slag is converted to harmless,
immobile Cr3+ in it and Cr6+ remains unchanged in portland cement.  In
addition, there are studies measuring XAFS at the K-absorption edges of Ca
and investigating the structures of CAHl0, C2AH8 and C3AH6 in refractory
cement by combining the results of NMR and XRD.[57]
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Figure 47.  Patterns after Fourier transform for the sample of Fig. 46.  (Lee, et al.)[56]

Table 3. Cr-O Interatomic Distance and Coordination Numbers of Various
Na2CrO4 Added Samples After Nine Days Hydration (Lee, et al.)[56]

Sample N (±25) R (0.02) (Å)

K2CrO4 4.90 1.65

Mix # 3 5.40 1.66

Mix # 2 1.31, 4.93 1.65, 1.98

Mix # 1 6.46 1.98

CrOOH 6.21 1.98
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9.0 SYNCHROTRON ORBITAL RADIATION ANALYSIS

9.1 Principle and Special Features

The equipment for repeatedly moving electrically charged particles,
including electrons and positrons, around an orbit with a constant radius in
the alternative current electric field to accelerate up to the relativistic
energy is called a synchrotron.  When the orbit is bent, intensive light
(electromagnetic wave) emitted in the tangential direction of the orbit is
called synchrotron orbital radiation (SOR).

SOR is a continuous spectrum widely distributed from the infrared
region to the x-ray region as illustrated in Fig. 48.[58]  The peak energy (εp)
and the number of photon (Np) at the peak position in the continuous
spectrum are expressed by the following equations:

Eq. (11) εp ∝  E3/R

Eq. (12) Np ∝  E4/R

where E is kinetic energy of electron and R is radius of orbit.  The smaller
the radius of orbit and the larger the kinetic energy of accelerated electron,
the larger the peak energy is, namely, electromagnetic waves with shorter
wavelengths are emitted.

Figure 48.  Energy distribution of synchrotoron orbital radiation.  (Kai.)[58]
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The kinetic energy of accelerated electrons is expressed by the
following equation:

Eq. (13) B · R = Z(E2 + 2EE0)1/2/2.8

where B is strength of magnetic field, Z is electric charge and E0 (static
energy) = m0c2.  It is necessary to increase the strength of the magnetic field
and radius of orbit for increasing the kinetic energy of the electrons.

The intensity of SOR is 100 to 1,000 times as high as that of a
conventional light source for analysis in the far ultraviolet region and 100
to 10,000 times as high as that in the x-ray region.  It has, therefore, become
possible to determine a substance which is not detected and the sensitivities
of EXAFS, photoelectron spectroscopy and fluorescent x-ray spectrometry
and the S/N (signal to noise ratio) have been improved.

SOR is so directional that the crystal structure in a microscopic
region with an order of magnitude of micrometers can be analyzed using an
optical system appropriate for converging x-rays.  The method of charac-
terization by which the sensitivity and accuracy are expected to be im-
proved by using SOR is shown in Table 4.[59]

Table 4. Research Fields Utilizing SOR  (Iida)[59]
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9.2 Apparatus

A ring generating SOR is called a storage ring, which comprises a
deflecting magnet forming an orbit by deflecting electron, quadrupole
electromagnet for converging it, and a microwave-accelerating cavity
supplying energy to the electron.  Electrons in lumps move around inside
the storage ring and emit pulsating light every time they pass through the
deflecting electromagnet.

As illustrated in Fig. 49, electromagnetic waves with shorter wave
lengths than conventional SOR can be generated by locally undulating the
orbit of an electron providing it with a strong magnetic field using a
superconducting magnet (wiggler) and phased radiation can be generated
by periodically undulating the orbit of the electron with the magnets placed
in a row (undulator) because the radiation interferes with each other.

Figure 49.  Schematic drawing explaining the concept of (a) wiggler and (b) undulator.
(Iida.)[59]
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Electrons entering into the storage ring of a synchrotron are gener-
ated by the high-temperature external cathode unit and accelerated up to
tens of MeV by a linear accelerator (LINAC) before entering into it.  The
storage ring is evacuated to 10-6 mm Hg for preventing the scattering caused
by colliding of electrons with molecules of air.  The diameters of the
existing synchrotrons range from tens of meters to 2,000 m.

SOR began to be used in the 1960s and the application researches of
SOR increased in the 1980s because the facilities of SOR for exclusive use
were operated in various countries.  Table 5 lists the main radiation
facilities in various countries and Fig. 50 illustrates an example of the
arrangement of the experimental radiation facilities.

Table 5. List of Major SOR Rings (Iida)[60]
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9.3 Applications

Measurement using synchrotron orbital radiation has not been popu-
larly applied to research because the light source is limited, as mentioned
above.  The application of it is limited to the XAFS field for the present.
Several examples among the applications given in Table 4 will be described
herein together with the feasibilities of them.

Fluorescent X-Ray Analysis.  The x-ray spectrometry using high-
luminance SOR as the light source is called synchrotron radiation excited
x-ray fluorescence analysis (SRXRF).  The detection limit can be extended
to an order of magnitude of ppb or pg.  Since the wave length used for SOR
can be easily changed to adjust the excitation energy to the absorption edge
wave length of a specified element, the detection sensitivity of the element
can be selectively raised.  Since a microscopic region can be analyzed,
owing to the sharp directivity, the scattering from the sample is reduced,
hence the S/N ratio is improved.

Figure 50.  A plan of the arrangement of the SOR experimental facilities.  (Iida.)[59]
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Accordingly, high-sensitivity and high-accuracy analyses of light
elements using the undulator and special measurements of K-series x-rays
of heavy elements using the wiggler will become feasible in the future.

Photoelectron Spectroscopy.  The strength of photoelectrons of SOR
per unit radiation area is 1,000 to 10,000 times that of x-rays emitted from
a normal tube.  Accordingly, SOR can have so strong a luminance, even by
diffracting the light with a monochromator the resolving power can be
improved up to 1/100 or under as much as the natural width (an order of 0.1
eV) of the characteristic x-rays.  A fine chemical shift of photoelectrons
can, therefore, be observed and the accuracy of the state analysis, including
the analysis of the bonding state of the element, is sharply improved.  Since
the penetration depth of photoelectrons in the sample can be adjusted by
changing the kinetic energy of photoelectrons emitted, the composition in
the direction of depth can be nondestructively analyzed though the surface
of the sample has been etched by irradiating it with the ion source so far, and
the thickness of the sample can be measured by it.  The resolving power of
position 0.3 µm or under can be obtained by utilizing the directivity of SOR
combining a converging mirror with an undulator.  That value is much
smaller than the tens of microns obtained with the current microfocus x-ray
diffraction.  The distribution of photoelectrons can be imaged by two-
dimensionally scanning SOR on the surface of the sample.  It is, therefore,
able to determine the three dimensional distribution of chemical bonds as
well as the distribution of elements.

X-ray Diffraction Analysis and X-ray Topography.  Since SOR is
pallalelistic, the high-angle resolving power can be measured with the
monochrome SOR.  Accordingly, the precision of crystal structure analysis
by such as the Rietveld method is improved.

X-ray topography is a method for projecting and photographing an
image of the defect of crystal on a real space unit.  It is able to be more
precisely photographed for a shorter time by using higher-luminance, more
highly pallalelistic SOR than a conventional light source.  Examples of the
direct on-time observation of TV image of the state of the interface between
the crystal and the melted liquid in the crystal growing process of GaAs[61]

and the observation of microdefect and strain field in the synthesis of a
single crystal of silicon by the CZ method[62]–[64] have been reported.

The following applications have been reported in the field of cement
and concrete research.

CaO·Al2O3(CA), which is one of the main constitute minerals of
calcium alumina cement, produces CAHl0 and C2AH5 by hydration and these
reaction products are converted to a stable phase C3AH6 with the elapse of
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Figure 51.  Time-resolved SOR-EDD patterns following the conversion of CAH10 to
C3AH6 and AH3 at 50°C.  (Rashid.)[65]

time and rise of temperature.  The phase transition at 50°C with time is
determined by synchrotron orbital radiation-energy dispersive diffraction
(SOR-EDD) and the results are illustrated in Figs. 51 and 52.[65]  The results
indicate that a broad peak, near 26 keV, corresponding to C2AH8 disappears
in approximately 150 minutes, the peak corresponding to CAHl0 is reduced
with the elapse of time and the peaks corresponding to C3AH6 and AH3 are
newly developed thereby by progressive transition. Detailed analysis of the
broad peak near 26 keV indicates that α phase-C2AH8 is produced followed
by β phase one, and the α phase disappears and the β  phase remains with
the elapse of time.  Thus, high-speed and high precision x-ray diffraction
analysis can be made using the high luminance and high-wave length
resolving power of SOR to understand the phase transition process in more
detail.
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10.0 MÖSSBAUER SPECTROMETRY

10.1 Principle and Special Features

The reaction which an atomic nucleus receives by the momentum of
electromagnetic waves when the atomic nucleus absorbs or emits the
electromagnetic waves is called recoil. Gamma (γ)-rays have much larger
recoil than other electromagnetic waves, including infrared, visible, and
ultraviolet rays, because γ-rays have higher energy than these electromag-
netic waves. The energy width of the excitation level of γ-rays is remark-
ably narrow. Since the effect of recoil in emitting γ−rays is not negligible
in the gas and as the liquid phase samples consist of isolated atoms, it has
generally been considered that the resonance absorption by the atomic
nucleus hardly results. Mössbauer discovered in 1958 that if the atomic
nuclei are firmly restricted in a solid the atoms surrounding them have
charge of the recoil energy at the emission of γ-rays, hence the atomic

Figure 52.  A blow-up of the 24–28 KeV region of Fig. 51.  (Rashid.)[65]
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nuclei lose the recoil whereupon the resonance absorption of γ-rays is
observed.  It is, therefore, possible to determine the physical and chemical
properties of a substance by examining the resonance absorption spectrum
of γ-rays emitted from the non-recoil nucleus.  This method is called
Mössbauer spectrometry after the name of discoverer of the resonance
absorption phenomenon of γ-rays.

The elements showing the Mössbauer effect are listed in Table 6.  The
elements applicable to Mössbauer spectrometry among them are limited to
the elements emitting low-energy (generally 150 keV or under) γ-rays and
having a large mass number, namely, 57Fe and 119Sn.

Table 6.  Elements (Enclosed with a Circle) Showing the Mössbauer Effect
(Tominaga)[66]

The mechanism of the development of spectrum will be described
using 57Fe as an example.

Gamma-ray of 57Co (half-life: 270 days) with low recoil, at room
temperature, showing a narrow singlet peak, is used as the radiation source
for exciting iron contained in the sample. For applying the spectrometry to
tin, 119mSn (half-life: 245 days) is used as the radiation source. As
illustrated in Fig. 53, 57Co develops the second excitation level of 57Fe by
the orbital electron capture decay.  After 91% of the second excitation level
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once moves to the first excitation level it transforms to 57Fe on the normal
level, emitting γ-rays of 14.4 keV after the mean life of approximately
10-7 seconds and the remaining 9% of that transits directly to the normal
level emitting γ-rays of 136.4 keV.

Figure 53.  Decay process of 57Fe.  (Tominaga.)[66]

If the chemical state of the radiation source is the same as that of Fe
in the sample, 57Fe in the sample causes the resonance absorption and
excites the atomic nucleus of Fe in the sample and it returns to the normal
level emitting γ-rays in all directions for a short time, when γ-rays of 14.4
keV emitted by the decay of 57Co transmit the sample containing iron.  In
this process, the strength of the transmitted γ-rays is decreased on the
backside of the sample to develop an absorption spectrum.  The γ-rays cause
the resonance scattering also in directions other than the direction of
transmission (Fig. 54).

If the chemical state of the radiation source is different from that of
Fe in the sample, no resonance absorption occurs because the difference
between the energy levels of the atomic nuclei is different.  Due to the
relative velocity between the radiation source and the Fe in the sample
(absorber) by vibrating the radiation source the energy of incident γ-rays is
converted to E2 by the Doppler effect to cause the resonance absorption as
illustrated in Fig. 54 according to the following equation:
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Eq. (14) E2 = E1(1 + v/c)

where E1 is the energy of incident γ-rays, v is the relative velocity and c is
the velocity of light.

Figure 54.  Process of Mössbauer Spectrum measurement.  (Tominaga.)[66]

The energy levels of the normal and excited states of the atomic
nucleus are slightly changed according to the neighboring electron state
(such as valency number and steric symmetry of ligand) and the neighbor-
ing magnetic state (such as inner magnetic field of ferromagnetic or
antiferromagnetic body and superparamagnetism) of the atomic nucleus.
The Mössbauer spectroscopy detecting the changes provides information
listed in Table 7.[67]

Isomer Shift (δδδδδ).  The effective radius of the atomic nucleus in the
excited state is slightly different from that in the normal state.  When the
electron state of the radiation source differs from that of the atomic nucleus
of the elements to be analyzed in the sample, the position of the center of
resonance absorption deviates from the origin on the Mössbauer spectrum
as shown in Fig. 55(a).[68]  The phenomenon is called the isomer shift and
the magnitude of it (δ) is expressed by the following equation:
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where Z is atomic number, R is effective radius of atomic nucleus, ∆R is the
increase in effective radius of atomic nucleus on excitation level compared
to that on normal level, and |ψ(O)|a2 and |ψ(O)|s2 are electron density at
nuclear sites in elements to be analyzed and radiation source, respectively.

Table 7. Major Information Obtained from Mössbauer Spectrum  (Sano,
et al.)[67]

Figure 55.  Isomer shift and (a) the line width, (b) quadrupole splitting, and (c) magnetic
splitting, observed in Mössbauer spectrum.  (Hassaan, et al.)[68]
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The electron density at the nuclear site of the radiation source can be
compared with that of the element to be analyzed when the sign of (∆R/R)
of nuclide is known.  The value of the isomer shift is a relative indicator of
electron density based on that of the element in the substance used as the
radiation source from which the information on the state of oxidation and
the properties of bonding can be obtained.

Quadrupole Splitting (∆∆∆∆∆EQ).  When the nuclear spin at the normal or
excited state is one or more the nucleus has electric quadrupole moment
(Q ≠ 0). The electric field gradient is caused in the nuclear site if there is the
deviation in the extranuclear electron, atoms surrounding the nucleus, and
arrangement of ions from the steric symmetry. The nucleus interacts,
therefore, with the extranuclear electron, atoms surrounding the nucleus
and ions to split the nuclear energy levels into two or more peaks in the
Mössbauer spectrum. The distance between a pair of peaks caused by
splitting (energy difference) is called the quadrupole splitting (see Fig. 55b).

