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PREFACE 
 
Concrete is ubiquitous and unique. Indeed, there are no alternatives to concrete as a 
volume construction material. This raises important questions of how concrete should be 
designed and constructed for cost effective use in the short and long-term, and yet 
encourage further radical development. Equally, it must also be environmentally-friendly 
during manufacture and in its aesthetic presentation in structures.  

The Concrete Technology Unit (CTU) of the University of Dundee has organised this 
major 5 day International Congress, following the conferences, Protection of Concrete in 
1990 and Concrete 2000: Economic and Durable Construction Though Excellence in 
1993, as part of its continuing commitment to the development of excellence in concrete 
construction.  

The central theme of the Congress was Concrete in the Service of Mankind, under 
which 5 self-contained conferences were organised; (i) Concrete for Environment 
Enhancement, (ii) Concrete for Infrastructure and Utilities, (in) Appropriate Concrete 
Technology, (iv) Radical Concrete Technology and (v) Concrete Repair, Rehabilitation 
and Protection. In total 350 papers were presented by authors from 70 countries 
worldwide.  

The Congress Opening Addresses were given by the Lord James Douglas-Hamilton 
MP, Minister of State for the Construction Industry, Scotland and by Dr Ian J.Graham-
Bryce, Principal and Vice-Chancellor of the University of Dundee. The Opening Papers 
were presented by Emeritus Professors P.Kumar Metha and Ben C.Gerwick, University 
of California, Berkeley, USA and Professor John Morris, University of Witwatersrand 
and Mr Spencer S.Sephton, PPC Cement (pty), South Africa. The closing address was 
given by Professor Peter C.Hewlett, Director of the British Board of Agrément, UK and 
Visiting Industrial Professor, Department of Civil Engineering, University of Dundee.  

The Congress was supported by 14 major International Institutions together with 23 
Sponsors and 50 Exhibitors, highlighting the importance of concrete and the close 
cooperation between the CTU and industry.  

A Congress of this size and scope was a major undertaking. The immense efforts of 
the Organising, International Advisory and National Technical Committees, who advised 
on the selection and review of papers is gratefully noted. The efforts of all the Authors 
and Chairmen of the various Technical Sessions and, in particular, those who travelled 
from afar to come to Dundee are greatly appreciated as are all the CTU staff and research 
students for their sterling efforts in ensuring the smooth running of the Congress. 
Particular thanks must be given to the two Congress joint Secretaries, Mr Neil 
A.Henderson and Dr Michael J.McCarthy and the Unit Secretaries Mr Steven Scott and 
Miss Diane Sherriff.  

All the Proceedings have been prepared directly from the manuscripts provided by the 
authors and, therefore, there may be some errors or inaccuracies that have been 
inadvertently overlooked.  

Dundee Ravindra K Dhir  
February 1996  



INTRODUCTION 
 
Concrete has been regarded as a mature technology which has become tainted by its very 
familiarity. However, by unlocking its potential, cement-based composite materials can 
offer a performance as yet unexplored. There is, of course, the ‘Holy Grail’ of the 
development of high strength, ductile concrete which can rival steel directly. Indeed, it is 
now possible to produce compressive strengths, on a commercial basis, in excess of 
250MPa but equal tensile stress capacity remains as elusive as ever.  

Many countries now regularly consider the use of high performance concrete, both for 
strength and/or durability. Such materials are already being proven in tall structures, 
bridges and tunnels. However, as these new concretes become widely available, it will be 
necessary to develop design tools that can exploit these, both safely and economically.  

Furthermore, it would appear that there must be an improved interaction between 
architects and engineers in order to advance the so-called ultra structures, utilising radical 
concrete technologies. Equally, specifications must be developed which can be used to 
provide confidence in the use of many new materials that are becoming available. 
Perhaps the most pressing need is the explicit design for durability.  

The Proceeding of this Conference; ‘Radical Concrete Technology’ dealt with all of 
these subject areas and the issues thus raised, under six clearly identified themes: (i) High 
Performance Concrete, (ii) Ultra Structures, (iii) Maximising Strength/Durability, (iv) 
Performance Specifications, (v) Construction Techniques and (vi) New Materials 
Technology. Each theme started with a Leader Paper presented by the foremost 
exponents in their respective fields. There were a total of 71 papers presented during the 
2 day International Conference and compiled into these Proceedings.  

Dundee Ravindra K Dhir  
February 1996 Peter C Hewlett  
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Radical Concrete Technology. Edited by R K Dhir and P C Hewlett. Published in 1996 
by E & FN Spon, 2–6 Boundary Row, London SE1 8HN, UK. ISBN 0 419 21480 1.  
ABSTRACT. Concrete Canada is a Network of Centres of Excellence on High 
Performance Concrete. It comprises twelve principal researchers from ten universities 
plus three industrial partners. In the current phase of its eight year programme the 
emphasis is on technology transfer to the construction industry. One of the most effective 
technology transfer mediums is demonstration projects. Concrete Canada has funded a 
large number of these. The paper reports on this programme and results to date.  
Keywords: Demonstration projects, high performance concrete.  
John A.Bickley, P. Eng. is Implementation Manager for Concrete Canada, the Canadian 
Network of Centres of Excellence on High Performance Concrete. He is a Fellow of the 
Institution of Civil Engineers and ACI, and a member of CSA, ACI and ASTM 
committees.  

INTRODUCTION  
In 1990 the Canadian Government established the Networks of Centres of Excellence 
Programme and, in Phase 1, allocated 240 million dollars to fifteen research networks. 
These networks, chosen from 158 applicants, were in diverse, generally high-tech, 
disciplines such as genetics, telecommunications, robotics, microelectronics and 
neuroscience.  

One group was chosen in the field of civil engineering: The Network of Centres of 
Excellence on High Performance Concrete. In 1994, after a detailed review process, ten 
of the original fifteen networks were re-funded for Phase 2 of the programme. The 
concrete network, now called Concrete Canada, was again successful.  

In Phase 1 the Network comprised eleven Principal Investigators, nine from seven 
universities across Canada, and two from industry. In Phase 2 four Principal Investigators 
were added, one each from three additional universities and one more from industry.  

Most of the funding supports research projects at the ten universities, but there is a 
much stronger emphasis in Phase 2 on technology transfer to the construction industry. 
For this purpose the position of implementation manager has been created, and 
significant funding has been applied to demonstration projects. These are current 
construction and industrial projects to which high performance concrete technology is 
being transferred.  



NETWORKING  
One of the fundamental concepts embodied in the Centres of Excellence programme is 
that of “Networking”. The principals of Concrete Canada come from the three solitudes 
of the construction industry: design, materials and construction. In the early stages of 
Phase I effective and sustained networking was not easily achieved. Each principal tends 
to be focused on a specific and limited number of subjects. Historically there has been 
little interaction between the three main sectors of the construction industry. It was 
probably year three of Phase 1 before the level of networking between principals reached 
the level intended by the government. The interaction, once started, achieved a healthy 
ongoing momentum, and has proved to be very fruitful. The principals of the network 
have a wide range of specialties within their chosen field, and combining several 
specialties on a research project has proven to be synergistic and stimulating.  

Management  
Figure 1 shows the management structure of the Phase 2 network.  
 

 
Figure 1. Structure and Organisation of the Network  

Code Committees  
The general adoption of high performance concrete will only come about when standards 
for design and construction are adopted and published by the relevant code committees. 
Active membership on technical committees is thus an important role for Concrete 
Canada principals. Changes to national codes are prime deliverables.  
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Figure 2 Network Focus and Deliverables  
Figure 2 summarises the network focus and deliverables. The essential step in getting 
high performance concrete into general use is the adoption of changes in national codes 
and standards. In Canada the most important national standards for concrete are Canadian 
Standards CSA Committees A23.1 and A23.2—Concrete Materials and Methods of 
Construction and Methods of Test for Concrete, and CSA Committee A23.3—Code for 
the Design of Concrete Structures.  
 

In 1994 new editions of these three standards were published, and significant input 
resulting from Concrete Canada research was incorporated into both documents.  

In A23.1 a new Section 29 was added entitled “Special Requirements for High 
Strength Concrete”. The definition of high-strength concrete was changed from concrete 
having a specified strength of 40 MPa or higher to concrete having a specified strength of 
70 MPa or higher.  

The new clauses in full plus a commentary are detailed in papers available from 
Concrete Canada.1,2  
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Principals of Concrete Canada sit on approximately one hundred CSA, ACI, ASTM, 
RILEM, FIP, ASCE and CEB technical committees.  

The High Performance Concrete Market  
Initially the main use of high performance concrete in North America was in structures 
requiring high strength. It was soon realised that while most high performance concrete 
was high-strength, due to the invariable use of low and very low water-cement ratios, 
other beneficial properties resulted. High-strength is usually easy to achieve, given 
aggregates of good quality, but the pre-occupation today is with durability. The 
deterioration of structures due to de-icing salt induced corrosion, as well as freeze-thaw 
damage and chemical attack, has been of epidemic proportions in North America. In 
Canada alone corrosion damage to parking structures has been estimated to be as high as 
two billion dollars.3  

The beneficial properties of high performance concrete can be summarised as follows:  
High strength, including very high strength and high strength  

at very early ages.  
Abrasion resistance.  
Low permeability to water and chemical ions.  
Low absorption.  
Low diffusion coefficient.  
High resistivity.  
Good resistance to chemical attack.  
High modulus of elasticity.  
High resistance to freezing and thawing  
damage.  
Volume stability.  
Inhibition of bacterial or mould growth.  