The nuclear energy level is expressed by the following equation:
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The quadrupole splitting of the elements such as 57Fe and 119Sn causing the
transition between the levels of I = 1/2 and I = 3/2 is expressed by the
following equation:

Eq. (17)
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where eq is electric field gradient (∂2V/∂z2) and η is asymmetric constant
(∂2V/∂y2)-(∂2V/∂x2) /(∂2V/∂z2).

Since the degree of the electric field gradient at the atomic nuclear
site can be estimated from Eq. (17), the information on the molecular
structure and the symmetry of ligand can be obtained.

Magnetic Hyperfine Splitting (MHS). When the nuclear spin is not
zero, the energy level of atomic nucleus causes the Zeeman splitting by the
interaction with the effective magnetic field at the nuclear site. The absorption
peaks corresponding to the transitions of the split levels of ∆m = 0 and ± l
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are developed as illustrated in Fig. 55(c).  Since the nuclear magnetic
moment at the excitation level can be found by measuring the magnetic
splitting and the inner magnetic field can be found by the position of peak,
magnetic substances can be identified.

Non-Recoil Rate ( f).  The intensity of a peak in a Mössbauer
spectrum depends upon the non-recoil rates of the radiation source ele-
ments to be analyzed and the concentration of the nucleus of the element to
be analyzed in the sample.  The width of peak depends on the non-recoil rate
of the sample and the effective thickness represented as the product of the
concentration of nucleus of the sample and its sectional area.  The non-
recoil rate (f ) is expressed by the following equation:

Eq. (18) f = exp(-4π2<u2> / λ2)

where λ is wavelength of γ-rays and <u2> is mean square deviation of
Mössbauer atom.

Equation (18) reveals that the f-value is decreased with increasing
temperature and the Mössbauer effect is more easily heightened the lower
the temperature.  Also, it provides information on the mobility of the
Mössbauer atom and, accordingly, the molecular motion and intermolecu-
lar bond strength.  Some research on the phase transition, including glass
transition and crystallization, is being made.

Thus, the structural changes of iron and tin compounds which cannot
be detected by x-ray diffractometry can be determined by examining a
spectrum obtained by Mössbauer spectrometry.

10.2 Apparatus

Photograph and block diagrams of a transmission Mössbauer spec-
trometer are illustrated in Fig. 56.  The radiation source is vibrated by a
driving unit.  The γ-rays transmitting the sample are detected with a
proportional counter and amplified and then a Mössbauer spectrum is
obtained from the relative velocity of the radiation source and the
histogram of the intensity of detected γ-rays.  The amount of sample
required is approximately a few milligrams to tens of milligrams (the
amount of Fe).
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Figure 56.  Photograph and block diagram of transmission Mössbauer spectrometer.
(Shimazu Co.)
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10.3 Applications

The application of Mössbauer spectrometry is practically limited to
57Fe and 119Sn because it has shortcomings including low energy of γ-rays,
applicability only to solid samples, inapplicability to lighter elements than
potassium, and uses only the emitted number of radioisotopes with the
adequate half-life as the radiation source.  It is, however, applied to the
study on the properties of iron compounds, including the state of electron
and structural analysis, the magnetism tracing the solid reaction and phase
transition, and the study on relaxation.  It has recently been applied to
environmental samples such as dust and deposits and the state of analysis
of biomaterials.

An example of the variation of a Mössbauer spectrum with tempera-
ture is provided by Sano and Kanno.[69]

In the field of cement and concrete research, studies include the
application of Mössbauer spectrometry to the state analysis of iron con-
tained in the clinker minerals and the determination of the hydration rate by
the state analysis of iron in cement paste.

An example of a Mössbauer spectrum obtained by burning various
cement raw mixtures is illustrated in Fig. 57.[68]  The states of iron produced
by heating the raw mixture at low temperatures include Fe2+, Fe3+ existing
at the tetrahedral site (T) and octahedral site (O).  Figure 58 reveals that the
ratio of Fe3+ (O) is increased by burning it at 600°C, the states of all of those
three types of iron are increased by burning it at 1300°C and most of them
are converted to Fe3+ (T) by burning it at 1500°C.  It is, therefore, able to
evaluate the degree of burning of clinker by knowing the state of iron
contained in the cement raw mixture and clinker from the Mössbauer
spectrum.

The Mössbauer spectrum of portland cement illustrated in Fig. 59
consists of two peaks, (a).  They are reduced and two peaks, (b), are
developed between them with the progress of hydration, and the peaks (b)
are enlarged with further hydration.  This method, therefore, is able to trace
the degree of the hydration reaction and estimate the rate of hydration of
cement by determining the intensity ratio of the peak (a) to peak (b).[68]
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Figure 57.  Mössbauer spectrum of the clinker raw mixture at different burning tempera-
tures.  (Hassaan, et al.)[68]
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Figure 58.  The ratio of Fe2+, Fe3+  (T), and Fe3+  (O) to the total iron as a function of burning
temperature.  (Hassaan, et al.)[68]

Figure 59.  Mössbauer spectrum of Portland cement hydrated at different times.  (Hassaan,
et al.)[68]
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11.0 QUASI-ELASTIC NEUTRON SCATTERING
ANALYSIS

11.1 Principle and Special Features

A neutron is a particle without electric charge and with the mass (m)
of 1.0087 atomic mass unit, spin quantum number of 1/2 and magnetic
moment (µn) of -1.9132 nuclear magnetism unit.  It is produced by nuclear
reaction.  Energy of neutron generated from a nucleus is several MeV or
more.  In order to utilize the scattering and diffraction due to a crystal (for
analyzing the structure of a substance), decelerated neutrons are used.  A
neutron beam has properties of waves and its wavelength (λ) and energy (E)
are expressed by the following equations:

Eq. (19) TmkhmEh B22/2/ ==λ

Eq. (20) E = mv2/2

where T is temperature, h is Planck constant, kB is Boltzmann constant and
v is velocity of neutron.  Neutron is classified by the kinetic energy or
velocity as listed in Table 8.  The kinetic energy of a neutron is classified
by temperature into thermal neutron (near normal temperature), epithermal
neutron (higher than room temperature), cold neutron (lower than room
temperature), and super cold neutron (further lower than it).  The classifi-
cation is, however, not so rigid.

Table 8.  The Classification of Neutron
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The scattering caused by colliding neutrons with a substance which
does not change the kinetic and internal energies of the neutron, even after
the collision, is called elastic scattering, while that changing those energies
of the incident neutrons by letting the substance absorb a part of those
energies or release neutron energy is called inelastic scattering.  Thus, when
a substance (scatterer) irradiated with a neutron beam changes the position
with the lapse of time, the scattered neutrons develop a slightly broad
energy distribution spectrum centering around the energy of the incident
neutron beam except for the scattering in the forward direction at zero
degrees of the scattering angle.  Since such scattering as this is different
from either the elastic or inelastic scatterings it is called quasi-elastic
scattering.  An example of elastic scattering caused by irradiating a
cyclically moving crystal with a monochrome neutron beam (a) and
examples of the quasi-elastic scattering caused by irradiating diffusing
molecular liquids (c) and rotational diffusion in solid with a neutron beam
(d) are illustrated in Fig. 60,[73] respectively.  The spectrum shown in Fig.
60(d) is composed from a broad spectrum of the quasi-elastic scattering and
a sharp spectrum of the elastic scattering.

Figure 60.  Various spectra of cold neutron scattering.  (Inoue, et al.)[73]
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The probability of the scattering of the incident particles by a
substance (number of particles scattered/number of incident particles) is
called a scattering cross section.  The scattering cross section (s) of a
neutron composed of N pieces of molecules with the total scattering cross-
section (sinc) in incoherent scattering is expressed by Eq. (21).[74]  A wave
vector of neutron by scattering is changed from k to k’ and a scattering
vector (Q) is expressed by Eq. (22).
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where Ω is steric angle and ω is frequency.

Eq. (22) Q = k - k´

A scattering function [Sinc(Q,ω)] of the incoherent scattering is
expressed by the Fourier transform of a space-time auto-correlation function
[G(r,t)] giving the probability of the transfer of a molecule occupying a
position of R´(0) at a time of zero to a position of R(t) at a time of t as follows:
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The scattering function for a liquid is expressed by the following
equation, using a scattering model of Fick’s law:[75]
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The frequency spectrum is represented as a Lorenzian curve and its
half-width (∆ω) is expressed by Eq. (26).

Eq. (26) ∆ω = 2DQ2

where D is diffusion constant.
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As mentioned above, the scattering spectrum indicates the character-
istics of the dynamic structure of the scatterer.  The neutron diffraction
method is used for studying the static structure of a coagulated body, while
the quasi-elastic scattering of neutrons is used for studying the dynamic
structure.  Particularly, the quasi-elastic scattering of cold neutrons is able
to be used for examining the rocking motion of atoms and molecules in a
coagulated body because the energy of a cold neutron is appropriately
decelerated to 0.005 keV or less and the rate of change of momentum of
neutrons in the scattering is large.  The quasi-elastic scattering of cold
neutrons is used for elucidating the dynamic properties of microstructures
on the atomic level of substances, including liquid and some solids, with a
large atomic diffusion coefficient, substances with fluctuating atoms and
molecules such as amorphous substances, alloys and polymers, and
magnetic materials with randomly mixed two types or more magnetic
moments.

11.2 Apparatus

Neutrons used as the radiation source are generally produced in an
atomic reaction.  Relatively inexpensive neutron-generators using an
accelerator are installed these days.  Neutrons produced in the moderator of
a reactor are mostly thermal neutrons and a few cold neutrons.  A large
number of cold neutrons must, therefore, be produced using a cold modera-
tor for measuring the quasi-elastic scanning.  A cold neutron source was
installed for a BEPO reactor at the Howell Atomic Energy Research
Institute in 1956, for the first time in the world.  Most of the spectroscopes
operated for measuring the quasi-elastic scattering use, at present, the cold
neutron source together with a neutron spectroscope with energy resolving-
power of hundreds of meV for high accuracy determination.

The cold moderator used for generating the cold neutrons is a
material with the mode of motion of energy of approximately several meV
at a temperature of 20 K or under and a large number of light elements per
unit volume, includes solid methane, hydrogen, propane, and heavy water.
A schematic drawing of JRR-3 at the Japan Atomic Energy Research Institute
is illustrated in Fig. 61[72] as an example of a reactor with the cold neutron
source. The type of reactor is an enriched uranium, light water decelerated,
cooling pool type, and the degree of enrichment of 235U of the fuel is
approximately 20%, the rated thermal output is 20 MW and the maximum
thermal neutron beam is approximately 2 × 1014 cm-2s-1. The cold neutron
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generator decelerates thermal neutrons with liquid hydrogen of 20 K and
the cold neutrons are introduced to the beam facilities in an experimental
building through a neutron duct, as shown in Fig. 62.[72]

Figure 61.  Schematic diagram of JRR-3.  (Kudo.)[72}
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11.3 Applications

The scattering cross section of the atomic nucleus of hydrogen to a
cold neutron is approximately ten times or more as large as that of other
atomic nuclei.  The quasi-elastic scattering of cold neutrons is, therefore,
very effective for observing the vibrating and rotating behavior of the
hydrogen atom.  Since the scattering cross section of atomic nucleus of
heavy water is one-tenth as small as that of hydrogen, the behavior of
hydrogen at a specified position can be observed by substituting heavy
hydrogen for hydrogen.  Accordingly, the quasi-elastic scattering of cold
neutrons is used for the basic studies of liquid, including water, plastic
crystal, liquid crystal, hydrogen diffusion in metal, aqueous solution of
electrolyte and polymer.

The quasi-elastic scattering of neutrons is used for examining various
vibrating and rotating motions of each segment in the polymer research.
The vibration and rotation of each segment composing a polymer becomes
active at a temperature of the glass transition point (Tg) or higher.  Figure
63 illustrates a scattering spectrum of chloroprene rubber at temperatures
near Tg .[76]  A broad small peak which has never been observed at low
temperature is observed at the foot of a peak in a spectrum at higher
temperature than Tg.  Maybe this is because a broad small peak caused by
the quasi-elastic scattering as well as the sharp peak caused by the elastic
scattering is developed by the change of the local motion of each segment
controlling the motion of the whole polymer at a temperature near Tg .

Figure 62.  Diagram of cold neutron source in JRR-3.  (Kudo.)[72]
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Figure 63.  Change of scattering spectrum of chloroprene rubber at temperatures near Tg.
(Inoue, et al.)[76]

The applications in the field of cement and concrete research include
the determination of the change of the state of water in hardened portland
cement paste with time[77] and the quantitative analysis of frozen water in
hardened portland cement paste.[78]

Quasi-elastic scattering spectra of cement paste obtained by drying
free water in a vacuum or by removing most of the water by igniting it have
narrow energy distribution similar to that of elastic scattering, as illustrated
in Fig. 64(b), while a spectrum of pure water alone has broad energy
diStribution similar to that of quasi-elastic scattering as illustrated in Fig.
64(c).  A spectrum of hydrated cement shown in Fig. 64(a) shows a shape
formed by combining the spectra for the combined water shown in Fig.
64(b) with that for free water shown in Fig. 64(c).  Accordingly, the quasi-
elastic scattering spectrum for hardened cement paste can be expressed by
the sun of the Lorenzian function approximating the spectrum for free water
and the Gaussian function approximating the spectrum for combined water
as follows:[77][79]
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where A is the number of combined water molecule, B is the number of free
water molecule, Γ is half-width of Lorenzian curve, σ is Gaussian standard
deviation.  The quasi-elastic scattering spectrum for cement paste is
analyzed by finding the values of those four parameters fitted for the
measurements.  Since σ G depends upon a known constant of the mechanical
error independent of the sample, the parameters are easily determined in
most cases.  The combined water index (I) represented in Eq. (28) can be
determined by finding the parameters.[79]

Eq. (28)  I = A/(A + B)

The ratio of the combined water to water content in cement paste is
measured according to the above-mentioned procedure based on the quasi-
elastic scattering and the result is illustrated in Fig. 65.[77]  The figure
reveals that the ratio of the combined water to the water content at the ages
of one day and 16 days is approximately 20 and 52%, respectively.  Since
the ratio is kept at approximately 75% at the age of 90 days and after, this
suggests that the hydration reaction is practically terminated.  The results
agree with the measurements of the rate of hydration obtained by
conventional methods.