 
It can thus be seen that high performance concrete can have many applications, other than 
in outstanding major engineering structures, that would not normally be considered. 
Residential basements, agricultural structures and mine backfilling use very significant 
quantities of concrete and traditionally use low quality concretes and low-tech practices. 
Unexpected benefits can be obtained by taking a high-tech approach using the more 
expensive high performance concretes. In major engineering structures requirements for 
durability have in recent years been partially met by the use of epoxy-coated steel. There 
are now some reservations about the use of coated steel in all situations. On projects such 
as Hibernia, The Prince Edward Island Link and precast tunnel segments for new 
subways in Toronto, long service life requirements under conditions of severe exposure 
are being met by reliance on high performance cover concrete protecting uncoated steel.  

There is a trend to turnkey projects where private investment finances, designs, builds, 
operates and maintains infrastructure. In these projects a long service life and low 
maintenance costs become significant factors. The assurance of long term durability by 
the use of high performance concrete is one way in which these objectives can be met.  

While high performance concrete has a price delivered to site that is higher than 
normal structural concrete it can be less expensive to place. Additionally in some 
structures the superior properties of the high performance concrete can be used to effect 
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savings at the design stage. In the construction of a bridge in Quebec a first cost saving of 
5% was reported by the Ministry of Transportation.4  

Further there is generally a higher level of QA/QC on these projects since the 
achievement of high quality is in the interests of the builder. It is thus more likely that 
well established good construction practices will be conscientiously followed. The 
concrete even gets cured!  

The potential use of high performance concrete should be evaluated for all projects, 
since as reviewed above, and as illustrated by the network’s demonstration projects, it is 
beneficial in more applications than may at first seem obvious.  

Demonstration Projects  
Possibly the most effective method of technology transfer is the demonstration project. 
High performance concrete is introduced into a project under controlled conditions, with 
adequate pre-testing, indoctrination, and hands-on site supervision. Nearly all such 
projects require special testing, additional to normal requirements, and, typically, large 
scale trials to provide field practice for the construction team. In some cases the 
demonstration project may provide testing and monitoring on a high performance 
concrete structure in order to obtain data that would not otherwise be obtained by the 
construction team. Additionally some demonstration projects are in zv7 highly 
specialised fields. A summary of the demonstration projects, complete or in progress, is 
given below.  
 

  Project  Project Description  

The Portneuf Bridge 
A  

First demonstration bridge using 70 MPa air-entrained 
concrete.  

Montreal Autoroute B Design changes from standard resulted in a 5% saving 
in first cost.  

Yamaska Bridge  Laboratory and field trials of pumping planned to 
determine a methodology to assure a high quality air 
void system in place.  

Bridge 95–39, 
Highway 20  

Replacement bridge, all concrete 60 MPa air-
entrained. Uncoated steel.  

Prince Edward Island 
Link  

12.9 km long precast structure. Main units weigh 7000 
tonnes. Temperature and corrosion monitoring.  

Bridges  

Jacques Cartier 
Bridge B  

Rehabilitation of underwater piers using superfine 
cement grouts.  

Highways  Highway 407  106 m3 of concrete, 600 lane kilometres of exposed 
concrete pavement, 128 concrete bridges.  
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Canals  Rideau Canal  Rehabilitation of masonry walls using superfine 
cement grouts. Evaluation of quality of grouting using 
cross-hole tomography.  

Experimental 
Basements, 
Sherbrooke  

Project to investigate practical aspects including 
placing and labour costs.  

Residential 

National Basement 
Project  

National Research Council study which will end with 
the construction of demonstration basements.  

 
Durability of HPC in 
Pulp  

First project with Pulp and Paper.  

Mill Effluents and 
Marine Exposure  

Industry to evaluate in-service durability of HPC in 
an aggressive environment.  

1 MPa Mine Backfill  Use of superplasticiser technology produces 
cheaper backfill material.  

Pressure Pipe  Improved mixtures and state-of-the-art shotcrete 
technology improve quality of corrosion protective 
coating.  

Industrial  

HPC Moulds for Metal 
Casting and Metal 
Deposition  

Trials with three metal casting and metal 
deposition companies are demonstrating the 
suitability and economies in using HPC for 
moulds.  

Tunnels  Precast Concrete 
Segments New Toronto 
Subways  

HPC to ensure 100 year service life in an 
aggressive environment  

Agricultural Pig Pens Constructed B 
using HPC  

Impermeable concrete inhospitable to disease 
bearing bacteria. Increase in market weight of pigs. 

More details of some of the above projects can be obtained as follows:  

A   Canadian Portland Cement Association, 5500 Royalmount, Suite 250, Ville Mont-
Royal, Quebec H4P 1M7  

B   Concrete Canada, Department of Civil Engineering, University of Sherbrooke, 
Sherbrooke, Quebec J1K 2R1  
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Results of all demonstration projects will be published by Concrete Canada. There is not 
enough space to describe all the above projects in detail. The following are selected to 
illustrate the range of the network involvement.  
 
Bridge 95–39, Highway 20  
This is a small replacement bridge, under the jurisdiction of the Ontario Ministry of 
Transportation. Starting in 1994, a joint committee of the Ministry and Concrete Canada 
held a number of meetings to discuss and agree design changes, and specification and 
special provision requirements. The cast-in-place deck is supported by CPCI 1400 precast 
girders. All the site cast concrete, abutments, deck and barrier walls will be of 60 MPa 
air-entrained concrete. Standard Ministry designs use 30 MPa or 35 MPa air-entrained 
concrete, epoxy coated bars, and the decks are waterproofed and then paved with 
asphaltic concrete. So that the success, or otherwise, of the use of high performance 
concrete can be measured, the demonstration bridge has uncoated reinforcement and a 
bare deck. Graphite probes will be installed in the deck and barrier walls to determine if 
any corrosion occurs. The contract documents contain a number of non-standard 
requirements.  

Pre-bid meeting—Contractors were not allowed to bid unless they attended this 
meeting. A presentation was made outlining the objectives of the project and all the non-
standard items, so that the bidders were clear on what was wanted.  

1 A full scale trial batch is required at an early stage in the contract.  Trials 

2 A trial deck slab, 13m wide by 10m×225mm thick, is to be constructed before the 
actual deck. It is to be placed, compacted, finished and textured using the same 
equipment and procedures as will be used for the deck.  

The contract is very specific about curing requirements, including fog curing of the slab 
immediately after finishing, but prior to texturing, and the provision of insulation to allow 
temperature gradients to be controlled to minimise cracking.  

An extensive programme of testing before and during construction will check strength, 
air void systems and salt scaling resistance. Additional tests to complete the 
documentation of the concrete may include modulus determinations, stress-strain curve, 
permeability, tensile strength and diffusivity.  

Concrete temperature, limited to a maximum of 25°C on delivery, will be monitored 
until it has cooled to ambient as part of the crack control programme.  

Type 10 SF cement, that is type 10 blended with silica fume, is specified with a 
minimum cementitious content of 450 kg/m3. Certification of compatibility between the 
chosen superplasticiser and the cement is required, and a retarder is to be used. The 
concrete will be supplied by ready-mixed concrete and all loads must be at least 1m3 less 
than the truck capacity.  

The bridge will be monitored visually, by tests on cores, 1/2 cell tests and graphite 
probe measurements for an extended period in order to evaluate its performance.  
 

Concrete Canada programme     7



Prince Edward Island Link  
This 12.9 km bridge, now under construction, will join Prince Edward Island to the 
Canadian mainland at Jourmain Island, New Brunswick. The bridge is being built by 
Strait Crossing Inc. This group has financed and designed the bridge and, after building 
it, will operate and maintain it for 35 years, until 2032. It will then revert to the Federal 
Government. In addition to tolls the builder will receive an annual subsidy less than that 
currently provided to the ferry service.  

The structure is almost entirely comprised of precast units. The main spans are 250 m 
and the main precast girders weigh 7000 tonnes! The concrete is 60 MPa air-entrained 
high performance concrete. Reinforcing steel is uncoated, so that protection in the severe 
marine environment of Canada’s East Coast is provided entirely by the cover concrete. 
This concrete is designed to have very low permeability, and the curing controls used 
during production are designed to produce cover concrete that is free of any significant 
cracks.  

Principals of Concrete Canada have had ongoing input into a number of areas of 
concrete technology. In this demonstration project two Principal Investigators, Professor 
Walter Dilger of Calgary University and Professor Carolyn Hansson of Queen’s 
University have combined to take advantage of this outstanding construction in high 
performance concrete. The two demonstration projects are as follows. Both have 
construction and post-construction phases.  

1.   

Monitoring of Thermal Stresses: Professor Dilger  
During construction the maximum temperature reached in an element, and the 

maximum temperature differences developed within a member and between adjacent 
members are the prime interest.  

After construction diurnal and seasonal changes in temperature, and the stresses 
induced by them, will be monitored for a long period.  

During construction, data will be collected on site using a 200 channel data logger. 
After construction all data will be transmitted to Calgary University by modem.  

In parallel with the site measurements a laboratory test programme is being carried 
out. Short term creep tests will be made. Stresses will be determined in axially 
restrained prisms subjected to different rates of temperature changes. These tests will 
be repeated at intervals as long as the temperature monitoring programme continues.  

 
2.   

Corrosion Monitoring: Professor Hansson  
The builder has an interest in minimising maintenance costs during the initial 35 

year tenure, and is obliged to hand over the bridge in close to new condition. Since 
the corrosion protection to the reinforcement is the cover concrete it is important to 
monitor how well it is performing.  

Clearly, if any significant corrosion is detected during the early life of the 
structure, the chosen protection concept has failed. It has been assumed that this will 
not happen, and that any corrosion activity during the early and ongoing life of the 
bridge will be at a level at which damage does not occur to the reinforcement or the 
cover concrete. A very sensitive system has therefore been developed to monitor any 
signals from the steel.  

The instrumentation will provide a method of evaluating the durability 
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performance of the bridge throughout its service life.  

HPC as Slab Floors in Swine Nurseries (from reference 5)  

“After a few years of use, a number of the floors built in swine nurseries in the seventies 
evidenced real performance problems. In response, owners gradually turned to rubber or 
plastic flooring to protect the concrete surface. In addition to poor resistance to the acidic 
environment, the concrete generally used at the time was relatively porous, providing 
ideal living conditions for Escherichia colibacillus (commonly referred to as E. coli), 
which can be present in pig manure and can cause diarrhea. E. coli contamination of the 
nursery requires complete disinfection of the barn. When this is necessary, the operator 
suffers loss of income related to the cost of the disinfection as well as costs associated 
with growth disruption of the piglets.  

Installing a heated floor in the nursery provides the characteristics listed below:  

•    greater comfort (nonabrasive);  

•    nonskid;  

•    good thermal conductivity, resulting in more uniform distribution of heat;  

•    high thermal inertia to prevent abrupt heat fluctuations;  

•    sealed surface to prevent bacterial and viral contamination;  

•    easy to clean;  

•    durable; and  

•    inexpensive.  

Piglets normally weigh 32 kg at age 8 weeks. An eight-week old piglet suffering from 
diarrhea, however, weighs 1.4 kg less on average and needs 3.5 days of recuperation to 
get back up to normal weight. In monetary terms, a bout of diarrhea increases production 
costs by around $0.50 a piglet. Considering that a major zv12 operator can produce up to 
11,000 hogs per year in a single nursery, annual losses can exceed $5000.  

A major producer in St-Gregoire, Quebec, was selected for the construction of a 
heated 70-MPa HPC slab for a new comfort pen for piglets. This concrete was chosen for 
its very low permeability and porosity and its high resistance to acids, the combined 
effect of which should greatly attenuate the risks of contamination and surface erosion.  

The resulting installation has resulted in diarrhea free piglets.”  

CONCLUDING REMARKS  
The fundamental properties of HPC make it eminently suitable for a wide range of 
applications, beyond those requiring high strength. The concrete has a higher first cost 
but may be cheaper in placing costs in some applications. Service life costs, particularly 
with structures subjected to aggressive environments, will be lower than with the use of 
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traditional concrete mixtures. In some instances where the properties of HPC permit 
design modifications, it may be possible to reduce first cost as well as service life costs.  
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ABSTRACT: Extensive research has been carried out in recent years into the beneficial 
effects of metakaolin when used as a partial replacement for Portland cement in concrete. 
Benefits include increased resistance to acids and sulphates, reduced chloride ion 
diffusivity, reduced porosity, and prevention of alkali-silica reaction. These have been 
demonstrated in the laboratory by a number of researchers. As a result, it is anticipated 
that structures built of metakaolin concrete would prove to be highly durable in 
aggressive environments.  

The purpose of this paper is to review the results of construction projects in which 
metakaolin concrete was used. The constructions were exposed to environments such as 
tidal sea water, high sulphate soils and acidic waters.  

Practical aspects of using metakaolin concrete, such as handling, mixing, rheology, 
placing and finishing are discussed. Performance of the concrete constructions was 
assessed after exposure to the environment for three years. The effect of exposure on 
permeability, chloride penetration and general integrity are discussed.  
Keywords: Chloride, Concrete, Durability, Metakaolin, Ordinary Portland Cement 
(OPC), Permeability, Pozzolan.  
Anthony H.Asbridge has worked in the Research and Development Department of ECC 
International since 1984 and is currently concerned with the development of metakaolins 
for use in the construction industry.  
Dr. Thomas R.Jones has worked in the Research and Development Department of ECC 
International since 1972 and is presently Manager of the New Materials Group 
specialising in the chemistry and processing of industrial minerals.  
Geoffrey J.Osborne is a Principal Scientific Officer and Head of the Concrete Durability 
Section at the Building Research Establishment, where he has worked for 40 years. His 
main research interests include the properties of Portland and calcium aluminate cements 
and the long term durability of concrete.  

INTRODUCTION  
Concrete is one of mankind’s most versatile and useful building materials. However 
concrete sometimes displays two undesirable features: poor durability in hostile 
environments and poor aesthetic properties—ie. poor visual appearance. There is growing 



evidence that these disadvantages can be overcome by using certain pozzolanic materials 
which are able to modify the chemistry and micro-structure of concrete.  

Maintenance costs of concrete can be high, so the concept of life-time cost is 
increasingly being taken into account. By using the correct pozzolanic materials, the 
overall economics of a project can be improved, and an aesthetic problem can be 
converted into a desirable feature.  

Metakaolin is a reactive pozzolan, produced by the thermal activation of the mineral 
kaolin. It is available in a high state of purity (greater than 90%) and can react with more 
than its own weight of calcium hydroxide to give new cementitious compounds [1]. By 
replacing part (typically 10 to 20%) of the Portland cement content of concrete, 
metakaolin reduces calcium hydroxide levels in the cured concrete. The pozzolanic 
reaction is rapid, i.e. within 28 days at ambient temperatures, and at the higher 
replacement level virtually all the calcium hydroxide is removed [1]. Although the 
calcium hydroxide levels are significantly reduced, the pH of the pore solution is 
maintained above 12.5 [2].  

Metakaolin improves the micro-structure of concrete:  

■    average pore size is reduced [3][4]  

■    calcium hydroxide levels are reduced [5][6][7]  

■    bonding between cement paste and aggregate is improved [8]  

In turn, these micro-structural changes have a large beneficial effect on key properties 
which determine durability and visual appearance:  

■    penetration of water, salts and acids is reduced [1][4][7]  

■    diffusion of salts within the structure is reduced [2]  

■    resistance to sulphate attack improves [9]  

■    ASR can be prevented [6][10]  

■    compressive and tensile strengths are improved [8][11][12][13]  

The use of “burnt clay” as a pozzolanic material dates back as far as Roman times. 
Despite this long history, there are few reports of modern constructions which have 
utilised metakaolin as a partial cement replacement to improve the durability of the 
concrete used. Examples include a series of dams constructed in Brazil in the mid 1960’s 
[11][14]. In these cases the local aggregate was known to be alkali reactive and 
metakaolin was used as a partial cement replacement for economic reasons. To date no 
problems or failures relating to these major constructions have been reported.  
 
SCOPE OF THE PRESENT WORK  
Wide-ranging laboratory research has been carried out into the use of metakaolin as a 
partial cement substitute in concrete. However, concrete is essentially a practical 
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material. In real situations it must be mixed, placed and finished with as little trouble as 
possible and with minimum of variation in the final product quality. With this in mind, 
and to evaluate metakaolin containing concrete at a practical level, a number of projects 
have been undertaken. Up to 800m3 of metakaolin concrete were involved in each case. 
In all cases the metakaolin concrete was placed in an aggressive environment. The 
metakaolin concrete placement locations varied for each project. Consequently, durability 
requirements differed, ie. chemical (acid resistance) or physical (erosion by wave action).  

This report will focus on three of the projects undertaken. The adverse exposure 
conditions and concrete mixing and placement will be discussed. The results of 
measurements (compressive strength, oxygen permeability and chloride penetration) 
carried out on the hardened concrete up to 2 1/2 years after placement will be presented 
and discussed.  

MATERIALS USED  
The bulk materials used for each of the trials were those available at the ready-mix 
batching plants used. These were aggregates in accordance with BS882, Ordinary 
Portland Cement in accordance with BS12:1989 and plasticisers (Fosroc P509 for 
projects 1 and 2 and Cormix P7 for project 3). The metakaolin used was a commercially 
available product of high purity and pozzolanic reactivity (MetaStar 500 supplied by 
ECC International Europe). Chemical (by X-ray fluoresence) and physical (by sedigraph 
for the particle size distribution, BET gas adsorption for the surface area and Chapelle 
test [15] for the pozzolanic reactivity) analyses are shown in Tables 1 and 2. MetaStar is 
a pozzolan which complies with ASTM C618.  