It is inferred from the analysis of the quasi-elastic scattering spectra
and the investigation of the vibration and rotation behavior of hydrogen
atoms that the free water, the combined water, and the hydroxyl group
contained in hardened portland cement paste have translation, vibration and
rotation energies, vibration and rotation energies and vibration energy,
respectively.[77]

The relationship in hardened cement paste between the freezing-
thawing resistance and the pore concerned is investigated by measuring the
quasi-elastic scattering spectra and the following results are obtained.[94]

The changes of the free water and combined water in the quasi-elastic
scattering spectrum according to changing the temperature of cement paste
of w/c of 0.5 are approximated by the Lorenzian function and the Gaussian
function, respectively, and the results are illustrated in Fig. 66.[78]  The
regions above and below the Lorenzian curve represent the ratio of the
combined water and that of the free water, respectively.  The figure reveals
that the ratio of the free water is reduced, namely, the quasi-elastic
scattering is reduced with decreasing the temperature.  It is inferred from
this that the ratio of free water is reduced.  The ratio of the region above the
Lorenzian curve to the whole region corresponds to the before-mentioned
combined water index (CWI) and it represents the ratio of the combined
water to the water frozen by cooling, in this particular case.
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Figure 64.  Relationship between quasi-elastic scattering function and energy transfer for
saturated and ignited paste and for water.  (Harris, et al.)[79]
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Figure 65.  Progress of hydration reaction measured by quasi-elastic neutron scattering on
2.0 w/c cement paste.  (Livingston, et al.)[77]

Figure 66.  Quasi-elastic neutron scattering spectra for w/c = 0.5.  (Gress, et al.)[78]
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Figure 67.  Combined water index versus temperature.  (Gress, et al.)[78]

Figure 67[78] illustrating the relationship between CWI and tempera-
ture reveals that the frozen water is increased in a temperature range from
zero to -20°C and CWI is largely increased with increasing the w/c ratio in
hardened cement paste.  The freezing process of water is independent of the
w/c ratio at a temperature of -20°C or under.

The relationship between the theoretical pore size and CWI is
illustrated in Fig. 68.[78]  It is concluded from the result that in hardened
cement paste the ratio of frozen water is independent of the w/c ratio in the
pore 15 nm in diameter or under, CWI is hardly changed in the pores 100
nm in diameter or over, and the ratio of pore 15 to 100 nm in diameter must
be optimized for improving the freezing-thawing resistance.
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Figure 68.  Combined water index versus theoretical pore size.  (Gress, et al.)[78]

12.0 THERMOLUMINESCENCE ANALYSIS

12.1 Principle and Special Features

Irradiating crystalline substances with light or radioactive rays from
the outside, the electrons in the substance are excited to various states.
Although the excited electrons return to the normal state emitting light
energy with the lapse of time, the electrons in certain substances are trapped
by an energy level near the conduction band or valence band remaining
quasi-stability unchanged even with the lapse of enough time.  Gradually
heating the substances at a temperature of the incandescent temperature or
under at a constant rate, these quasi-stable electrons jump to the conduction
band by absorbing the lattice vibration energy caused by heat, move around
in the crystal as the free electrons, bond with trapped positive holes, and
return to the normal state emitting light energy as illustrated in Fig. 69.[80]
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Figure 69.  Energy band diagram illustrating thermo-luminescence processes.  (Chew.)[80]

The light energy emission by heating is called thermoluminescence.
When the trapped positive holes are more unstable and their energy levels
are higher than the electrons, the relationship between the electrons and the
positive holes is reversed.  Accordingly, the positive holes act as the
center of luminescence and light is emitted by bonding the trapped
electrons again.  The temperature at which the electrons are emitted or
positive holes are formed and cause the thermoluminescence depends upon
their energy levels.  A curve drawn by representing the radiant light energy
as a function of temperature is called a glow curve.  The trapped electrons
or positive holes with a single energy level develop single glow peak,
while a thermoluminescent, fluorescent substance contains, generally, the
trapped electron and positive holes with several energy levels, hence it
generally gives a glow curve showing combined several glow peaks.  Since
the luminous energy is generated at a low temperature when the thermal
energy barrier of electrons moving from the quasi-stable state to the
luminous state is low and at high temperature when the thermal energy
barrier is high, the composition and thermal and physical histories of the
sample can be determined and the impurities and geological age can be
identified by analyzing the temperature and intensity for generating the
luminous energy.
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12.2 Apparatus

Apparatus to measure thermoluminescence is composed of a sample
chamber, a temperature controller of sample, a photomultiplier, and a
recording part, as illustrated in Fig. 70.[81]  Light radiated from the sample
with increasing temperature is detected and measured with the photomul-
tiplier.  At the same time the relationship between the intensity of radiant
light and the sample temperature is recorded as a function of time by
measuring the sample temperature with a thermocouple to draw a glow
curve.  The temperature for measurement ranges from room temperature to
500°C.  The minimum amount of sample required is tens of milligrams.

Figure 70.  Schematic diagram of apparatus to measure thermo-luminescense.  (Placido.)[81]

12.3 Applications

An example of the estimation of geological age by thermolumines-
cence will be described.  The thermoluminescence method has recently
gained attention because determination of age from twenty to thirty
thousand years ago to hundreds of thousands years ago has become
possible.  Age can be estimated according to the following equation by
determining the cumulative absorbed dose (DN ) of the natural radioactive
rays to a mineral until now:
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Eq. (29) T = DN /DA

where DA is a dose of radioactivity absorbed for a year and T is irradiation
period (age).  A dose of radioactivity absorbed for a year is determined by
correcting the contributions of contents of 238U, 232Th, and 40K, moisture
content, and cosmic rays.

Quartz is widely used for estimating age.  Quartz separated from the
sample, is irradiated with several doses of γ−rays emitted from 60Co and
the red thermoluminescence at each dose is measured.  The glow curves are
illustrated in Fig. 71.[82]  Although natural quartz shows a broad peak at
approximately 340°C, another peak at approximately 180°C, as well as that
at 340°C, are observed in a curve of that irradiated with γ-rays.  The
relationship between the cumulative value of thermoluminescence (TL)
and the dose of γ-rays added (Gy) in a temperature region in which an
artificially added dose is proportional to the amount of TL is illustrated in
Fig. 72.  The absolute value of the intersecting point of the straight line with
the X-axis is the naturally cumulative absorbed dose (DN).  The geological
age can be determined by Eq. (30) using thus obtained DN .

In the field of cement and concrete research the thermoluminescence
method is used for analyzing the impurities contained in cement and
estimating the heat history and the remaining strength of concrete heated by
a fire or other treatments.

Glow curves drawn by irradiating white portland cement with γ-rays
emitted from the radiation source of 60Co are illustrated in Fig. 73.[83]

Figure 73 reveals that red, blue, and green lights are from monochrome
thermoluminescence, especially the red, being bright.  Although the red
light is emitted by the radiation from Mg and Mn it is mainly caused by the
radiation from Mn.  The impurity of Mn causing the coloring of white
portland cement can be determined using those results.  This is, therefore,
able to be employed as the indicator for sorting the raw materials.

A lot of thermoluminescent minerals are contained in aggregates in
concrete. The thermoluminescence is, however, reduced by exposing
concrete to high temperatures such as a fire. Figure 74[84] illustrates the
glow curves of concrete heated for various periods of time at various
temperatures. In the topmost figure, the results are represented by a series
of curves.  The upper curve (natural, not preheated) forms the boundary on
which the other six curves (heated for different times) join at different
temperatures. Generally, as the time of preheating increases, the glow
intensity increases and tapers off at longer times. The trends of the changes
of the intensity of thermoluminescence in the heating of concrete at 200 and
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300°C are the same as that in the heating of it at 100°C while the signal of
thermoluminescence disappears by heating it at 400°C for 30 minutes.
These results indicate that the change of the thermoluminescence of
hardened concrete according to the changes of the heating time and heating
temperature can be determined, and the exposure temperature and exposure
time of concrete exposed to heat such as a fire can be estimated.

Figure 71.  Change of glow curve of quartz in sample by various artifically added dose of
γ-rays.  (Sakamoto, et al.)[82]

Figure 72.  Relationship between cumulated thermoluminescence signal of quartz and
artifically added dose of γ-rays.  (Sakamoto, et al.)[82]
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Figure 73.  Monochromatic TL curves of white cement (β = 180°C/min).  Curves a, b, and
c correspond to TL recorded using red, green, and blue filters, respectively.  (Gartia.)[83]
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Figure 74.  Glow curve of hardened cement heated for various periods of time at various
temperatures.  (Chew.)[84]
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13.0 PHOTO-ACOUSTIC SPECTROSCOPY

13.1 Principle and Special Features

The photo-acoustic effect is a phenomenon discovered by A. G. Bell
in 1880.  It is a phenomenon in which sound waves are generated in a vessel
by intermittently irradiating a sample placed in a hermetically sealed vessel
in sunlight.  Viengreov used the photo-acoustic effect to measure the gas
concentration in a mixed gas in 1939 and after that it has been applied to the
measurement of gaseous samples.  Since Robin and Rosencwaig, et al.,
proved in 1973 that it is remarkably effective for the spectroscopy of solid
samples, photo-acoustic spectroscopy attracted the researchers’ attention.
The photo-acoustic spectroscopy (PAS) is a technique based on the photo-
acoustic effect and it has become possible to analyze the sample as it is and
solid scattering strong light, gel, and sol samples, powder and biological
samples by the development of high-sensitivity microphone, light source
of stable, high luminance xenon lamp and laser, and the renovation of
instrumentation technology.

Although electrons composing a substance are temporarily excited
by light energy absorbed in the substance irradiated with light, electrons
return to the normal state emitting the energy after a while.  In this process,
most of emitted energy is converted to thermal energy through nonradio-
active transition without radiating light though a part of it contributes to the
emission of light and photochemical reactions.  PAS can provide informa-
tion concerning the optical and thermal properties of a substance by
measuring the temperature change caused by the heat as the sound waves
generated from solid, liquid, and gas coming into contact with the sample.

For instance, irradiating the sample with monochrome modulated
light in a gas-enclosed vessel, the light is converted to thermal energy which
raises the temperature and pressure of the ambient gas.  Intermittently
irradiating the sample with light at a constant frequency, the amount of heat
generated from it is periodically changed, thereby changing the gas pres-
sure according to the irradiation frequency of light, or the modulated
frequency, to cause waves of condensation and rarefaction.  A light
absorption spectrum of a solid can be obtained from the relationship
between the sound wave output and the wavelength by detecting the waves
of condensation and rarefaction as sound waves with a high-sensitivity
microphone.
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The temperature distribution in the sample caused by irradiating the
optically uniform plate sample with light depends upon the linear absorp-
tion coefficient [β (cm-1)] of light of the sample.

Assuming that the depth of penetration of light is µβ (cm-1) = 1/β
(cm), µβ of a transparent sample being much larger than the thickness (l) of
the sample the heat is diffused to every part of the sample.  The relationship
of the thermal diffusivity [αs(cm2)] of the sample with thermal conductivity
[Ks(cal/s·cm·°C)], density [ρs (g/cm3)], and the specific heat [Cs(cal/g°C)]
of the sample leads to the following equation:

Eq. (30) αs = Ks/ρsCs

The relationship between the thermal diffusion length (the distance
from the surface of sample to the heat-generative region contributing to the
thermal diffusion to the ambient gas) [µs(cm)] and the modulated frequency
(f), is expressed by the following equation:

Eq. (31) µs = (αs/πf)l/2

The magnitude of the pressure change measured by microphone
depends upon µs.  When the depth of penetration of light (µβ)  is smaller than
the thickness of the thermally active layer in the sample, namely, µs > µβ,
as shown in Fig. 75,[85][86] the photo-acoustic signal is unproportional to β,
saturating the signal.  The photo-acoustic signal is proportional to β in the
optical transparent sample (1 < µβ) and the sample with such a property as
µs < µβ.  It is theoretically proved that the photo-acoustic signal is
proportional to f-3/2 in the sample showing µs < µβ, while that is
proportional to f-1  in the sample showing µs > µβ.   Also, µs can be reduced
to be µs <  µβ by changing the modulated frequency because µs is a function
of f −1/2, as shown in Eq. (31 ).  This operation is called the photo-acoustic
transparentization of a photo-acoustic opaque sample.  Since the photo-
acoustic signal can be proportionated to the linear absorption coefficient,
(β), by the transparentization of a photo-acoustic opaque sample, it is
applicable to the identification and analysis of a substance.  It is necessary
to correct the measurements for an optically uneven powdered sample.
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Figure 75.  The relationship between PAS signal, (Q), and thickness of sample, (l), optical
character, (β), and thermal character, (µs ).  (Rosencwaig, et al. and Sawada.)[85][86]

Since PAS measures the heat generated from the absorption of light
by the sample as sound waves, it is applicable even to a low-light absorp-
tivity substance by increasing the intensity of the light source.  It is also
effective for spectroscopy of a strong light-scattering substance, including
powder, amorphous solid, gel, and colloid, because PAS is hardly affected
by transmitted and scattered lights.  PAS has the advantage in that even a
sample which is hardly measured by conventional methods can be analyzed
nondestructively regardless of the shape and state of the sample using the
amount of as little as milligrams without pretreatment.  It has a shortcoming
in that the background by coexisting substances is increased because a
photo-acoustic signal is emitted from almost all the substances.

13.2 Apparatus

The photograph and block diagram of a photo-acoustic spectrometer
are illustrated in Fig. 76. It mainly comprises a light source, a chopper, a photo-
acoustic cell, a sound sensor, an amplifier, and signal-processing system.
Light or laser emitted from the high-luminance light source (300 W ~ 1 kW-
xenon lamp) is modulated with the chopper (rotating chopper) and
introduced to the hermetically sealed sample chamber in which the micro-
phone is provided. The sample is irradiated with the intermittent modulated
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Figure 76.  Photograph and block diagram of photo-acoustic spectrometer.  (PASTEC,
Model PAS 580.)
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light coming in the sample chamber through the incident window.  The
photo-acoustic signal detected with the microphone is amplified with the
locked-in amplifier and the data are processed with a computer.  An electron
and ion beam as well as ordinary lights are used as the light source, and a
piezoelectric element and a probe laser beam instead of microphone are
also used as the detector to measure the elastic waves propagated through
solid and liquid and apply to noncontact measurement.

13.3 Applications

Since the thickness of the sample is related to the photo-acoustic
signal in PAS it is used for the measurement of the thicknesses of
membrane and sample with lamellar structure, the depthwise
spectroanalysis, and the thermal, acoustic, and elastic properties of a
substance.  PAS is widely applied to chemistry[87], biology, medical
science, and environmental chemistry, as well as solid state physics.

A Fourier transform photo-acoustic spectrometer which is able to
simultaneously measure all waves emitted from a light source and effec-
tively use the light has recently begun to be used instead of the conven-
tional dispersion type spectrometer.  Since a photo-acoustic microscope
has been developed to obtain the information of defects and concentration
inside the samples, which are impossible to be measured with a conven-
tional microscope, attempts have been made to apply research and quality
control in the semiconductor industry and medical diagnosis.