Table 1 Chemical analysis of metakaolin  

Oxide  wt. %  

SiO2  51.6  

Al2O3  41.3  

Fe2O3  4.64  

TiO2  0.83  

CaO2  0.09  

MgO  0.16  

K2O  0.62  

Na2O  0.01  
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Table 2 Physical analysis of metakaolin  

<10µm (wt. %)  88 

<2µm (wt. %)  37 

Surface area (m2/g)  15 

Pozzolanic reactivity (mg Ca(OH)2/g)  1060 

CONCRETE ENVIRONMENT AND MIX DESIGN  
In each of the three projects to be discussed, concrete incorporating metakaolin was 
placed in environments which could be considered as aggressive. Details of the 
construction sites and the prevailing ground and exposure conditions are given below.  

Project 1  
The concrete was used for the foundations of an industrial processing plant. It was 
required to give high durability in sulphate-containing soil (Class II sulphate resistance 
specified). Additionally, the concrete was at the edge of a concrete jetty and consequently 
exposed to chloride ions from sea spray and cyclic wetting/drying processes. The 
concrete was placed in December 1992.  

The minimum compressive strength requirement was 30 MPa at 28 days. Coarse and 
fine granite aggregates, and crushed granite fines sand, were used with the maximum 
aggregate size being 20mm. A plasticiser was used to obtain the desired workability. The 
mix design was as follows:  

Ordinary Portland Cement  335 kg/m3  

Metakaolin (15 wt. % substitution for OPC)  60 kg/m3  

Water/binder ratio  0.5  

Aggregate/binder ratio  4.5  

Plasticiser  1.4 l/m3  

binder=OPC+metakaolin   

Test cubes for compressive strength and density measurements were made from concrete 
taken on-site, slump measurements being carried out at the same time. Samples 
(c.350mm×150mm×100mm) intended for subsequent oxygen permeability and chloride 
penetration measurements were cast with the test cubes but were left exposed to the same 
conditions as the mass concrete.  

Project 2  
The concrete was used for a marine slipway. Exposed to the combined chemical and 
physical attrition of the sea, the concrete not only had to be physically strong but also 
impermeable, particularly with regard to chloride ions, to protect the steel reinforcement 
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from corrosion. Aggregates were as for project 1. A plasticiser was used to obtain a 
slump of c.50mm. The compressive strength zv17 requirement was 45 MPa at 28 days. 
To give the required chemical and physical resistance a relatively high binder content and 
low water/binder ratio were used. The concrete was placed in March 1994.  

Ordinary Portland Cement  375 kg/m3  

Metakaolin (16 wt. % substitution for OPC)  70 kg/m3  

Water/binder ratio  0.45  

Aggregate/binder ratio  3.9  

Plasticiser  1.56 l/m3  

As with Project 1, slump measurements and the preparation of test cubes for compressive 
strength and density measurements were made using concrete taken on-site. Samples 
intended for subsequent oxygen permeability and chloride penetration measurements 
were 150mm test cubes. These were cast at the same time as the other test cubes and 
cured under water for 24 hours prior to being clamped down immediately adjacent to the 
marine slipway at a point mid-way between the high and low tide marks.  

 
Figure 1 Marine slipway constructed in project 2  
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Project 3  
The concrete was used in a process water diversion scheme. Culverts, sumps and pipe 
sections were cast in-situ. Resistance to sulphate (present at concentrations up to c.100 
ppm) and low pH (c.3) was required. The scheme was designed to zv18 carry large 
volumes of water which contained suspended solids, so good resistance to abrasion was 
important. It was necessary for the concrete to have a slump of c. 125mm to facilitate the 
placement of 3–4m high wall sections. A plasticiser was used to help give the desired 
workability. The minimum strength requirement was 45 MPa at 28 days. Coarse and fine 
limestone aggregates, and a crushed limestone sand, were used to ensure even wear of the 
aggregate and cement paste in the presence of effluent containing a mixture of dilute 
mineral and organic acids. The concrete was placed during August to December, 1994.  

Ordinary Portland Cement  340 kg/m3  

Metakaolin (15 wt. % substitution for OPC)  60 kg/m3  

Water/binder ratio  0.5  

Aggregate/binder ratio  4.7  

Plasticiser  1.2 l/m3  

As with the previous two projects, slump measurements and preparation of test cubes for 
compressive strength and density measurements were made from concrete taken on-site. 
A cylinder (c. 500mm×300mm) was bored from a section of cast concrete approximately 
7 days after placement and left exposed to the flowing liquids in a section of culvert, ie. 
the same conditions as the in-situ concrete. Samples for oxygen permeability 
measurements were cut from this cylinder immediately prior to the tests being carried 
out.  
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Figure 2 Culvert constructed in project 3  
(This Figure shows only a small part of the project, which used a total of 800m3 of 
metakaolin concrete)  

MIXING, PLACEMENT, FINISHING AND CURING  
For all three projects the metakaolin was added to the mixer lorries at the same time as 
the Ordinary Portland Cement. This was achieved either manually by splitting 25 kg 
bags, or by using an automated bulk silo.  

Different compaction and finishing techniques were adopted during placement; 
vibrating poker and steel float for projects 1 and 3, and vibrating poker and beam for 
project 2. Plywood form work was used for the three cases discussed.  

Different curing conditions were used for each of the three projects as follows;  

Project 
1:  

Formwork removed after 24 hours. The concrete was then covered with a plastic 
sheet for a further period of approximately 48 hours.  

Project 
2:  

The fresh concrete was loosely covered with a plastic sheet to minimise the 
possibility of wash-out of cement paste as the tide came in over the slipway. The 
sheeting and form work was removed after 24 hours and the concrete left 
exposed to air/sea.  
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Project 
3:  

The form work was removed after 24 hours. The concrete was left uncovered to 
obtain a carbonated surface layer which would give additional sulphate resistance 
[9][16].  

CONCRETE DURABILITY STUDIES  
The chloride penetration and/or oxygen permeability of metakaolin concrete samples 
were evaluated using the methods detailed below. The samples’ ages at the time of 
testing were 2 1/2 years for the plant foundation (project 1), 14 months for the marine 
slipway (project 2) and 10 months for the water culvert (project 3).  

Method for Oxygen permeability measurements  
100mm cores were taken from concrete specimens from each location and 50mm slices 
were cut from these cores. These were then stored in air at 20°C, 65% relative humidity 
for at least 28 days for conditioning.  

Oxygen permeability measurements were carried out using a gas permeability cell 
developed by Lawrence [17]. The cell allows a gas pressure to be applied to one of the 
flat surfaces of the 50mm concrete slice of 100mm diameter while providing a seal to the 
curved surface. The flow rate from the opposite flat surface is then measured using a 
bubble flow meter. For each sample, the flow rate of oxygen was recorded at one bar 
intervals up to 5 bars. The permeability coefficient was calculated using a combination of 
Darcy’s law and the Poiseuille equation for flow through a regular capillary.  

Method for Chloride Penetration measurements  
The concrete samples, at 20°C and 65% relative humidity, from projects 1 and 2 were 
used for chloride ingress measurements by drilling powder samples for analysis. A 13mm 
masonry drill was used to obtain representative samples at a range of depths, discarding 
the top 1mm surface. The powder samples were analysed for total chloride (Cl−) in 
accordance with procedures given in BS1881:Part 124:1988.  

RESULTS  
Slump, Compressive Strength and Density data  
Slump values were obtained on the fresh metakaolin concrete in accordance with 
BS1881: Part 102:1983. Compressive strength and density measurements were carried 
out on concrete test cubes made at the time of placement and cured and tested in 
accordance with BS1881: Parts 111, 114, 116:1983. The number of individual 
measurements made in each case are given in parentheses next to the mean values.  
Project 1 (Plant foundation)  

  Range  Mean  

Slump (mm)  30–50  40 (4)  

Compressive strength: 7 days (MPa)  40.0–43.0  41.7 (4)  

: 28 days (MPa)  60.5–62.0  61.6 (4)  
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Density: 7 days (kg/m3)  2360–2370  2368 (4)  

: 28 days (kg/m3)  2370  2370 (4)  

Project 2 (Marine slipway)  

  Range  Mean  

Slump (mm)  40–65  55 (2)  

Compressive strength: 7 days (MPa)  48.5–49.0  48.8 (2)  

: 28 days (MPa)  63.5–66.0  64.5 (2)  

Density: 7 days (kg/m3)  2370–2390  2380 (2)  

: 28 days (kg/m3)  2360–2390  2377 (2)  

Project 3 (Water culvert)  

  Range  Mean  

Slump (mm)  90–135  110 (5)  

Compressive strength: 7 days (MPa)  50.7–59.3  54.8 (16)  

: 28 days (MPa)  60.9–69.4  64.5 (16)  

: 56 days (MPa)  62.8–70.7  66.4 (12)  

: 180 days (MPa)  70.3–71.4  70.9 (3)  

Density: 7 days (kg/m3)  2393–2429  2407 (16)  

: 28 days (kg/m3)  2394–2424  2408 (16)  

: 180 days (kg/m3)  2403–2404  2404 (3)  

Oxygen Permeability and Chloride Penetration data  
Oxygen permeability and chloride penetration measurements were carried out on 
specimens exposed to the same environments as the constructions themselves.  
Table 3 Oxygen Permeability data  

  O2 Permeability (×10−18 m2)  

Position in sample  Project 1  Project 2  Project 3  

Top  2.26  2.07  1.59  
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Middle  –  2.25  1.56  

Bottom  –  2.56  1.74  

Table 4 Chloride Penetration data  

  Chloride concentration (% Cl− by wt. of binder)  

Penetration depth (mm)  Project 1  Project 2  

1–6  1.08  1.07  

6–11  0.86  0.82  

11–16  0.68  0.56  

16–21  0.06  0.06  

21–26  0.06  0.04  

26–31  0.05  0.04  

31–36  0.05  0.04  

36–41  0.06  0.04  

41–46  0.06  0.04  

DISCUSSION  
The concretes produced for the three trials incorporated a partial replacement of Ordinary 
Portland Cement by metakaolin of 15 to 16 weight. %. However, they differed with 
regard to their workabilities (indicated by the range of slump values), aggregate types, 
aggregate to binder ratios and water to binder ratios.  