The newly developed photo-acoustic microscope can detect defects
and impurities in the sample as the change of phase and time lag of thermal
and elastic waves.[88]

PAS is used for mainly measuring the surface composition of the
cement minerals together with other surface analysis methods in the field
of cement and concrete research.  Some papers have dealt with analytical
results of the surface compositions of normal and white portland cements,
synthesized Ca3Al2O6 (C3A) and Ca2AlFeO5, CS, C3S2, C2S, and C3S
minerals obtained by electron spectroscopy for chemical analysis (ESCA)
and electron microscopy as well as PAS.[89]–[91]

The photo-acoustic spectra of normal and white portland cements
are illustrated in Fig. 77.[89]  Strong absorptions are observed in the spectra
at a wavelength of 2.8 to 3.2 µm corresponding to Si-OH (silica gel) in
white portland cement and at a wave length of 2.3 to 3.8 µm corresponding
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to M-OH [Ca(OH)2] in normal portland Cement.  It is, therefore, inferred
from this that the hydroxyl groups on the surface of cement are slightly
different from each other, according to the type of cement.

The analytical result by EACA indicates that the surface of synthe-
sized Ca3Al2O6 contains less Ca and more Al than the bulk part, and that
the surface of Ca2AlFeO5 contains more Al and less Ca than that.  Mean-
while, an absorption is observed at a wave length of 0.8 to l.6 µm
corresponding to Al-OH in the photo-acoustic spectra and the absorbance
of Ca3Al2O6 is ten times as much as that of Ca2AlFeO5 as illustrated in
Fig. 78.[90]  It is, therefore, confirmed that much more OH groups exist on
the surface of Ca3Al2O6 than on the surface of Ca2AlFeO5.

Figure 77.  Photo-acoustic spectrum for commercial cements.  (Ball, et al.)[89]
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Figure 78.  Photo-acoustic spectra of (a) C3A (sensitivity 1 mV) and (b) C4AF (sensitivity
0.1 mV).  (Ball, et al.)[90]

The result of ESCA of the surface compositions of synthesized Cs,
C3S2, C2S , and C3S, indicates that the surface compositions are different
from those of bulk compositions and the anion/cation ratio in the surface
compositions of C2S is almost constant, while that of C3S is less than l.0.
Figure 79[91] reveals that a small absorption at a wavelength of 2.5 to 3.2
µm corresponding to Si-OH and M-OH is observed in C2S, while a large
absorption is observed in C3S.  This indicates that relatively stable OH
groups exist on the surface of C3S, and it may cause the reduction of the
anion/cation ratio in the surface composition of C3S.

14.0 RADIO TRACER TECHNIQUE

14.1 Principle and Special Features

The radio tracer technique is an analytical method using a radioac-
tive isotope as the tracer and used in wide fields, including science,



Specialized Techniques 921

medicine, and industry.  In the medical field, for instance, the state of
accumulation of 131I to the thyroid gland of a patient is searched by
prescribing it for a patient using γ-rays from the outside of the human
body, and the metabolism of glycine in the human body is studied by
prescribing a 16N-labeled amino acid for the patient and tracing it in the
blood or urine.  The radio tracer technique is conducted by measuring the
radioactive energy emitted from a radioactive isotope added to the sample.
The detecting sensitivity of the technique is, generally, high.  The advan-
tage of the radio tracer technique is that it is a simple system comprising
the instruments, including Geiger counter, scintillation counter, propor-
tional counter, and semiconductor detector, and a counting circuit, and it is
relatively simple to determine the sample because the number of radioac-
tive nuclides are large.  Table 9 and Table 10 list the main β and γ
radioactive substances.[92]

Figure 79.  Photo-acoustic spectra of C3S and C2S.  (Ball, et al.)[91]
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Table 9.  Half Life and Energy of Major β-Ray Radiator (Okuno, et al.)[92]
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Table 10.  Half Life and Energy of Major γ-Ray Radiator (Okuno, et al.)[92]
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Radioactivation analysis as a microanalysis technique is nondestruc-
tive and with multi-element analysis is made by proceeding with a nuclear
reaction by irradiating nonradioactive elements with protons and neutrons
and determining the spectra of radioactive rays emitted from the newly
produced radioactive elements.  Since operators handle the radioactive
elements it is indispensable to protect the operator from exposure to
radioactive rays.  It is also important for the measurement to select the
measuring conditions and analyze the data by taking statistical errors in the
counts into consideration.

Radioactivation analysis is widely used as an elemental analysis
characterized by both radiochemical activation analysis and instrumental
activation analysis. This technique is superior in the detection sensitivity
and analytical accuracy to other microanalytic methods and has the advan-
tage that the concentrations of various elements can be determined by only
a simple procedure measuring γ-rays with a Ge semiconductor detector and
a multichannel pulse height analyzer after the radioactivation of the elements.

Solvent extraction, ion-exchange and precipitation methods, and a
method of vaporizing the hydrogenated sample and collecting it are used for
preconcentration before activation to determine an element by separating
chemical species of the element with different valences from each other and
separating an inorganic compound from an organic compound.[93]  Deriva-
tive activation analysis[94] is being studied to produce a measurable acti-
vated compound when a radioactive nuclide and a γ-ray emitting nuclide
are produced from the target element or compound.

Since a high-resolving power germanium semiconductor detector
has been developed, the instrumental neutron activated analysis (INAA) for
detecting and determining many elements without chemical separation is
mainly used at present as the activation analysis.[95]  A correction method
of counting the loss of γ-rays at a high counting rate and an elimination
method of piled up pulse have been proposed for INNA.  Programs for more
accurately determining the peak area from the γ-ray spectrum have been
developed.  A program coping with special measurements, including the
analysis, considering the self-absorption affecting the γ-ray measurement
in a low-energy region and the spectral difference method for reducing the
Compton background effect in the analysis of very short life nuclide, have
been developed.

Attention has recently been paid to the prompt gamma neutron
activation analysis (PGNAA) which is an analytical method using prompt
gamma-rays generated within 10-14s[96] after the collision of a neutron with
an atom followed by the capture reaction. PGNAA is a unique method
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noticing some excited states of a radioactive isotope produced by irradiat-
ing the sample with neutron and measuring γ-rays emitted from the excited
states.  INAA requires a strong neutron radiation source generated in a
nuclear reactor for high sensitivity analysis of trace elements.  In PGNAA,
however, the emitted γ-ray energy is approximately ten times as large as
that generated by the disintegration of a radioactive nuclide used for INAA.
No nuclear reactor is, therefore, required and a compact apparatus utilizing
neutron radiation source using a small sized 252Cf is used instead.  PGNAA
is, therefore, expected to be applied to an on-line analytical method for
controlling the components in a manufacturing plant[97] though the analyti-
cal sensitivity of trace elements of PGNAA is inferior to that of INAA.

14.2 Apparatus

Photograph and block diagram of radioactivation analysis are illus-
trated in Fig. 80.[98]  The radioactivated sample is automatically sent to the
sample chamber with a sample changer and continuously determined.  The
radiation is measured with the Ge semiconductor detector built in the
bottom of the equipment.  Two personal computers are used for collecting
and analyzing the data, respectively.

14.3 Applications

The radio tracer technique is mainly applied to check the uniformity
of the mixed raw material in the field of cement and concrete.  Applications
including the tracing of the state of blending using 197Au radioactive
isotope aiming at judging the homogenizing effect in a silo when the raw
material, particle diameter, blending time, volume of air blown, and
amount of raw material in a silo, are changed.[99][100]  Investigation of the
mixing effect of the raw materials and required mixing time in a concrete
mixer using experimentally manufactured 24Na containing cement[l0l] and
the determination of the diffusion coefficient and diffusion gradient of the
elements in concrete using cesium, strontium, and cobalt, as the tracer[l02]

has also been reported.
The radioactivation analysis is put to practical use for collecting the

basic data for protecting air pollution in a plant.  Analyses of As, Pb, Ni, and
Cr, contained in the suspended dust in the atmosphere in the vicinity of a
plant by INAA together with x-ray fluorescence analysis[103]–[105] and the
on-line analysis of the raw materials in a cement manufacturing plant by
PGNAA have been reported.
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Figure 80.  Photograph and block diagram of the apparatus for activation analysis.  (Suzuki,
et al.)[98]
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A

AAR gel 265
AASTHO T 227 231
Ab initio structure determination 288
Abram’s law 41
Absorbed current 821
Absorption 662, 685, 693

bands 185, 195
limit 77
tests 725
water 75

Absorptivity tests 691
Ac impedance behavior 563
Ac impedance spectroscopy 467
AC1 211 39
Accelerated electron

kinetic energy 877
Accelerating admixtures 32
Accelerating period 6
Accelerating voltage 803
Accelerators 17, 109
Acceleratory period 138
ACI 222.1-96 114
Acid attack 167
Acid-chloroform extraction method 119
Acid-soluble chloride 113
ACIS 554, 557
Activation energy 145, 644

control 452

Additives
organic 105

Admixtures 1, 32, 109, 139, 248, 644
effects on hydration 143, 155

Adsorbate 24, 588
Adsorbed film thickness 550
Adsorbed water 660
Adsorption 548, 661, 662, 725

energetics 368
process 374, 375
tests 667
theory 464

Adsorption-desorption processes 541
AES 823

analytical points 827
applications 825
hydration 826

AFM
alite surface images 832
tool for measuring 830

AFm phase 14, 16, 313
AFt phase 14, 15
AFt phases 313
Afwillite 637
Aggregates 37, 43, 63, 70, 108

reactive and non-reactive 70
shape and texture 93
water absorption 75

Aging 30
effect 37

Index
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AI. See Artificial intelligence
Air

bubbles 45
entraining agents 32, 48, 109, 660
entrainment 42
permeability 724
permeability index 716
voids 659, 660

Akermanite 33
Albite

spectrum 185
Alite 3, 132, 133, 135, 136,

192, 292, 293, 300, 306
absorption bands 189
analytical result 856

Alite/belite ratios 217
Alkali

content determination 73
expansivity 385
in clinker 147
leaching 75
reactivity 86
silica reaction gels 224
sulfates 292

Alkali-aggregate reaction 43, 265
Alkali-carbonate 43
Alkali-carbonate reactions 323
Alkali-silica 43
Alkali-silica reaction 63, 65, 319
Alkali-silica reactive 73
Alkali-silicate 43
Alkaline solution 63
Alkalinity 51, 53, 456, 460
Alternating current impedance

spectroscopy 487, 554
Alumina content 193
Aluminate 217, 292, 300
Aluminate phases 146, 295, 313
Aluminate-based cement 223
Aluminoferrite 292, 300
Aluminosilicate glasses 217
Aluminosilicates 647
Aluminum oxide 824

source 2
American society for testing and

materials 109
Aminosulfonic acid-based

admixture 833
Amorphous phases 14

Amorphous silica 63
Analysis 127

mortars, grouts and plasters 124
quantitative 633

Analysis strategies 814
Analysis techniques 18, 64, 138
Analytical instruments 106
Analytical techniques 629
Anglometer 597
Anionic organic surface active agent 844
Annihilation

positron 86
Anodic control corrosion system 452
Anodic reaction 446

curves 461
equation 459

Anorthite
spectrum 185

Antifreezing admixtures 156
Apatite rock

spectrum 187
Apparent diffusion coefficient 676
Applications

SEM 247
surface area measurements 522
XRD 318

Apthitalite 256
Aqueous solution mixture 860
Aragonite 49, 167, 178, 266
Arc diameter 563
Area masking method 856
Areal analysis 814
Argillaceous limestone 184
Argillites 43
Artificial intelligence 765, 778, 781

expert systems 781
Artificial intelligence systems 784
ASTM 737
ASTM 191 17
ASTM 294 38
ASTM C  918 755
ASTM C 1012 389
ASTM C 1038 388
ASTM C 1084 112, 113
ASTM C 109 429
ASTM C 114 112, 113, 115
ASTM C 115 509, 516
ASTM C 1152 114
ASTM C 1218 114
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ASTM C 125 93
ASTM C 1260-94 65, 78
ASTM C 1324 124
ASTM C 133 231
ASTM C 143 39, 436, 437
ASTM C 150 2, 3
ASTM C 151 430
ASTM C 187 39
ASTM C 192 437
ASTM C 204 509
ASTM C 215 739, 740
ASTM C 227 65, 385
ASTM C 232 40
ASTM C 266 17
ASTM C 289 65, 69, 71, 385
ASTM C 295 64
ASTM C 311 108
ASTM C 33 38
ASTM C 360 39
ASTM C 39 231
ASTM C 42-87 749
ASTM C 452 429
ASTM C 457 117
ASTM C 586 385, 435
ASTM C 595 3
ASTM C 618 108
ASTM C 666 48
ASTM C 803 748
ASTM C 856 231
ASTM C 876 52, 468
ASTM D 4525-85 711
ASTM G 109 466, 493
ASTM G 59 466
Atmospheric pressure chemical ionization

method 847
Atom steric configuration 873
Atomic force microscope 829, 831
Atomic manipulation 829
Atomic nucleus 864

effective radius 887
nuclear spin quantum number 864
reaction 884
scattering cross section 900

Atomic-scale behavior 210
197Au radioactive isotope

application 924
Auger electron 821

S/N ratio 820
Auger electron spectroscope 820, 822

Auger electron
spectroscopy 820, 873, 874

application 822
Auger electron spectrum 821
Auger process 820
Auger spectra symmetry 825
Auger spectrum 823
Australian water permeability test 696
Autoclam permeability system 716
Autoclam sorptivity test 692, 696
Autoclam water permeability

test 703, 705
Autoclave expansion test 87
Autoclave expansion values 430
Autoclaved mixtures 28
Autoclaving 158
Automated knowledge-acquisition 784
Avogadro’s number 543
Axis 837

B

Backscattered electrons 800, 801, 821
coefficients 812
images 810
imaging 802

Balance equation 668, 669
Ball penetration test 39
Bangham effect 36
Bangham relation 408
Basal spacings 82
Basalts 74

spectrum 185
Basic creep 30
Basic microstructure 241
Bauxite 132
Beam current 803
Belite 132, 292, 294, 300

hydration reactivity 827
IR bands 190

Bentonite
spectrum 185

BET
equation 541
method 510, 514
surface 552
theory 511, 543, 666

Binary segmentation 809
Binders 392
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Binding agent 20
Bingham behavior 334
Bingham effect 382
Bingham flow 359, 362
Bingham model 339, 341, 361
Biological materials

composition analysis 853
Biotite

spectrum 187
Blaine method 509, 518
Blast furnace

slag 33, 108, 252
slag cement 3
slag spectrum 188

Bleeding 40
Blended cements 308

binders 392
Blended hydraulic cements 3
BML viscometer 360, 362, 363
Bode plots 488, 557
Boehmite 320
Bogue equation 306
Bogue-Lerch 415, 418
Bogue’s calculation 299
Bohr’s frequency condition 175
Boiling water extraction method 120
Boltzmann distribution 206
Bombardment activation method 852
Bonding oxygens 629
Bonds 36

formation 19
Bottle hydrated C-S-H gel 143
Bottle hydrated portland cement

paste 409
Bound water 23
Boundary truncation 814
Bragg angle 290
Bragg's law 276
Break-off test 752
Breakdown 343

structural 342
Bridge deck corrosion 468
Brine 164
Brookfield rheometer 358
Brownstein and Tarr model 604
Brucite 266
BS12 17
BS1881 39