Being hydrophilic, the metakaolin was rapidly incorporated when added to the ready-
mix lorries. The metakaolin concretes showed no signs of either inhomogeneities or 
agglomerates of the metakaolin itself. The metakaolin concretes could be discharged on-
site without difficulty.  

For the three concrete mixes, the incorporation of metakaolin as a partial replacement 
for OPC tended to make the concrete slightly thixotropic relative to a conventional 
Portland Cement concrete of comparable mix design. However the metakaolin concrete 
readily became fluid when a shearing force was applied, eg. vibrating poker, and could be 
compacted well. It was noted that the metakaolin concrete appeared less susceptible to 
segregation due to over-vibration zv22 than conventional concrete. It is noteworthy that 
the slight thixotropy of the metakaplin concrete was a positive benefit during project 2 
(marine slipway) where it was necessary to place the concrete at a slope of approximately 
20°.  
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The metakaolin concretes could be finished without difficulty. The metakaolin 
concrete for project 3 (water culvert) was noted to be slightly “sticky” but this effect was 
mainly attributed to the use of all limestone aggregates (and crushed limestone sand). The 
combination of plywood formwork and steel float finishing gave a good quality surface 
effect to the metakaolin concrete.  

It was noted that the concrete used for the marine slipway constructed in project 2 did 
not exhibit any signs of “wash-out” of the cement paste when viewed approximately 24 
hours after placement. This was despite the fresh concrete being immersed by sea-water, 
which could get under the loose plastic covering sheet, less than 4 hours after placement.  

The minimum compressive strength requirements for the concrete for each of the 
projects were exceeded by the metakaolin concrete. No control (Ordinary Portland 
Cement) concrete was placed to provide a reference for each of the three projects. 
However work at the Building Research Establishment has shown metakaolin to have no 
detrimental effect on the rate of development of or ultimate compressive strength of 
concrete at substitution levels of 10–20 wt.% [2]. Additionally, other large-scale projects 
and further laboratory studies that we have undertaken have indicated that improvements 
in compressive strength can be achieved as a result of the incorporation of metakaolin as 
a partial cement substitute. For example, at a partial replacement level of 15 wt.% 
compressive strength relative to a control concrete (same mix design and total 
cementitious content but incorporating only Ordinary Portland Cement) can be improved 
by 5% after 3 days curing, 21% after 7 days and 33% after 28 days. This trend has been 
reported by other researchers [13].  

Oxygen permeability measurements gave values ranging from 2.07×10−18 to 2.56×10 
m2 for concrete from projects 1 and 2. Slightly lower values ranging from 1.56×10−18 to 
1.74×10−18 m2 were observed for concrete from project 3. Regardless of the slight 
differences noted, all of the concretes tested had oxygen permeabilities of the order of 
10−18 m2 indicative of average, tending to low, permeability concrete [18]. It would be 
expected for the use of metakaolin as a partial cement replacement to produce relatively 
impermeable concrete due to pore size refinement and densification of the aggregate-
cement paste interfacial zone.  

Chloride penetration beyond the surface 16mm of the samples evaluated was very low 
(<0.07% Cl− by weight of binder) indicating the metakaolin concretes to be resistant to 
chloride ingress. These chloride levels are below the threshold level for corrosion 
activation (0.4% by weight of binder) [19].  

Observation of the structures built using metakaolin concrete has indicated that over 
periods of up to 3 years, their integrity has been maintained. No evidence of erosion or 
deterioration is apparent.  
 
CONCLUSIONS  
In recent years, many investigations at laboratory and pilot scales have shown that 
metakaolin, as a partial cement replacement, significantly improves the properties of 
concrete. Metakaolin reduces calcium hydroxide concentrations, reduces the volume of 
coarse pores, and improves the paste-aggregate interface zone. We predict that 
metakaolin will increase durability and improve service life.  
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We have now demonstrated that metakaolin concrete (where metakaolin replaces up to 
16% of the OPC) can be conveniently prepared in standard ready-mix batching plants. 
Placing and finishing the metakaolin concrete does not present any unexpected 
difficulties, compared with conventional concrete.  

Tests carried out on the metakaolin concrete after 10–30 months demonstrated 
excellent strength development, average-to-low oxygen permeability and low chloride 
penetration. We will continue to monitor the structures and assess their resistance to 
abrasive fluids, acid and sulphate attack, and freeze-thaw damage.  

The extra cost of using metakaolin concrete is modest, compared with the total project 
cost (detailed discussion on costs will be given in a separate paper). We expect that, over 
the life-time of the constructions reported here, we will demonstrate improved durability 
and reduced maintenance costs. Overall, on the basis of previously published laboratory 
data, we expect to see a significant reduction in life-time costs for these projects.  

Metakaolin concrete is rapidly developing a track record in specialist applications such 
as water resistant mortars and renders, pre-cast products and glass fibre reinforced 
mouldings. We have now demonstrated the potential for metakaolin concrete in large 
engineering projects.  

It is expected that metakaolin concrete will be particularly desirable where the 
environment is aggressive and durability is an important issue.  
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ABSTRACT. Steel reinforced concrete is one of the most widely used construction 
materials in the world. The concrete matrix provides a protective alkaline environment 
for the steel and the steel provides ductility to the concrete. Because the steel and 
concrete composite has good durability and strength at an attractive cost, reinforced 
concrete is being used in corrosive marine and deicing salt environments. These 
concretes usually have compressive strengths exceeding 35 MPa. Unfortunately, there is 
an ever increasing catalog of structures that are showing early demise to chloride induced 
corrosion of steel even though the concrete had high strength, and was defined as being 
“high performance” concrete.  

In this paper, the authors provide data showing that a holistic approach to concrete 
design is necessary for high durability. Extensive long-term corrosion testing shows that 
not all high strength concretes have the same durability. However, concrete designs that 
take durability into consideration typically will produce higher strength concretes. The 
more durable concrete designs have water-to-cementitious ratios below 0.4, concrete 
covers in excess of 40mm (65mm in marine environments), and corrosion inhibitors. 
Chloride ingress is significantly reduced compared to concretes having higher water-to-
cementitious contents and lower covers, and tolerance to chloride is increased by the 
addition of the corrosion inhibitor. If freezing and thawing conditions exist these 
concretes will be air entrained. Such concretes typically have compressive strength values 
above 50 MPa and even above 90 MPa. Thus, proper consideration of durability will 
result in truly high performance concrete, that is, concrete with good durability as well as 
high strength.  
Keywords: Durability, Concrete, Steel Reinforcing, Chloride, Corrosion, Corrosion 
Inhibitors, Calcium nitrite, Long-Term Testing, Shrinkage, Shrinkage Reducing 
Admixtures  
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INTRODUCTION  
Due to its excellent structural properties and relatively low cost reinforced concrete is one 
of the most widely used construction materials in the world. Concrete provides a 
protective alkaline environment for the steel, and as a result, reinforced concrete is 
generally durable in all but the more severe environments. Some of the most severe 
exposures involve marine or deicing salt environments, and the chloride ingress disrupts 
the passivity of the steel. The resulting corrosion causes cracking and spalling of the 
concrete due to the increase in volume of the corrosion products. All too often the 
corrosion-induced damage results in major repairs or loss of functionality before reaching 
the expected service life.  

Improving the durability of steel reinforced concrete is a major challenge facing 
researchers and engineers. This can result in a significant savings in life-cycle costs, and 
be beneficial to the environment by extending the useful life of materials that require 
energy to produce. For example, a bridge that lasts for 120 years is less expensive than 
building two bridges that last for 60 years each, and requires only half of the cement, 
aggregates and steel.  

Improvements in concrete mix designs and increased concrete cover can improve the 
durability of reinforced concrete. This is recognized, for example, in ACI 318, ACI 357, 
CSA S413–94, and BS6349, which specify maximum water-to-cement levels and 
minimum concrete covers over the steel for severe chloride environments [1–4]. In this 
paper it will be shown that improved mix designs alone might not be adequate for long-
term corrosion protection, and that supplemental corrosion protection measures such as 
adding corrosion inhibitors, such as calcium nitrite, are needed, even when mineral 
additives are present.  

Other factors that can affect corrosion performance are the formation of cracks. 
Though various codes discuss the use of steel placement to minimize the size of cracks, 
e.g., ACI 244R [5] and BS8110 [6], reducing the tendency for cracking is not as well 
defined. The choice of mix design and curing procedures can have a significant impact on 
thermal gradients and drying shrinkage, and therefore, on the development of thermal 
cracks and restrained drying shrinkage. These cracks can increase the ingress of chloride, 
therefore reducing their size and number is beneficial. In addition to showing the effects 
of different mix designs and curing on these properties, it is shown that a new class of 
shrinkage reducing admixtures can significantly decrease drying shrinkage. The 
combination of low water-to-cementitious ratios with corrosion inhibitors and shrinkage 
reducing admixtures provides an holistic concrete approach to improved long-term 
durability.  
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EXPERIMENTAL PROCEDURES  
Numerous experimental techniques are needed to evaluate the long-term durability of 
concrete beyond the typical measurements of plastic properties and compressive strength 
measurements. The procedures used to develop the data in this paper are described in this 
section.  
 
Concrete Production  
Concrete was produced according to procedures described in an ASTM standard [7]. All 
materials complied with ASTM specifications for cement, aggregates, silica fume, and 
for cement and slag [8–12]. Commercial admixtures used met the requirements of one of 
the classifications in ASTM C 494 [13].  

Concrete properties of slump, plastic air, unit weight, setting times, and compressive 
strength as a function of time were determined for all of the concretes studied using 
ASTM procedures [14–18]. After demolding (at 24 hours) specimens were cured in a fog 
room meeting the specifications of C 192 [7].  

Reinforcing steel met the requirements of ASTM A 615 [19]. Dimensions of the steel 
and reinforced concrete specimens were varied.  

Lollipop specimens were 76mm diameter×152mm tall cylinders with an embedded 
reinforcing bar 9.5mm in diameter. The reinforcing bar was positioned 38mm off the 
bottom of the cylinder and had 2720mm2 of exposed area.  

Minibeam specimens had dimensions as specified in ASTM G 109 with varying 
depths of cover used and occasionally only one cathodic bar in the lower mat [20].  

In general, lollipops are a more severe environment from the point of view of chloride 
attack due to the multidirectional ingress of chloride. However, calculation of the 
diffusion coefficients is easier in the case of one-dimensional minibeam geometry, since 
the solution to Fick’s second law can be used, as described in reference [21].  

Chloride Analysis and Diffusion Coefficients  
The ability of the concretes to resist the ingress of chloride was determined by analyzing 
for chloride as a function of depth and time. Chloride was also determined at the 
reinforcing bar level at corrosion sites. The analysis was for total acid soluble chloride 
according to ASTM C 1152 [22].  

When chloride was determined on minibeams the ingress was one-dimensional and 
Fick’s Second Law was used to determine the effective diffusion coefficient, Deff. The 
validity of this approach for exposure times over 1 year in the laboratory and several 
years in the field is quite good [23–27].  

Another method used to estimate chloride ingress include ASTM C1202 which is 
known as the “Rapid Chloride Technique” [28]. Data from this test were compared to Deff 
values when available.  

The concrete resistivity was also determined using electrochemical impedance 
spectroscopy, EIS, at a frequency of 20,000 Hz on lollipop specimens as described in 
references 29 and 30. The EIS technique is nondestructive and described in further detail 
below.  
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Corrosion Measurements  
Corrosion measurements were performed for various steel reinforced concrete specimens 
that were subjected to chloride ingress. Brief descriptions of the tests methods used are 
given below and more detail can be found in other publications [31– 33].  

Polarization Resistance  

This is a nondestructive test method that gives an indication of the corrosion rate of steel 
embedded in concrete. The basic technique is described in ASTM G 59, but modified for 
this application [34]. A potentiostat is used to displace the equilibrium of the embedded 
reinforcement by about 10 to 20 mV as measured relative to a reference electrode, and 
the current between the reinforcing steel and a counter electrode is measured.  

The polarization resistance is defined as the slope at zero current:  
 

where Rp is the polarization resistance, E is potential and i is the current density. The 
corrosion rate is estimated as:  

 
where B is a constant with a typical value of 26 mV for steel in concrete.  

Rp values less than 50 kohm-cm2 indicate the onset of corrosion. Values below 20 
kohm-cm2 are associated with severe corrosion [35].  

One problem with this technique is that if not corrected for, the high resistivity of the 
concrete will add to the measured Rp and thus cause a significant underestimation in the 
corrosion rate. In this paper a current interruption technique [36] was used to correct for 
this error.  

Electrochemical Impedance Spectroscopy (EIS)  

The EIS technique utilizes an alternating current over a range of frequencies to determine 
impedance as a function of frequency. At high frequencies (10 to 40 kHz) the resistivity 
of the concrete can be determined and at very low frequencies (less than 1 mHz) the 
impedance is inversely proportional to the corrosion rate.  

Macrocell Corrosion  

This technique involves the creation of a macrocell between steel in the top portion of a 
concrete specimen and that in a lower mat. This is accomplished by ponding with 
chloride to provide a higher concentration of chloride at the upper steel mat. The zv29 
current is measured as the voltage drop across a resistor between the two reinforcing bar 
levels. Specimens in this paper were similar to those described in ASTM G109 [20], 
however, mixture proportions and concrete covers were modified in some cases to 
provide a better indication of longer-term performance.  

Shrinkage  

Shrinkage measurements were conducted according to ASTM C157 at various 
combinations of moist and dry curing. [37]. A ring test method as described by Shah et al 
[38] was also employed. These specimens were cured for one day and then exposed to 
50% RH at 22°C.  
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Reduction in Concrete Permeability  
Since the passivity of steel in concrete is lost in the presence of chloride, preventing the 
ingress of chloride to the steel is an effective method to improve corrosion resistance. 
Increased concrete cover over the steel is desirable, but structural considerations often 
limit the maximum cover from under 50 to 75mm. Thus reduced concrete permeability is 
needed to further restrict chloride ingress. In this section the changes in concrete mix 
designs that result in reduced permeability are discussed and examples highlighting 
improved corrosion performance are given.  

Reducing the water-to-cement ratio (w/c) of concrete results in a decrease in the 
diffusion coefficient for chloride ingress [25, 39]. This is illustrated in Figure 1. An 
example of the improved corrosion resistance is given in Figure 2 which shows the long-
term corrosion performance as a function of w/c for steel reinforced minibeams. At the 
same cement factor the reduction in w/c via the use of superplasticizers resulted in a 
significant reduction in chloride ingress and improvement in corrosion resistance. 
However, it should be noted that over time chloride diffuses into even the lower w/c 
concretes.  

Supplemental pozzolans such as silica fume and ground blast furnace slag (GGBFS) 
are used to reduce chloride ingress. The improved performance in long-term corrosion 
resistance is illustrated for silica fume in Figure 3.  

Figure 4 shows that fly ash provides some benefit in corrosion performance. Further 
benefits are obtainable by combining fly ash and silica fume [21] in reducing chloride 
ingress.  

Figures 2 and 3 show significant benefits in corrosion performance as w/c is lowered 
or silica fume is added. However, once chloride reaches the steel corrosion does initiate. 
As will be shown later, chloride levels above the 0.9 kg/m3 which are sufficient to initiate 
corrosion can arise in long-term exposures in severe environments, even for low 
permeability concretes with concrete covers of 75mm.  
 

 
Figure 1 Effect of concrete quality on the diffusion coefficient  
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Figure 2 Effect of w/c on the corrosion of minibeams with 35mm cover  

 
Figure 3 Effect of silica fume on the corrosion of lollipops  

 
Figure 4 Effect of pozzolan addition on the corrosion of lollipops 10 L/m3 of a 30% sol. 
of calcium nitrite  
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Corrosion Inhibitors  
Corrosion inhibiting admixtures protect the embedded steel in the presence of chloride. 
The most widely used corrosion inhibitor for steel in concrete is calcium nitrite. It is 
beneficial to the hardened concrete properties [40, 41] and meets the requirements of an 
ASTM C 494 Type C admixture [13]. Numerous articles demonstrating its corrosion 
performance improvements have been published [39–46].  

Examples of the improvement in corrosion performance with calcium nitrite are given 
in Figures 4–6 which show that even low permeability concretes need a corrosion 
inhibitor to attain long term durability.  

 
Figure 5 Effect of w/c and calcium nitrite on the corrosion of lollipops * CN=30% 
solution of calcium nitrite  
Increased calcium nitrite dosages are necessary to protect to higher chloride contents at 
the reinforcing level [40]. Thus, reducing chloride permeability will require less calcium 
nitrite to protect for a given time. Conversely, reducing permeability for a given calcium 
nitrite content will result in significantly increased times to corrosion.  

 
Figure 6 Effect of silica fume and a corrosion inhibitor on the corrosion of lollipops. 
*CN=30% solution of calcium nitrite  
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Shrinkage reducing admixtures  
Drying shrinkage can result in cracking due to restraints in the structure [47]. Thus, 
experiments to determine the effects of mix designs on drying shrinkage were performed. 
Figure 7 shows the effect of cement content and w/c on drying shrinkage. If increased 
cement is used to achieve a lower w/c, drying shrinkage will increase, thus the use of 
superplasticizers to reduce w/c is preferred. Drying shrinkage tests showed that curing 
times play a significant role in the magnitude of drying shrinkage for ordinary Portland 
cement concrete, Figure 8.  