BSE image 813
BSE image analysis 812
BSE imaging 804
BSI 737
BTRHEOM 351, 353, 360, 363
Bubble spacings 45
Burnability 131
Burning zone 2
t-Butanol 637
Butler-Volmer equation 446, 447, 451

C

C bridging 630
C-axis 832
C-S-H 4, 19, 28, 218, 220,

418, 456, 507, 523, 768
decalcification 258
lime-free 164
nucleation 8
phase 14, 19, 142, 221, 242
spectra 195
types 19

C-S-H silicate anion
condensation degree 845

C/S ratios 144
C2F solid solution 193
C2F-C2Cr system 194
β-C2S 650
C2S 3, 8

polymorphs 191
γ-C2S 650
C3A 11, 304

spectra 191
C3AH6 146
C3S 4, 5, 6, 8, 134, 306
C3S paste

hydration 316
C4AF 3, 13, 14

thermal peaks 149
C4AF-C2Cr system 194
C4AMn hydration 196
C6A2F

hot-pressed 612
Ca isotope 215
Ca(OH)2 5, 8, 15, 163
Ca-silicates 216, 218, 219
β-Ca2SiO4 647
Ca2SiO4 652
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Ca3SiO5 652
Ca3SiO5-Ca3GeO5 194
CaAl2O4 melt samples 217
Cab-O-Sil 405
CaCl2 159
CaCO3 266
CaCO3 crystals 258
CaCO3-Al2O3 135
CaF2

as internal standard 318
CAH10

conversion 168
Calcareous minerals 130
Calcining zone 2
Calcite 88, 164, 168, 178, 266

decomposition 160
estimation of 184

Calcium bicarbonate 167
Calcium carbonate 132, 135, 148, 390
Calcium cations 380
Calcium chloride 155, 157, 462, 617
Calcium chloroaluminate 50
Calcium hydroxide 243

content 140
extraction 146

Calcium hydroxysilicate 195
Calcium lignosulfonate 427
Calcium monosulfate hydrate 167
Calcium nitrite 146
Calcium oxide

determination 112
Calcium silicate 138

hydration 138
Calcium silicate hydrate 316, 507,

523, 629, 768
phase 19

Calcium sulfate 199
Calcium sulfohydroxy aluminate

hydrate 16
Calcium-silica 36
Calorimetry 348
CaMg(CO3)2 178
Canadian Standards 64
Cantilever 830
Cantilever deflection 837
CaO 134, 158, 430

dead burnt 162
Capacitance

interfacial double layer 466

Capillary 606
Capillary attraction pressure 705
Capillary column 842
Capillary condensation 548

theory 541
Capillary depression 585, 586
Capillary GC 841
Capillary pores 606, 659, 660

percolation 773
radius 686
structure 567

Capillary porosity 25
Capillary pressure 588
Capillary space 34
Capillary suction 685

test 690
Capillary water 661
CAPO test 751
Carbo-aluminate 148
Carbon dioxide 49, 53, 160
Carbon relaxation times 649
Carbon tetrachloride saturation 24
Carbonate aggregates 70
Carbonate bands 196
Carbonate rocks 178, 435
Carbonate-like materials 571
Carbonates

absence of 391
various origins 854

Carbonation 53, 54, 111, 164, 199,
256, 258, 266, 400, 456,
460, 719, 721, 724

diffusion process 461
front 461

Carbonation of ettringite 261
Carbonic acid 266
Cathodic reaction 446, 461

equation 459
Cement

analysis 290
compositions 107

Cement and concrete
applications 882
research 874
standards 784

Cement and concrete research field
applications 844, 901
thermoluminescence method 909
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Cement carbonate compounds
origin estimation 853

Cement clinker surface
maximum repulsive forces 838

Cement hydration 313
models 768, 772

Cement particle surface
crystal structure 832
surface structure 832

Cement paste 1, 41, 314
microstructure 771
quasi-elastic scattering spectra 901

Cement paste-aggregate interface 318
Cement raw mixture

state of iron 892
Cement-based materials 767

microstructure 770
simulation modeling 773

Cementitious materials 19, 810
identifying cracks 812
study 800

Cenospheres 250
Ceramics 609
CH

leaching 462
precipitation 7

Chain length 652
Change

dimensional 368
Charge polarization resistance 466
Chemical admixture

identification 778
Chemical admixtures

recommended database formats 778
Chemical analysis 66

test method 231
Chemical attack 256
Chemical identification expert

system 765
Chemical ionization method 847
Chemical resistance 387
Chemical shift 216, 217, 646
Chemical shift anisotropy 208
Chemical shrinkage 772
Chemical tests 65
Chemically combined water 660
Chemisorbed water 152
Chemisorption 510

Chert 80
Chimney method 696
Chloride analysis 113
Chloride attack 463, 464
Chloride diffusion coefficients 673, 675
Chloride interactions 391
Chloride ion diffusion 456, 681
Chloride ion diffusivity 767, 773

prediction 790
Chloride ion permeability 231
Chloride ion threshold 790
Chloride ions 51, 264, 459, 463, 464

diffusion 672
Chloride penetration 682, 721
Chloride procedures 114
Chloride sources 462
Chlorides 432, 724
Chloroaluminate 52, 263
Chloroform extraction method 119
Chloroprene rubber scattering

spectrum 900
Chromatograph-mass spectrometer 858
Chromatography 639, 839
Chrysotile

spectrum 186
CIKS 787

applications 788, 792
development 787

Clam permeability test 705
Class C 250
Class F 250
Classical liquid chromatography 840
Clay minerals 82, 130
Clinker 2, 107, 130, 133, 292

analysis 290
composition 29
high magnesia 178
microstructure 308
minerals 832
quality 276

Clinkering temperature 161
57Co

γ-ray 885
CO2 164
Coarse aggregates 37, 108
Coating

for SEM analysis 240
Coaxial cylinder rheometer 360
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Cold compaction 20
Cold neutron generator 899
Cold neutron source reactor

JRR-3 898
Cold neutrons 895

applications 900
cold moderator 898
quasi-elastic scattering 898

Cold weather 156
Cole-Cole plot 488
Colloidal particles 335
Colorimetric method 632
Column chromatography 840
Communication advances 765
Compacting Factor Test 39
Compaction 612
Compacts 404, 405, 406,

409, 412, 413, 421
Complex plane plot 487
Complexation 631
Compliance 345
Composite material 41
Compositions of cements 107
Compression

mercury 589
Compression pressure 405
Compressive strength 157, 418,

612, 746, 749
Compton background effect 923
Computer advances 765
Computer models

constitutive 767
logical 766
physical 766
simulation 766, 767, 768, 771
statistical 767

Computer technology advances 790
Computer-based HPLC system 842
Computer-integrated knowledge

system 787
Computer-integrated knowledge systems

development 766
Computerization 843
Concrete 764

analysis 109
damage 322
designing steps 790
formulation 764

inspection 764
microanalysis 232
microstructure 242
organic characterization 844
performance prediction 764, 765
processing 764
recycling 764
repair 764

Concrete prism test 385
Concrete science and technology

advance 764
chemical phenomena 819
mechanical phenomena 819
physical phenomena 819

Concrete surface content 676
Concrete technology problems 783
Concrete testing 764
Condensation effects 543
Conduction 456
Conduction calorimeter 152, 154
Conduction calorimetry 130,

139, 156, 158
C3S 138

Conductivity 567, 662
Conductivity versus porosity 568
Cone

slump 436
Confocal microscopy 97
Consistency 38
Constant head gas permeability tests 709
Constant phase element 488, 559
Constitutive relationship

plastic behavior 339
Contact angle 515, 588, 595, 596, 597

mercury 599
Contact time 649
Content analysis 110
Continuous phases 771
Continuous wave NMR 868
Continuum model 771
Continuum-based models

alternative approach 771
Contraction 45, 380
Cooling cycles 164
Cooling rates 45
Cooling zone 2
Coordination number

calculated results 875
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Copper nitrate staining 89
Coral limestone 184
Core 111
Core area 548
Core surface area 550
Core testing 749
Correction terms 550
Corrosion 444, 455, 456,

458, 468, 470, 721
assessment 487
cell 459
current 449
damage 441
evaluation 476
inhibiting admixtures 255
inhibitors 109
onset 457
resistance 480

Corrosion of reinforcing steel 256, 263
Corrosion of steel 50, 52, 264
Corrosion polarization resistance 493
Corrosion potential 466, 481, 486, 493
Corrosion prevention 52
Corrosion process 489
Corrosion rate 452, 467, 472, 495

determination 490
measurement 442

Coulomb Test 681
Coulostatic method 467, 483
Counter electrodes 480
Counter-ions 563
Coupled ES-NN systems 785
Covercrete Absorption Test 697
CP 649
CPMAS 213, 214, 647, 649
Cr compound

stabilizing mechanism 874
Cracking 43, 44, 52, 54,

163, 256, 456, 465
Cranston and Inkley curves 551
Creep 30, 31, 34, 37, 345,

397, 422, 664
compliance 347
measurements 426
rate 399
rig 424

Creep/recovery 344, 358
behavior 346, 347
technique 345

Cristobalite 63, 78, 79
Critical length 478, 480
Critical pore radius 614
Cross equation 340
Cross polarization 649

with MAS 213
Crystal lattice defects 86
Crystalline phase 318
Crystallinity index 319
Crystallinity of quartz 79, 81
Crystallite size 291
Crystallites 28
Crystallized hydrosilicate 610
Crystallized material 28
CSA 23.2-14A 435
CSA A23.1-94 64, 82
CSA A23.2-14A 64, 71
CSA CAN 3-A5 17, 39
CTH method 682
Cubic phase 146
Curing

high temperature 55, 389
Cyanide 197
Cyclic polarization 442
Cyclic voltammetry 485, 486
Cyclosilicate 185
Cylindrical pores 587

D

D-cracking 64
D-dried gel 36
D-dried hydrated cement 23
D-dried solid volume 537
D-dried state 22, 36
D-dry 5
D-dry condition 537, 597
DAIS 784
Damages 322
Damping 740
Darcy's equation 705, 709
Darcy's formula 708
Darcy's law 517, 664
Data analysis 799
Data banking 776
Data dictionary 775
Data mining 776
Data schema 775
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Database
advances 778
design and development 775
development 775
integrating models 789
integration 778
justification for investing 776
quality 777
reliability 777
system 775

Dataplot 304
Dead burnt CaO 162
Dead burnt MgO 161
Debye equation 488
Debye-Scherrer ring 284
Decalcification 462
Decoupling 213, 214
Defects 43, 86
Degeneracy 206
Degree of hydration 772
Deicing 46
Deicing agents 396
Deicing salt 263
Delamination 459
Delay

recycle 648
Delayed ettringite formation 265, 389
Deleterious constituents 247
Dendral 765
Density 20

organic solvents 570
ratio 39
slicing 809
values 22

Depassivation 51
Derivatization 645
Desorption 510, 662
Deterioration 42, 256, 429,

432, 508, 523, 741
cause 168
mechanisms 719

Deuterium 224
Devitrification peak 159
Diabase 78
Diatomic molecule 176
Dicalcium silicate 3, 4, 8, 146, 768
Differential refractometer 844
Differential scanning calorimetry 128

Differential thermal analysis 123
Diffraction analysis 279
Diffraction function map 284
Diffraction peaks 279
Diffraction traces 289
Diffractometer 276, 282
Diffractometry 286
Diffuse layer 563, 564
Diffusing species reactions 772
Diffusion 456
Diffusion cell 682
Diffusion cell method 674

test 673
Diffusion coefficient 578, 667, 668,

669, 671, 675, 676, 679
Diffusion control 453
Diffusion measurements 725
Diffusion processes

transient 668
Diffusion properties 576
Diffusion tests 667
Diffusivity 584, 613, 615
Digital image

pixel 800
Digital image analyzing 814
Digital image-based models 771
Dilation 813

effects 48
Dilatometer 588
Dilatometry 130
Dimensional change 368,

386, 389, 407
Dimethylformamide 638
DIN 1048 707
Dipolar interaction 213
Disjoining pressure 380, 399
Dissolution 380

of phases 298
Distillation 593, 595
DMF 645
Dolomite 43, 88, 89

content 181, 184
decomposition 160
spectrum 178

Dormant
period 6, 138

Double-counter 480
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Dreierketten 630
chains 647

Dried condition 30
Drill hole absorptivity tests 691,

692, 697, 698
Drill hole tests 712
Drilled core testing 749
Drilled-in pullout tests 751
Dry cup method 671
Drying 316, 597

creep 30
procedures 599
shrinkage 77, 427
treatment 575, 598
zone 2

Drying-induced alterations 583
DSC 149
DTA 128, 133, 144, 158, 167
DTG method 143
Dubinin-Radushkevich equation 545
Duplex film 247
Durability 29, 42, 44, 49,

50, 159, 256, 433, 613
Durability and permeability 719
Durability testing 429
Dynamic flow behavior 344
Dynamic modulus of elasticity 740
Dynamic-angle spinning 214

E

EACA
analytical result 918

Early strength 158
Edge detection 804

problem 814
Edge-sharing 630
EDTA 74
EDTA-TEA dissolution method 74
EDVAC 765
EDX analyzer 265
EDX system 238
EDXA 231, 237

caution 239
Effective ionic diffusivity 615
Effective radius 578
Efflorescence 256
Einstein’s relationship 679
Elastic behavior 345

Elastic modulus 372, 408
Elastic properties of concrete

simulation 771
Elastic scattering 896
Elastic solid 346
Elasticity 20, 610, 740

dynamic modulus 740
modulus 418, 739

Elecrospray method 859
Electric field gradient 210
Electric field migration tests 673
Electric quadrupole moment 889
Electrical migration 679

tests 677
Electrical resistivity 456
Electrically charged particles 877
Electrochemical method 493
Electrochemical noise monitoring 467
Electrochemical techniques 466, 470
Electrokinetic sonic amplitude

method 837
Electromagnetic wave 864, 877
Electromagnetic waves 879
Electron 917
Electron energy analyzer 820
Electron ionization 847
Electron microscopy 917
Electron spectroscopy for chemical

analysis 917
Electron spin resonance method 864
Electronic aperture method 856
Electronic discrete variable automatic

computer 765
Electronic numerical integrator and

computer 765
Electrons 880, 913
Electrospray ionization method 848
Element distribution 822
Element identification 237
Elemental concentrations 121
Ellis and Meter model 340
Emanation analysis 130
Endothermal effect 137, 149
Endothermal reaction 128
Energy-dispersive x-ray

diffractometry 286
ENIAC 765
Entrained air voids

automatic identification 813
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Entrainment 42
Epithermal neutron 895
Epoxy impregnated specimen 813
Epoxy impregnation 804
Equivalent circuit model 558, 559
Equivalent circuits 489
Erosion 813
ESCA result 919
Ethylene vinyl acetate 197
Ettringite 12, 14, 50, 149, 158,

167, 198, 261, 304, 320
analysis 240
delayed formation 54
formation 153, 389
needles 265
phase 243
recrystallization 17
secondary formation 55

Evans diagram 447, 449,
454, 461, 463

EXAFS 872
Exchange current density 446
Expansion 43, 162, 380,

382, 387, 435
mortar bar 320
unexpected 73
values 430

Expansive potential 386
Expert systems 785

approach 781
barriers to growth 784
function 781
interfaces 784
most successful application 783

Extended x-ray absorption fine
structures 872

Extensometers
Tuckerman 369

Extinction 91
Extraction methods 119
Extranuclear electron 889
Eyring model 340, 341

F

F-D curve 838
F-H procedure 375
F-H theory 373
Failure of concrete 160

False set 17
Faraday’s Law 467, 472
Fast atom bombardment method 848
Fe sample

radiation source 886
Feature recognition 799
Feldman-Sereda model 36
Feldspar 74, 77, 79, 88

spectrum 184
Feret's window 97
Ferrite phase 3, 12, 313
Ferrous hydroxide 51
Ferrous oxide 51
Fibrous morphology 240
Fick's first law 615, 662,

665, 667, 671
Fick’s second law 463, 663, 668
Figg air permeability 712
Figg water permeability

test 697, 698, 712
Film of hydration 247
Final set 6, 16
Fine aggregates 37
Fire damage 162, 256
First drying shrinkage 30
Fixed water 415
Fixed-pore model 534
Flash set 11, 12, 17, 40

oil cement slurry 162
Flaws 506
Flight type mass spectrometer 851
Flint 195

Thames Valley 72
Flip angle 647
Flocculated microstructure 342
Flocculated suspension 345, 349
Flocculation 335, 337, 352
Flocs 245
Flow behavior 333, 334, 352,

357, 361
Flow curve 344, 351, 360
Fluidity 38
Fluorescent x-ray spectrometry 873, 878
Fluorescent x-ray spectroscopy 874
Fluorspar 132
Fly ash 33, 50, 54, 105, 106,

108, 597
content 354
spectrum 188
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Force
direct measurement 830

Force distance curve example 837
Force measurement research 837
Forced resonance 739
Fourier transformation NMR 868
Fracture mechanism 26, 420
Fracture strength 413
Fragment 847
Frame edge effect 814

correction techniques 814
Free electrons 906
Free energy 372, 380
Free energy of quartz 78
Free induction decay 210
Free lime in clinkers 305
Free water 23, 117
Freeze-thaw 163, 256
Freezing 43
Freezing-thawing resistance 392
French Standard P18-589 72
Friedels salt 463
Frit-FAB method 859
Frost 43

damage 44
Full trace diffraction 288
Full-trace databases 289
Furnace slag 3

G

γ -Fe2O3 51
γ-rays 884, 923

correction method 923
resonance absorption spectrum 885

GaAs process 882
Galvanized steel 53
Garnet 16
Gas adsorption techniques 540
Gas chromatography 839, 841
Gas chromatography spectra 575
Gas chromatography-mass

spectroscopy 859
Gas diffusion cells 669
Gas diffusion tests 667
Gas moving phase 840
Gas permeability 709, 721

tests 699

Gas slippage 710
Gas sorption techniques 510
Gas tightness 709
Gas-liquid chromatography 639, 840
Gas-solid chromatography 840
Gaussian function 901, 904
Ge semiconductor detector 924
Gehlenite 33, 132, 133, 199
Gel 659

particles 19
pores 34

Gel permeation
chromatography 639, 840

Gel pores connectivity 773
Generated diffusing species

diffusion 772
Geological investigation 64
Geometric probability techniques 816
German flow table 39
German standard DIN 1048 707
Germann water permeability test 705
GGBS 252
Gibbs adsorption equation 408
Gibbsite 168
Gillmore 17
Glass

PMMA impregnated 383
Glass content 33, 252, 318

estimation 159
Glass transition point 900
Glasses 217
Glassy phase 33
Glassy spheres 250
Glassy volcanic rocks 66
Glow curves 909
Glycolation 83
Göbel mirrors 284
GPC 642, 645

analytical results 844
Granite 77

spectrum 185
Granulated blast furnace slag 33
Graywackes 43
Griffith equation 421
Grinding aids 3
Gross shape coefficient 94
Grouts

analysis 124
Guard ring 474, 476, 491
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Guard ring principle 705
Gypsum 12, 13, 107, 149, 159,

195, 256, 304, 320
ancient mortars 201
spectrum 187

H

H2O
determination 5

Hagen-Poiseville law 613
Half-cell

potential 52, 444, 445, 457, 467
measurement 468, 469, 470

Half-cell reactions 448
Half-integer spin 206
Halsey equation 544
Hardness 13, 744

testing 748
Harmonic oscillation 176
Hartmann-Hahn condition 214, 649
Hazardous waste 197, 224
HCl

methanolic 633
He pycnometry 24
Head pressure 705
Heat evolution 155
Heat of hydration 772
Heat-drying 389
Helium comparison pycnometer 529
Helium inflow 533
Helium inflow technique 529, 536, 537
Helium pycnometry, 22
Hemimorphite 636
Herschel-Bulkley model 339, 341
Heterocoagulation 343
Heuristics form 781
Hexagonal phases 146
Hexamethyldisiloxane 636
Hg porosimetry 24
High frequency arc diameter 563
High performance liquid

chromatography 839, 841
High pressure liquid

chromatography 639
High temperature curing 55, 389
High-frequency arc 566
High-luminance SOR 881
High-performance concrete 248

High-performance construction materials
and system 789

Hilsdorf method 714
Histogram compression 808
Histogram process 807
Histogram use 809
HMDSO 636, 645
Honeycombing 40
Hong and Parrott’s method 713
Hong and Parrott’s test 714
Hookean behavior 334
Hot water extraction method 73
Hot-pressed C6A2F 612
Hot-pressing 610
Hot-pressing techniques 612
HPC 248
HPCMS 789
HPLC 842
HPLC detectors 843
HPLC requirements 842
Humidity 26, 53, 397, 412, 420, 460
Humus 160
Hydrated cement paste 245, 509, 659
Hydrated silicates

microstructure 540
Hydration 4, 342, 568, 641, 771

C3S and C2S 8
mechanism 5, 559
Portland cement 218
process 6, 14, 138
products 19, 314, 319, 343, 508
rate 13, 14, 152
reactions 130, 652
studies 194
times 356
tricalcium silicate 139

Hydraulic cements
blended 3

Hydraulic radius 25, 29, 536,
537, 538, 548, 550

Hydrochloric acid 121
extract 112

Hydrogarnet 16
phases 14

Hydrogen evolution curve 449
Hydrogen evolution reaction 448, 459
Hydroglauberite 256
Hydrostatic head 706
Hydroxyl ion 52
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Hydroxyl stretch 199
Hydroxyl stretching band 185
HYMOSTRUC model 768
Hysteresis 341, 342, 343, 511

loop 550
secondary 384

I

Ice crystals 45
Ideal solids and liquids 346
IHCP 245
Illite 131
Illitic clay 130
Image

random information 811
Image acquisition 799

process 800, 806
purpose 812
system 800

Image analysis 521, 799, 808
basic concept 813
final steps 812
single image goal 799

Image illumination parameters 805
Image intensity range 807
Image modification 807
Image modifying process

kernel 812
Image processing 785, 799, 807, 812

differences 807
techniques 807

Image resolution 801
Image signal collection parameters 805
Imaging parameters 811
Imaging processing techniques 772
Imaging strategy 806
Immersion test 676
Impedance 487, 559

behavior 563, 567
spectra 490, 558
spectroscopy 555
technique 493

Impregnants 382, 383
Impurities 107, 181, 217

paramagnetic and ferromagnetic 603
Incoherent scattering

scattering function 897
Indentation methods 744
Individual feature identification 812

Induction period 6, 7, 138, 154
Inference system 782
Infrared spectrometer 86
Infrared spectroscopic method 184
Infrared spectroscopy 84, 119, 175
Initial set 6, 16
Initial setting time 40
Initial surface absorption test 692, 693
Initiation period 790
Ink-bottle pores 514
Inorganic silicates 636
Instrumental neutron activated

analysis 923
Insulating materials

analysis 856
surface structure 832

Integer spin 206
Intelligent knowledge-based systems

three types 781
Inter-layer space 25
Interaction volume 801
Interactions

nuclear 211
Interactive force

measuring example 838
Intercalation of the adsorbate 541
Interface characteristics 319
Interfacial double layer capacitance 466
Interfacial effect 466
Interfacial region 659
Interlayer characteristics 316
Interlayer model 535, 536
Interlayer space 539, 659
Interlayer water 317, 660
Internal standards 280, 282, 300, 301
Internal structure 539
Internet accessible databases 777
Interparticle forces 337, 345
Intrinsic diffusivity 615
Intrinsic strength 416
Intrinsic viscosity 335
Intrusion

liquid 585
porosimetry 587

Inversion recovery technique 866
Ion beam 917
Ion concentration 566
Ion diffusion 681

coefficient 673
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Ion exchange
chromatography 840, 843
method 923

Ion microprobe mass analyzer 855
Ion penetration 679
Ion transport 674
Ionic beam 856
Ionic diffusion 662, 665
Ionic diffusion test 672, 673
Ionic diffusivity 615, 725
Ionic migration 677

tests 718
Ionization method 847
Ionized molecular ions

high internal energy 847
Ions

concentrations 564
power of detection 849

IR spectroscopy 195, 199
Iron

dissolution 449
half-cell 446
oxides 465
passivation behavior 458
pH-potential diagram 457
source 2
state analysis 892

Iron ore 107
Irreversible creep 31
Irreversible shrinkage 30
Irreversible structural breakdown 342
ISAT cap 694
ISO 737
ISO/DIS 7031 707
Isomer shift 887
Isopropanol 571, 572, 575

replacement curves 580
Isotherm

length change 375
reversible 374

Isotropic chemical shift 208
Isotropic shielding 208

J

J-coupling 212
Jaspar spectrum 184
Jennite 218, 220, 630
Jouren equation 686

K

K 373, 377
K-absorption edge 871
K-series x-rays 882
Kankar 178
Kaolin spectrum 185
Kaolinite 77, 130
Karsten’s pipe test 696
KBr/Nujol mull technique 177
Kelvin equation 541, 543, 545
Kernel 811
Kiln dust 133
Kiln operation 306
Kiln system 307
Kilns 133
Kinetic energy 176, 856
Kinetic test 72
Kinetics theory 708
Kiselev equation 548
Knowledge

principle unit 787
Knowledge base 782
Knowledge-acquisition barrier 784
Knowledge-based systems 782

development and application 792
KOSH solution 298
Krieger and Dougherty relationship 335
Kyanite

spectrum 185

L

L1-absorption edge 871
Laitance 40
Langmuir theory 510
Laplace equation 477
Larmor frequency 209, 210
Laser beam intensity 830
Laterite

spectrum 185
Lea and Nurse method 509, 518
Leaching mechanism for CH 462
Least squares fit 304
Length change 45, 163, 369, 375

isosteres 394
measurements 48, 572
theory 373

Length change-weight change 397
Light absorption spectrum 913
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Light microscopy 804
reproducible intensities 804

Lignin sulfonic acid-based
admixture 833

Lignite 160
Lignosulfonate 143, 162
Lignosulfonic acid-based admixture 844
Lime 152, 292, 305

source 2
unsoundness of 429

Limestone 89, 107
analysis 181
dolomite content 178
dolomite-containing 184
sorption 383
Spratt 72

Line broadening 279
Line scan technique 814
Line shape simulation 649
Linear absorption coefficient 871, 914
Linear polarization 467

measurement 442, 473
technique 477
theory 476

Linear traverse technique 813
LiOH 43
Liquid

adsorbate 588
scattering function 897

Liquid assisted vapor transfer 664
Liquid chromatogram 860
Liquid chromatogram-mass

spectrogram 862
Liquid chromatography-mass

spectrometry 860
Liquid chromatography-mass

spectroscopy 859
Liquid moving phase 840
Liquid permeability tests 699
Liquids

non-wetting 585
Literature databases 789
Lithium carbonate 135
LOK-Test 751
Lorenzian curve 897, 904
Lorenzian function 901, 904
Loss modulus 349, 350
Lost porosity 592
Low-porosity cement 612

M

Macro-cell corrosion current 466
Macro-cell corrosion monitoring 467
Macro-cell monitoring 493
Magic angle spinning 211, 212, 630
Magnesite 178
Magnesium carbonate

decomposition 160
Magnesium oxide 161
Magnetic equilibrium 602
Magnetic field intensity 868
Magnetization 649
Magnets

superconducting 215
Maleic acid 298

dissolution 111
Marcasite 160
Marine atmosphere 49
Marine environment 256, 266
MAS 647, 649, 651

cross polarization 213
experiments 212

Mass absorption coefficient 871
Mass balance equation 578, 679
Mass chromatogram 860
Mass loss 467, 531, 534

technique 467
Mass numbers 206
Mass spectra

melamine-based admixture 862
naphthalene-based organic

admixture 862
Mass spectrometer 848

flight type 851
four columnar electrodes 850
phenomenon 849

Mass spectrometry 846, 847, 853
Mass spectrum 860

analysis 852
Mass transfer 668
Mass transport control 453
Mass transport processes 456
Material database formats 777
Material properties

multi-scale approach 772
Material science

computational models 767
integral component 766
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Materials
substitute 317