 
Figure 7 Effect of cement content on drying shrinkage performance of concrete (3 days 
curing)  
zv33  

 
Figure 8 Influence of w/c and curing on long term drying shrinkage performance (ASTM 
C 157)  
 
This is even more pronounced if silica fume is used, Figure 9. In general, reducing 
permeability results in reduced drying shrinkage, if the concrete is moist cured for several 
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days and the improvement in the water to binder ratio (w/b), is obtained by reducing 
water versus increasing cement or binder, especially at early ages.  

 
Figure 9 Influence of curing on the long term drying shrinkage performance of silica 
fume concrete (ASTM C 157)  
Shrinkage reducing admixtures (SRA’s), can produce significant additional reductions in 
drying shrinkage. Figure 10 shows that significant reductions in long-term drying 
shrinkage are obtained with a glycol based SRA and that the shrinkage reduction is 
enhanced at lower w/c ratios. Figure 11 demonstrates that even though longer cure times 
are beneficial, that there is still a significant benefit of using SRA’s at shorter curing 
times, especially for low w/c concretes.  
zv34  

 
Figure 10 Effect of SRA and w/c on the long term drying shrinkage (ASTM C 157)  
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Figure 11 Effect of SRA and curing times on the long term drying shrinkage performance 
of concrete (ASTM C 157)  
Ring tests can be used to show the beneficial reduction in drying shrinkage on reducing 
cracking in restrained concrete [37]. An example is given in Figure 12, which 
demonstrates reduced cracking by using a glycol based SRA.  

Table 1 shows a substantial reduction in drying shrinkage using a glycol based SRA 
with silica fume or silica fume and calcium nitrite. In these tests the lowering of 
permeability with silica fume alone could result in a greater tendency to drying shrinkage 
cracking due to the higher modulus of the concrete and increased drying shrinkage [47]. 
The addition of the SRA reduced shrinkage to levels less than that of a reference, thus 
providing improved corrosion protection without increasing the risk of cracking which 
could offset permeability reductions.  
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Figure 12 SRA evaluation-restrained shrinkage rings: through cracking  
Table 1 Effect of SRA on concrete properties and drying shrinkage (7 days curing)  

MIX  HRWR 
(mL/m3)  

w/(c+p) Slump 
Plastic  

air 
(%) 

Compressive 
Strength (MPa)  

ASTM C 157 free 
shrinkage length 
h t 56 d (%)
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     1 
day  

7 
days 

28 
days 

change at 56 days (%) 
(mm)  

Reference  1370  0.40  140  2.5 20.0 35.0 44.0  0.049  

7.5% SF  1990  0.37  165  2.6 27.4 49.7 62.3  0.051  

7.5% SF+ 2% 
SRA  

1860  0.37  133  2.0 23.8 39.6 54.4  0.035  

5% SF 853  1263  0.38  171  3.6 21.0 31.2 51.0  0.058  

5% SF+ 1% 
CN*+2% 
SRA  

825  0.38  159  3.0 14.7 36.3 51.0  0.043  

*CN=calcium nitrite  

Due to the relatively recent introduction of cost effect SRA’s, long term corrosion data 
are not yet available. Work in the authors’ laboratory to date indicate SRA containing 
concrete has equal or better corrosion resistance relative to untreated and corrosion 
uninhibited reference concrete. However, exposure times are as yet too short to quantify 
the benefit of SRA addition (Table 2).  

Other Considerations  
If the concrete is to be subjected to freezing and thawing environments then it is 
necessary to properly entrain air at the correct spacing factor. Excellent freezing and 
thawing resistance is obtainable with air entrained concrete containing either silica fume 
or calcium nitrite or combinations of the two [41].  
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Table 2 Effect of SRA addition on the corrosion of lollipops  

CC=390 kg/m3 
w/c=0.44  

Corrosion rate (µS/cm2) after one year of ponding with 3% 
NaCl*  

Reference  39.8  

2% SRA 1  4.7  

2% SRA 2  21.4  

2% SRA 3  23.6  

 
Compressive strengths in excess of 40 MPa are often specified to produce durable 
concrete. As noted in reference 40 compressive strengths in excess of 40 MPa are easily 
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reached in durable concretes, however, not all concrete with compressive strengths above 
40 MPa are necessarily durable. Thus, compressive strength alone is a poor measure of 
durability.  

Modeling Durability  
Based upon the data presented or reviewed above an holistic approach to durability 
design would start with a low w/c concrete to reduce chloride permeability. However as 
will be shown below, even if further reductions in permeability are achieved using silica 
fume or other pozzolans, long-term corrosion free performance in severe chloride 
exposures will not be obtained. Thus the use of a corrosion inhibitor is recommended. 
Calcium nitrite corrosion inhibitor is effective in raising the chloride levels necessary to 
initiate corrosion as shown in Table 3, which is based upon extensive testing in concrete 
and verified by autopsies of the concrete [40]. Several examples as to how to estimate the 
service life as a function of environment, mix design, and calcium nitrite content are 
given below.  

Though many of the examples given below use silica fume, one can substitute other 
materials if their effect on the diffusivity of chloride in concrete is known. Ground 
granulated blast furnace slag (GGBFS) and fly ash are not as efficient as silica fume in 
reducing chloride ingress. However, in the UK, where GGBFS and high quality fly ash 
are readily available, the industry is well accustomed to their properties.  

Bridge and car park decks are subjected to drying conditions that could cause drying 
shrinkage to occur. In these structures stresses can develop and produce drying shrinkage 
cracking. The addition of SRA’s could minimize these cracks and prevent zv37  
Table 3. Calcium nitrite dosage rates vs. chloride protection  

Calcium Nitrite (30% solution) (L/m3)  Chloride Concentration (kg/m3)  

10  3.6  

15  5.9  

20  7.7  

25  8.9  

30  9.5  

a more rapid ingress of chloride than predicted from the diffusion equations. In addition, 
since the main cause of chloride ingress in these structures is often deicing salts, air 
entrainment to prevent freezing and thawing and salt scaling is recommended.  

Square Piles in a Marine Exposure  

Figure 13 gives the estimated chloride concentration, in the splash-tidal zone, at 75 mm 
of cover off the diagonal of a square pile in a severe marine environment with an average 
yearly temperature of 10 C, as a function of time. Diffusion coefficients were chosen to 
represent concrete with a w/c=0.5 (Deff=5.3×10−8 cm2/s), w/c=0.4 (Deff=1.3×10−8 cm2/s) 
and w/b=0.38 with silica fume or GGBFS (Deff=0.67×10−8 cm2/s), equivalent to concrete 
with 750 Coulombs. A two-dimensional diffusion model is used to account for the fact 
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that chloride enters from both sides. The results show that even with a low permeability 
concrete considerable chloride will be at the reinforcement level in 50 years. The addition 
of 25 L/m3 of a 30% calcium nitrite solution would provide an elevated corrosion 
threshold and the necessary protection for the anticipated chloride levels.  

 
Figure 13 Estimated chloride concentration along the diagonal of a square pile in a 
marine environment (10 C).  
zv38  
The dotted lines represent the chloride concentrations at which corrosion will initiate for 
reference, 15 L/m3 and 25 L/m3 concretes. By determining the time at which the curves 
representing the various types of concrete intersect the dotted lines, service life can be 
predicted.  

Marine Wall Splash-Tidal Zone  

A typical chloride profile as a function of depth is given in Figure 14 for a marine wall at 
the splash-tidal zone after 75 years of exposure at an average yearly temperature of 10 C. 
Depending on the quality of the concrete and concrete cover used different quantities of 
calcium nitrite corrosion inhibitor could be used to extend the service life. For example, 
20 L/m3 of a 30% calcium nitrite solution could provide protection for concrete covers 
above 75mm for the w/c=0.40 concrete, whereas at a lower permeability either less cover 
would be needed or a lower inhibitor content could be used. Use of high quality 0.38+SF 
or GGBFS is seen not to be adequate to provide the 75 year design life at any reasonable 
cover. Calcium nitrite provides the needed protection.  
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Figure 14 Estimated chloride profiles of a marine wall in the splash/tidal zone after 75 
years of exposure (T=10 C). *CN=30% sol. of calcium nitrite.  

Bridge Decks and Car Parks  

Horizontal decks, such as bridges and car parks, that are subjected to chloride deicing 
salts will see an increase in the chloride surface concentration over time [49]. Thus, the 
generation of a chloride profile is obtained by solving Ficks’ second law  

 
numerically using a finite difference scheme and reducing the partial differential equation 
to a series of ordinary differential equations in time. The resulting ordinary zv39 
differential equations are integrated numerically using the Gear method (LSODE 
subroutine). The initial conditions are at t=0, C(0,x)=0, at x=0, and, after a number of 
years the surface concentration reaches a maximum and remains constant. At the bottom 
of the slab ∂c/∂x=0.  