Materials science 766
Matrix model 41
Matrix-assisted laser desorption ionization

method 848
Maturity functions 754
Maturity index 753
Maturity meters 755
Maturity method

application 755
Maximum continuous pore radius 614
Maximum continuous pore size 29
Meal 131
Mechanical properties 41, 414
Median pore radius 614
Melamine based admixture

main components 862
Melamine sulfonic acid-based

admixture 844
Melilite 33, 197, 318
Melt structure 217
Membrane envelope 343
Menisci forces 37
Mercury 516

compression 589
Mercury intrusion 595, 600

curve 615
porosimetry 509, 515,

584, 587, 589, 591
Mercury porosimetry 23, 75, 415, 586
Mercury purity 599
Mesopores 513
Mesoscale regions 221
MET solution 74
Metals databases 776
Methanol 23, 36, 571, 572, 579
Methylene blue test 89, 90, 91
Mg(OH)2 162, 266
MgO 430

contamination 162
in clinker 178

Mica
phlogopite 73

Mica schist
spectrum 187

Microanalysis technique
radioactivation analysis 923

Microcrack formation 389
Microcrystalline quartz 81
Microfocus x-ray diffractometer 284
Micrographs 18
Microhardness 13, 415, 417, 420
Microhardness-porosity data 416
Micromorphological studies 18
Micropore analysis 541, 552
Micropore volume distribution 553
Micropores 551
Microscope

optical 232
scanning electron 233

Microspheres 49
Microstructure 17, 256

characterization and modeling 770
models 768

Microtechniques 414
Migration

electrical 677, 679
Migration cell 680
Migration test 680, 682

set-up 684
Mineral admixtures 249
Mineralizers 135
Minerals 63
Mini-cylinders 415
Miniature rock prism test 435
Miniature samples 403
Miniature slump test 436
Miniature specimens 414, 418,

426, 429
Miniature techniques 404
Miniature testing 411
Minimum beam current 803
Mirabelite 256
Mixed internal standard method 300
Mixed potential theory 448, 449, 450
Mixing 343
Mixture components 522
Mode of degradation 789
Model

mathematical language 767
Modeling pore structure 770
Modelless

pore structure analysis 541
Modelless method 548, 552
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Models 34, 36
computer-based 37
constitutive 767
logical 766
matrix 41
physical 766
simulation 767
statistical 767

Modulus of elasticity 418, 739
Moisture content 456, 531
Moisture diffusion 404
Moisture distribution 422
Molecular ions 846
Molecular mobility 603
Molecular motion 603
Molecular structure 175
Molecular weight 639

calculation 844
distribution 844, 845

Molecule rotation 866
Molecule translation 866
Molecule vibration 866
Molecules

size and shape 383
Monoclinic forms 136
Monomer structures 637
Monomer/polymer ratio 860
Monosulfate 14, 16, 198, 243

hydrate 16
Montmorillonite 82
Montmorillonitic clay 130, 159
Morphology 18
Mortar bar expansion 320
Mortar bar test 65, 385, 387
Mortar/concrete model 772
Mortars

analysis 124
ancient 201

Mössbauer atom mobility 890
Mössbauer effect 885, 890
Mössbauer spectrometry 885, 890

application 892
shortcomings 892

Mössbauer spectrum 887, 889, 890
clinker 892
example 892
variation 892

Moving phase 860
MP method 541, 552
MS identification

polychlorinated aromatic
compounds 853

Mull techniques 177
Mullite

spectrum 188
Multilayer adsorption theory 541
Multilayered film

electric properties 824
Multimolecular adsorption 666
Multiphase material 41
Multiphase mixtures

analysis 288
Multiple phases 318
Multiple quantum method 214
Muscovite

spectrum 187

N

NaCl 48, 164
Nanometer phenomena 829
Nanometer-scale model 772
Nanometers 820
Naphthalene sulfonic acid-based

admixture 833, 844
Naphthalene-based admixture

main components 862
Nasser’s K-probe 39
Natrolite 636
NDT techniques 737
Nearest neighbor coordination 217
Needle structure 261
Needlelike crystals 243
Needles

ettringite 12
Nepheline 74
Nernst equation 445
Nernst-Plank equation 678
Nesosilicate 185
Neural networks 785

applications 785
description 785

Neural-net - NN 785
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Neutron 895
beam 895
classification 895
diffraction method 898
energy 895
kinetic energy 895
quasi-elastic scattering 900
radiation source 898
scattering 23, 896
scattering cross section 897
spectroscope 898

Newtonian behavior 334, 337, 338
Nitrate analyses 118
Nitrate attack 167
Nitrite analysis 118
Nitrobenzoic acids 139
Nitrogen

as adsorbate 24
Nitrogen adsorption 509, 537
Nitrogen isotherm 548
NMR 205, 600, 601, 603, 606,

645, 647, 649, 651
(2-D) 214
29Si 222
experiment 210
measurement 870
molecular structure 866
quantum description 206
resolution 215
resolving power 868
sensitivity 868
solid state 630
spectrometer 215
spectroscopy 220
supplemental analytical means 870

29Si NMR chemical shifts 216
29Si MAS NMR 218

spectra 217
studies 219

NO
in kiln exhaust gases 306

Noise monitoring technique 496
Non-bridging oxygens 221
Non-recoil rate 890
Non-solid phase 18
Non-steady state diffusion tests 673
Non-steady state migration test 679
Non-steady water flow test 703
Nondestructive testing 737

Nontronitic clay 130
Normal bleeding 40
Novaculite 80
NQR

application 870
measuring system 869
popularity 869
research 870

Nuclear energy level 889
Nuclear hazardous waste 224
Nuclear interactions 211
Nuclear magnetic moment 890
Nuclear magnetic quantum number

resonance absorption 864
Nuclear magnetic

resonance 205, 520, 600
Nuclear quadrupole 866, 867
Nuclear quadrupole moment

planar arrangement 864
uniaxial arrangement 864

Nuclear quadrupole resonance absorption
observation 866

Nucleation
C-S-H 8

Nucleus 864
Numeric databases 776, 789
Nurse-Saul maturity function 754

O

Obsidian 78
Octahedral site 892
Ohmic resistance control 453
Oil cement slurry

flash set 162
Old concrete 168
Olivine 636
One pulse experiment 647
Opal 43, 63, 160
OPC 583
Open-gel pores 606
Organic additives 105
Organic admixture

adsorptive behavior 827
characterization tool 844
interstitial phase 828
liquid chromatogram 860

Organic components 118
Organic compounds 139



954 Analytical Techniques in Concrete Science and Technology

Organic solvents 569
interaction 571

Orthoclase
spectrum 184

Orthosilicate 636
Oscillation 176
Oscillatory shear 344, 348, 358
Osmotic pressure 380
Oven drying 597, 615
Overestimations 110
Overlapping peaks 649
Overlapping reflections 290
Overpotential 446
Overpressure tests 712
Oxidation 446, 449
Oxide Film Theory 464
Oxides 133
Oxygen concentration 471
Oxygen diffusion 52, 456

coefficient 670
Oxygens

bonding 629

P

P-dry condition 597
Paper chromatography 840
Paramagnetic interactions 217
Paramagnetic ions 649
Paramagnetic liquids 602
Partial least square regression 308
Particle shape classes 93
Particle size 505

distribution 415
Particle-particle boundaries 823
Partition chromatography 840
PAS 913, 915, 917

advantage 915
applications 917
photo-acoustic signal 917
shortcoming 915

Passivation 51, 458
Paste

hydrated cement 245
Paste-aggregate interface 247
Pattern fitting 303, 304
Penetration depth 708
Penetration measurement 690

Penetration mechanisms 583
Penetration profile 676
Penetration resistance 746
Penetration test 747, 748, 749
Penetrometer 39, 588, 589
Percolated phases 771
Periclase 161, 292
Permeability 29, 54, 247, 517, 613,

614, 665, 675, 681, 706,
708, 709, 724

index 715
intrinsic 699, 710, 713

Permeability and durability 719
Permeability cell 703

design 702
Permeability methods 518
Permeability

test 680, 696, 699, 705, 712
Permeability vs porosity 662
Permeating gas 709
Permeation characteristics 662
Permeation properties 659
Pessimum effect 70, 73
Petrographic analysis 231
Petrographic estimate 117
Petrographic examination 113
Petrographic techniques 124
Petrography 64, 124
PGNAA

emitted γ−ray energy 924
pH 7, 51, 53, 63, 264,

456, 459, 461
potential diagram 457

Phase analysis 305
software 288

Phenolphthalein 69
Phlogophite

spectrum 187
Phlogopite mica 73
Phospho-gypsum 159
Phosphoric acid extraction 67
Photo-acoustic effect 913
Photo-acoustic microscope 917
Photo-acoustic signal 914, 917
Photo-acoustic spectrometer 915

Fourier transform 917
Photo-acoustic spectroscopy 913
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Photo-acoustic transparentization 914
Photoelectron spectroscopy 878
Photoelectrons

penetration depth 882
Phyllites 43
Physical deteriorations 256
Physicochemical phenomena 127
Picric acid 317
Piezoelectric element 830
Pin penetration test 747, 749
Pixel

available densities 800
dwell time 803

Plagioclase 88
Planck’s constant 206, 866
Plaster 168, 430

analysis 124
Plaster of Paris 405, 406
Plastic behavior 337, 338, 339, 351
Plastic shrinkage 40
Plastic viscosity 334, 354, 356, 359
Plasticity 38
Plasticizing substances 124
Plastics databases 776
Platinum alloys 829
Platinum iridium alloys 829
Plerospheres 250
Plombierite

spectra 195
Plug flow 359, 360, 363
PMMA impregnant 382, 383
Point count technique 813
Poison 7
Poisson’s ratio 376, 740
Polarization

anodic and cathodic 480
linear 472, 477

Polarization current density 472
Polarization curves 454
Polarization

resistance 442, 478, 485, 491
Polarizers 96
Polishing 804
Poly-condensates 860
Polycarboxylic acid-based

admixture 833
Polymer concrete 200
Polymer modified cement 197

Polymerization 196, 216, 641
analysis 629

Polymorphs 136
Polysilicate 642
Ponding 675, 705

test 677
Porcelain 133
Pore 514, 587

diameters 24
distribution 516
filling mechanisms 547
radius 614
types 659
volume 29
water 48

Pore size distribution 22, 544, 584,
589, 595, 606, 610

measurement 75
Pore solution resistivity 563
Pore structure 25, 45, 205,

528, 529, 536
alterations 573, 583
analysis 548
capillary 567
characterization 583
modelless method 541
models 534

Pore surface relaxivity 604
Pore-crack model 609
Porod’s theory 519
Poroscope 698, 712
Porosimeters 587
Porosimetry 23, 584, 586, 589, 591
Porosity 25, 28, 97, 406,

418, 506, 612, 691
intrinsic 417
measurement 76
of aggregates 75
values 23

Porosity vs porosity 662
Porous solids 378
Portland cement 2, 16, 105, 107, 583

hydration 151, 218, 221, 768, 769
IR spectra 188
Mössbauer spectrum 892
phases 3
photo-acoustic spectra 917
types 3
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Position-sensitive photodetector 830
Position-sensitive proportional

counter 284
Positron annihilation 78, 86
Potash mine 392
Potassium content

determination 74
Potassium feldspars 88
Potential-logarithmic current density

curves 447
Potsdam sandstone 72
Pourbaix diagrams 457
Pourbaix plots 51
Powder compaction 404
Powder diffraction 276, 288
Powder diffractometry 291
Power-law equation 339
Power-law model 340
Powers-Brunauer model 34, 36
Pozzolan 3, 33, 108
Precipitation method 923
Precipitation of CH 7
Preheating zone 2
Preinduction period 6, 138
Pressure 593

buildup 599
change magnitude 914
compression 405

Primary beam current 803
Primary electron beams 821
Primary electrons 234, 801
Prism test 71, 435
Probe diameter 803
Probe penetration 746, 747, 748, 749
Profile grinder 676
Prompt gamma neutron activation

analysis 923
Protective film 51
Protein

structural analysis 853
Proton relaxation times 649
Prototype CIKS 789
Pseudoplastic behavior 334, 336, 339
Pseudowollastonite 647
Pull-off test 755
Pullout test 750,  751
Pulse transmission techniques 741

Pulse velocity techniques 743
Pulse-NMR 868
Pure quadrupole resonance 866
Pycnometer

helium comparison 529
Pycnometric measurements 20
Pyrite 159
Pyrosilicate 636

Q

Q peaks 647, 651
Q1 tetrahedra 218
Q1/Q2 ratio 220, 222
Q2 tetrahedra 218
Q3 tetrahedra 218
QC system 307
QCI 79
Quadrupole coupling constant 211
Quadrupole electromagnet 879
Quadrupole interaction 210
Quadrupole mass spectrometer 850
Quadrupole splitting 889
Quality control 522
Quantitative information extraction 812
Quantitative methods 279
Quantitative phase

analysis 289, 305, 322
Quantitative XRD 312
Quantum description

NMR 206
Quartz 63, 66, 78, 80, 108

crystallinity 79, 81
free energy 78
spectrum 184

Quasi-elastic scattering 902, 904
Quasi-stable electrons 906
Quick chemical test 385
Quinoline salt 631

R

Radiation source
electron density 889

Radiation source elements
non-recoil rates 890

Radiation targets 282
Radio frequency 205, 208, 215
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Radio tracer technique 924
advantage 920
analytical method 919
detecting sensitivity 920

Radio-frequency pulses 602
Radioactivation analysis 923, 924

application 924
Radius

hydraulic 537
Raman spectra 193
Randles equivalent circuit 466
Rapid chloride permeability

test 680, 682
Rapid molecular tumbling 212
Rare species signal intensity 649
Raster shape 800
Raw materials 177
Raw meal 131, 522
Reaction products 313
Reactivity 92, 505

determination of 78
Rebar 264, 464, 469, 480, 493
Rebar corrosion 442, 472, 487, 491
Rebound hammer test 745
Rebound number 745
Rebound tests 744
Recoil 884
Recompaction 20
Recovery technique 345
Recovery of organic matter 119
Recycle delay 648
Recycle rate 649
Recycle time 648
Redox potential 51
Reduced mass 176
Reduction reaction 446, 449
Reference compound 637, 646
Reference intensity ratio 303
Reflections

overlapping 290
Reflocculation 343
Reinforced concrete 264
Reinforcing steel 52, 456

corrosion 455
Relative humidity 30, 48, 53, 376,

397, 412, 420,
460, 513, 604

conditions 536

Relaxation 520, 602
effects 556
techniques 601

Relaxation rate 222, 605
Relaxation time 488, 559, 603

proton 649
Relaxivity

pore surface 604
Remolding test 39
Remote data access 777, 792
Research collaboration 765
Resins 121
Resistivity values

electrical 456
Resonance tests 741
Resonant frequency 739, 740

tests 743
Retarders 6, 12, 17, 32, 109,

143, 154, 200
Retarding agents 109
Rheological behavior 38, 333
Rheological constants 360
Rheological equation 362
Rheology 334
Rheometers 353, 357, 358, 360

automated 362
coaxial cylinder 360

Rheometry 333
Rhombohedral form 136
Rhyolite

spectrum 185
Rice husk ash 33, 135
Rietveld method 289, 304, 882
Rigidity 740
Ring generating SOR 879
Rock analysis 65, 66
Rock cylinder test 385
Rock prism test 385, 386, 435
Rocks

composition and formation 64
fine grained 67

Roëntgen 275
Rose criterion 803
Rotary kilns 133

operating conditions 306
Roughness

measurement 93
Rust 52
Ryshkewitch equation 26



958 Analytical Techniques in Concrete Science and Technology

S

Saddle effect 380
Salicylic acid 298
Salification 256
Saline solution 48
Salt 49
Salt crystallization 256
Salt resistance 392
Salt scaling 46, 163, 263
Salt solution 432
Salt weathering 256
Salt-related deterioration 263
Sample chamber 587
Sample container 215
Sample drying 597
Sample preparation 177, 306, 509
Sampling volume

lateral dimensions 801
size 801

Sand ratio 353
Sandstone

Potsdam 72
Scaling 43
Scanning electron

microscope 255, 800, 803
Scanning electron

microscopy 124, 231, 772
reproducible intensities 804

Scanning tunnel electron
spectroscopy 829

Scanning tunnel microscope 828
Scawtite 197
Scherrer equation 279
Schiller equation 26
Schmidt rebound hammer 744, 745
Schrodinger wave equation 176
Scientific and engineering databases

application 775
process of developing 775

Scintillation counter 284
Seawater 266

attack 49
Secondary electron 800

emission efficiency 821
image 827

Secondary ettringite formation 55, 389
Secondary ion mass spectroscopy 855

Secondary ions 856
Segregation 40, 358, 359
Self-decoupling 213
SEM 772

coating analysis 240
principle 234
videoscope 804

SEM/EDXA 232, 236
applications 241

Service life 788
Set accelerators 109, 118
Set retarders 109, 200
Set-retarding agents 118
Set-retarding chemical admixture 255
Setting 39, 153
Setting times 16
SFA 830
Shape and surface texture

measurement 95
Shape coefficient 94
Shape factor corrections 741
Shear 334, 342
Shear modulus of elasticity 740
Shear rheometers 357
Shear thinning 334, 336
Shielding

isotropic 208
Shorthand system 107
Shrinkage 30, 54, 75, 397, 427

irreversible 397
limit 77

Signal to noise ratio 878
Silica 49

gel 553
minerals 86
reactive 67
soluble 110, 112
source 2

Silica fume 34, 42, 106,
108, 158, 254, 354

Silicate
hydrates 167
inorganic 636
octameric 646

Silicate paste
hydrated 146

Silicate phases 216
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Silicate polymer derivatives 845
Siliceous carbonate aggregates 70
Siliceous clay 130
Siliceous limestone 184
Silicic acids 635
β-Silicomolybdic acid 634
Silicomolybdic acid complex 631
Silicon wafer

experimental results 838
Siloxane 36

bonds 629
groups 26, 420

Simulation modeling
constitutive 767
logical 766
physical 766
simulation 767
statistical 767

Sink solution 673
SiO2 63
Size exclusion

chromatography 639, 840
Slag 33, 50, 252

activation 158
cement 3
content estimation 310

Slip 359, 360, 362, 363
Slump 333, 437

test 39, 436
Small angle scattering

neutron 519
x-ray 316, 519

Smectites 82
SMF 154
Sodium content

determination 74
Sodium cyanide 197
Sodium gluconate 436
Soft ionization method 847
Software 288
Solder wettability 824
Solid material dissolution 772
Solid phase 18
Solid volume 534, 537

change 536
Solid-liquid interface 567
Solids

volume fraction 334
Soluble silica 112

Solvent extraction 923
Solvent replacement 599
Solvent replacement

technique 24, 569, 575, 576, 581
Solvents 298
Soniscope 742
Sonometer 739
SOR

continuous spectrum 877
directivity 882
equipment 873
intensity 878
photoelectrons 882
radiation facilities 880

SOR-EDD
phase transition 883

Sorbates 510, 514
Sorption 406, 510

isotherm 511
Sorptivity 688, 721, 725

test set-up 690
values 689

Soxhlet extraction 114
Spalling 43, 465
Specific surface area 505, 517, 608
Specimen pixel size 804
Specimen pre-conditioning 241
Specimen preparation 240
Spectra of C-S-H 220
Spectroanlaysis

depthwise 917
Spectrophotometry 630
Spectroscopy

IR 84, 175
Spectrum development mechanism 885
Sphericity 93
Spin 206
Spin energy levels 210
Spin system 209, 210, 214
Spin-echo signal 602
Spin-echo technique 866
Spin-echo time 602
Spin-lattice relaxation 602, 866
Spin-locking 649
Spin-spin relaxation 520
Spin-spin relaxation time 604, 606, 866
Spinel 159
Spratt siliceous limestone 72
Spurrite decomposition 133
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Sputtering method 824
Square root of time equation 461
SRXRF

detection limit 881
Staining procedures 89
Staining techniques 88
Standardized test methods 737
Standpipe absorptivity test 692, 696
Static flow technique 338
Stationary phase 860

high-pressure-resistant filler 840
Steady state conditions 680
Steady state diffusion tests 673
Steady state migration test 682
Steady state techniques 466
Steady state water flow tests 699
Stearate salts 118
Stearic acid 118
Steel 456, 464
Steel corrosion 50, 264, 462, 463
Steel oxidation 461
Steel rebar 468
Steel/concrete corrosion process 489
Steinart guard ring test 703, 705
Stereological techniques 817
Stern layer 563, 564
Stern-Geary equation 472, 491
Stiffening 16
Stiffness 419
Stoke’s law 516
Storage modulus 349, 351
Storage modulus and yield stress 350
Storage ring 879
Strain

instantaneous 346
values 350

Strain rate 334, 338, 352
Strength 28, 29, 41, 42

accelerators 109
intrinsic 416
prediction 307
testing 231

Strength development 156,
415, 418, 612

rate 388
Strength testing 748, 755
Strength vs. porosity 415
Strength-forming phase 220

Strength-porosity 608, 609
Strength-time curves 418
Stress 334
Stress conditions 26, 420
Stress pulse 742, 743
Stress wave propagation methods 744
Structural breakdown 342, 343
Structural studies 218
Structure analysis 288
Structure determination

ab initio 288
Substance

acoustic properties 917
elastic properties 917
thermal properties 917

Substitute materials 317
Suction tests 712
Sugars 143
Sulfate analysis 111, 113, 115
Sulfate attack 256, 261

analysis 240
Sulfate determinations 117
Sulfate ions 263, 265
Sulfate procedure 115
Sulfate resistance 386, 388
Sulfates 133, 256
Sulfide procedure 115
Sulfo-aluminate

production 132
Sulfonated melamine formaldehyde 32

superplasticizer 154
Sulfonated naphthalene formaldehyde 32
Sulfonic acid

di- /mono- ratio 860
Sulfur analyses 115
Sulfur impregnant 382
Sulfur impregnated porous glass 380
Sulphate minerals 320
Super cold neutron 895
Superconducting magnet 215, 879
Supercritical chromatograph 843
Supercritical fluid

chromatography 839, 840
Superplasticizer 143, 154, 196, 354
Superplasticizing admixtures 32
Supplementary cementing materials 33
Surface absorption 693
Surface absorptivity tests 691, 692
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Surface adsorbed water 317
Surface adsorption

energetics 368
Surface area 24, 507, 514, 521,

522, 536, 537, 546
measurement 508, 516
portland cement paste 523

Surface area-to-volume ratio 506
Surface creep 664
Surface force apparatus 830
Surface free energy 372
Surface imperfections 506
Surface layer

C/S molar ratios 827
two-dimensional information 856

Surface porosity 97
Surface projection diameter 802
Surface pull-off test 755
Surface quality 505, 507
Surface roughness 97

measurement 93
Surface structure

sample image 832
Surface tension

mercury 585, 595, 599
Surface-to-volume ratio 605
Suspensions 334

flocculated 345
Swelling 30, 34, 36

clay mineral 82, 90
stresses 382

Synchrotron 877
Synchrotron orbital radiation 873, 877

dispersive 883
measurement 881

Synchrotron radiation excited x-ray
fluorescence 881

Synchrotron storage ring 880
Syngenite 17
System integration

difficulties 784

T

Tafel equation 447
Tafel extrapolation 467, 480
Tafel plot 480
Tafel relationship 481
Tafel slope extrapolation 442

Talc
spectrum 185

Tandem mass spectrometer 852
Tattersall’s

apparatus 353, 360, 361, 363
Tattersall’s two point test 39
TEA 74
Techaranite

spectra 195
TEM observation 221
Tensile stress 599
Terminology 344
Test specimens 702
TET solution 74
Tetracalcium aluminate hydrate 196
Tetrahedral coordination 218
Tetrahedral site 892
Tetrahydrofuran 639
Tetrakis 646
Tetramethylsilane 646
TG 144, 156
Thames Valley flint 72
Thaumasite 167, 261, 320
Thawing 43
Thenardite 256

crystals 263
Thermal analysis 127, 167
Thermal diffusion length 914
Thermal effects 128
Thermal energy 913
Thermal equilibrium state 866
Thermal expansion 162
Thermal neutron 895
Thermal techniques 138, 158, 159
Thermochemical analysis 130
Thermodilatometry 131
Thermodynamically distinct C-S-H

phases 221
Thermoelectrons 847
Thermograms 136
Thermogravimetric analysis 130
Thermoluminescence 907

estimation of geological age 908
measuring apparatus 908

Thermoluminescence intensity
change results 909

Thermoluminescent minerals 909
Thermospray ionization method 847
Thermospray method 859
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Theta filter 283, 291
Thin-layer chromatography 840
Thiocyanates 156
Thixotropic 359
Thixotropy 336, 342, 343
Threshold radius 614
Thresholding 809

process 809
Thresholds

interactive modification 811
Tidal zone 49
Time domain 210
Time-resolved x-ray diffraction 285
Titrating 69
TMA 74
TMS 638, 646

method 635, 641
Tobermorite 28, 158, 164, 218,

220, 221, 316
spectra 195
structure 630

Toluene 639
Topaz

spectrum 185
Torrent air permeability test 715
Tourmaline 185
Trace impurities 289
Transference number 677
Transient diffusion processes 668
Transition zone 38, 42, 659, 660
Transitory Complex Theory 465
Transmission electron

microscopy 232, 802
Transmission line model 477, 480
Transmission Mössbauer

spectrometer 890
Transpiration test 671
Transport coefficient 676
Transport mechanisms 662, 771
Transport processes 658, 665, 725
Trapped electrons

positive holes 907
Tremolite

spectrum 186
Tricalcium aluminate 3

hydration 146
Tricalcium silicate 3, 4, 136, 768

hydration 147
size distribution 771

Triclinic forms 136
Tridymite 63
Triethanolamine 17, 146, 200

admixture 149
Trimethylsilyl ester 646
Trimethylsilylated silicate hydrate 844
Trimethylsilylation 630, 636

analysis 635
Trisilicate 636
Tuckerman extensometers 369
Tuckermann extensometers 427
Tungsten alloys 829
Turbidimetry 516
Tuutti’s model 461
Two-arc behavior 567

U

UBC rheometer 360
UE angles 92
Ultrasonic concrete tester 742
Underestimations 110
Undulatory extinction 91
Unmixed internal standard 301

V

V-t plots 546
Vacuum type STM 829
Valenta equation 708
van der Waals’ forces 34, 242, 405
Vapor deposition method

layer structure 825
Vapor diffusion 664
Vapor flux 662
Vaterite 164
Vebe consistometer 39
Vebe Test 39
Vermiculites 43
Vertical kilns 133
Vibration

modes 177
Vibrational transition 177
Vibrations

frequency of 738
of molecules 176

Vicat 17
apparatus 39

Virtual cement properties 772
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Viscoelastic behavior 345
Viscoelastic material 346
Viscoelastic properties 349
Viscoelasticity 38
Viscometer 362
Viscosity 334

intrinsic 335
VMR 630
Void fraction 406
Volcanic rocks 66
Voltammetry 486
Voltammetry techniques 485
Volume change 536
Volume expansion 379
Volume instability 378

W

W/c 115, 353
W/c ratio 41
W/s ratios 418
Wagner turbidimeter 509
Wagner turbidimetry 516
Wall effect 359
Warming cycles 164
Washburn’s equation 664, 685
Waste and by-products 133
Water 419

adsorption 604
analysis 115
as adsorbate 24
cement ratio 41
fixed 415
free and bound 23
interlayer 317
role of 36
structural 36

Water absorption 75, 76, 694
capacity tests 686
tests 687

Water content 115, 117
Water flow test

non-steady 703
Water gain 40
Water in concrete 660
Water mobility 521
Water penetrability 703
Water penetration 690, 703, 707

tests 706

Water permeability 699
Water reducing admixtures 32
Water removal 597
Water sorption 514
Water to cement ratio 75
Water vapor transmission test 671
Water vapor transpiration test 671
Water-cement ratio 115, 242
Water-repellents 118
Water-repelling agents 109
Wave equation 176
Wavelengths

x-ray 275
Weathering

of rocks 77
Weight changes 130
Wetting 36

angles 585
White coat plasters 430
Whole-powder-pattern 289

decomposition method 289
fitting 289

Windsor probe test 747, 748
Wollastonite 164
Workability 38, 39, 436, 437

aids 109, 118

X

X-axis 837
X-ray absorption

edge 871
fine structure 872
near edge structures 872

X-ray absorptivity 871
X-ray analysis

computers 286
software 286

X-ray analyzer 231
X-ray diffraction 78, 122, 276,

285, 312, 882
analysis 883

X-ray diffractometer 282
X-ray diffractometry 286, 290, 890
X-ray microanalysis 804, 812
X-ray powder diffraction 772

patterns 304
X-ray scattering

small angle 316
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X-ray spectrometry 881
X-ray topography 882
X-rays 801, 870

diffraction 276
X-rays intensity measurement

transmission method 873
XAFS

local physical phenomenon 873
measurement result 874

XANES 872
analysis 873
examples 874

Xonotlite 647
spectra 195

XRD
applications 318
hydration products studies 314
use in blended cements 308

XRD-XRF 285
Xylose 162

Y

Yield stress 334, 337, 345,
347, 353, 356, 359

Young’s modulus 20, 408, 412,
413, 414, 421

Z

Zeeman splitting 889
Zeolite 74, 647
Zingg shape classification 93
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