An example of a bridge deck in which the chloride content at the surface increases 
over time to a constant value is given in Figure 15. The average diffusion coefficient used 
was reported by Weyers and Hoffman for bridges in New York, USA [50]. A surface 
concentration of 7.4 kg/m3 and a chloride buildup of 0.6 kg/m3 per year was assumed. 
The increase in time to corrosion initiation can be seen to be from 10 to 55 years with the 
addition of 10 L/m3 of calcium nitrite corrosion inhibitor. A dosage of 15 L/m3 would 
protect the structure beyond 100 years.  
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Figure 15 Estimated range of chloride concentrations of a New York bridge deck at 
64mm depth. *CN=30% sol. of calcium nitrite.  
Car park decks are a particularly severe exposure due to the fact that chloride is usually 
not washed off the covered decks. Chloride builds up much faster on the surface than 
occurs for a bridge deck and after 15 years of exposure can be at 19 kg/m3 [49]. Typical 
chloride concentrations at 50mm depth as a function of time are shown in Figure 16 for 
concrete of w/c=0.4 (D=1.3×10−8 cm2/s) or w/(c+p)=0.4 with 5% silica fume 
(D=0.88×10−8 cm2/s). Clearly, for a 40 year service life, additional corrosion protection 
would be required. This protection could be provided with calcium nitrite. Increased 
concrete cover or less permeable concrete is not necessarily an option due to increased 
dead loads and ceiling height requirements, and because of difficulties in placing the 
concrete. Furthermore, the combination systems are often less expensive.  
zv40  

 
Figure 16 Estimated chloride concentrations of parking garage decks at 50mm depth. 
*CN=30% sol. of calcium nitrite  

CONCLUSIONS  

1.   
Extensive work shows that excellent long-term durability for steel reinforced concrete 
exposed to chloride environments is achievable by modifying the concrete mixture. A 
mix design that produces low permeability concrete with reduced tendency for drying 
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shrinkage can be readily produced using ordinary Portland cement, superplasticizers, 
and shrinkage reducing admixtures. However, these measures are not sufficient to 
provide long-term protection in severe chloride environments. To provide the long-
term service lives corrosion inhibitors are needed with or without silica fume, fly ash 
or ground blast furnace slag.  

2.   
The improvements in durability are easily modeled using standard theories for 
diffusion of chlorides into good quality concrete, and understanding of the 
mechanisms by which calcium nitrite protects steel in concrete.  

3.   

Thus, it is possible to produce steel reinforced concrete structures with long service 
lives by optimizing the concrete mixture components to provide a balance between 
permeability, concrete cover, corrosion inhibiting capability, and resistance to drying 
shrinkage induced cracking.  

4.   

The extended service life obtained by the use of concrete admixtures benefits the 
owner by reducing the long-term cost of his structure. Mankind also benefits in that 
the new raw materials will not need to be processed and consumed due to the early 
demise of the structure.  

zv41  
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ABSTRACT. Relationships between various mechanical properties of High Strength 
Concrete made with Fly Ash with strengths of up to 85 MPa are discussed, as well as the 
strengthening behaviour of interface between matrix and the coarse aggregates as 
observed from Scanning Electron Microscope. Two types of fly ash which come from 
different Power Plants were used, with their chemical composition differing slightly. The 
results show that equal effects independent of fly ash source could be reached by 
modifying the percentages of fly ash replacement and their specific surface areas. The 
result will be useful for concrete manufactures as well as for scientists working in the 
field of Concrete Technology.  
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INTRODUCTION  
Fly ash is currently accepted as suitable cement supplementary material for the 
production of High Performance Concrete mixes. This material is commonly the 
byproduct of coal firing in the industry and possesses cementitious and pozzolanic 
properties and can be used to strengthen the interface zone beetwen the matrix and coarse 
aggregates, also to increase the impermeability of concrete to environment influence.  



Selection of a combination of suitable cementitious materials for a concrete mix is 
normally made by the concrete producer based on given concrete specifications and also 
on his experience. Use of fly ash provide significant cost saving to the concrete producer. 
If the composition of a concrete mix is selected only on the basis of its compressive 
strength, performance of concrete in service may not be guaranteed without the necessary 
knowledge on the role of cement supplementary materials on other engineering 
properties.  

This paper presents the results of an experimental study of the effects of partially 
replacing cement with two kinds of fly ash, which come from different types of coal, on 
the properties of high strength concrete. The binder materials used in this investigation 
were Ordinary Portland Cement and fly ash. Concrete properties studied included the 
density, compressive and tension strength and the interface zone density. Especially for 
the observation of interface zone density, various enlargements using Scanning Electron 
Microscope was applied.  

EXPERIMENTAL DETAILS  
Fly ash from two Power Plants in Indonesia (Suralaya and Paiton) and Ordinary Portland 
Cement (ASTM C 150–92) were used in the preparation of the concrete mixes. The mix 
design adopted to produce concrete with compressive strengths of 85 MPa and optimum 
mix designs obtained from previous results [1]. Table 1 shows the details of the adopted 
mix design.  
Table 1. Mix Proportioning  

Material  Weight (kg/m3 concrete)  

Cement  560  476  

Water/Cement  0.28  0.28  

Fly Ash  0  84 (15%)  

Fine Aggregate  751.53 (0–4.8 mm)  741.53 (0–4.8 mm)  

Coarse 
Aggregate  

978.82 (4.75–9.5 mm=45%) (9.5–
19.5 mm=55%)  

978.82 (4.75–9.5 mm=45%) (9.5–
19.5 mm=55%)  

Superplasticizer  2.4 %  2.4%  

Water to bider ratio was kept constant at 0.28 by weight for all the mixes.  
 

The levels of fly ash replacing cement was varied between 10 to 25%. The control 
datum contains fly ash 15% of cement weight. The coarse aggregate was crushed andesit 
consistinng of size gradations as shown in table 1. The fine aggregates consisted of fine 
volcanic sand. Especially for the coarse aggregate, the petrography result as shown in 
figure 1 indicated that 25% of the volume consists of surface and non structural cracks 
which is typical with common coarse aggregate in Indonesia [2].  
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Figure 1. Result of Petrography Test of Coarse Aggregate  
The mixing process was carried out in a revolving type the mixer at 30 RPM and the 
fresh concrete was tested for its slump and density accordance with ASTM procedures. 
The temperature of the concrete mixes was about 24.5°C (±1.5°C). A number of standard 
cylindrical specimens were cast in steel moulds using a vibrating table for compaction 
purposes. 150×300mm Cylinder Specimens of several ages, up to 90 days, were tested 
for compressive strength. A new type of specimens, as shown in figure 2 were used for 
direct tension tests [3].  

 
Figure 2. New Type Specimen for Tension Test  
Upon demoulding, after 24 hours, the test specimens were subjected to water curing at 
room temperature of about 21°C (±2°C).  

FLY ASH PARAMETER  
Three types of fly ash parameters were cosidered, the chemical composition, specific 
surface area and morphology of the fly ash. Chemical composition tests were performed 
based on ASTM C 114–88 Standard and the specific surface area was found by Blaine 
tests. The results are shown in table 2. [2], [4].  
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Table 2. Chemical Composition and Specific Surface Area Test Result  

TYPE OF FLY ASH  NO  TYPE OF TEST  

SURALAYA PAITON 

CEMENT  

Chemical Composition        

• SiO2  (%)  59.4  41.1  21.0  

• Al2O3  (%)  24.7  22.0  4.0  

• Fe2 O3  (%)  4.6  15.0  5.9  

• CaO  (%)  3.1  8.8  64.3  

• MgO  (%)  1.7  3.0  3.8  

• Na2O  (%)  2.5  1.5  NA  

• K2O  (%)  0.5  0.9  NA  

• TiO2  (%)  0.8  0.6  NA  

• P2O5  (%)  0.4  0.5  NA  

• SO3  (%)  NA  6.6  NA  

I  

• Mn3O4  (%)  NA  NA  NA  

II  Specific Surface Area (cm2/gram)  4682  3817  3175  

Scanning Electron Microscope (SEM) type JEOL 5310 LV was used to carry out 
morphological investigation of fly ash and cement. It is capable of providing 
informations on the size, the shape and texture of grains down to milimeter or even 
micrometer scale. The result are shown in figure 3 and table 3, with enlargement of 
4000X.  
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Figure 3.  
Table 3. Morphology Investigation of Cement, FAS and FAP  

Material  

Type of Observation  
Cement  Fly Ash Suralaya (FAS) Fly Ash Paiton (FAP)  

Size of Grains  114–370 µm 50–210 µm  933–291 µm  

Shape of Grains  Sharp  Spherical  Spherical  

Texture  Rough  Smooth  Smooth  

RESULT AND DISCUSSION  
Workability of Concrete  
Figure 4 shows the effect of partially replacing cement with fly ash. When fly ash was 
used, concrete slump increased noticeably (for FAS and FAP). Slump of the concrete mix 
with 25% fly ash (FAP) content was 124mm compared to 52mm of that with 15% fly ash 
(FAS) concrete (control mix). This improvement in workability of concrete is due to the 
combined effect of:  

a.   Increased paste volume content in the concrete as the result of lower particle density 
of fly ash compare to that of cement, and  

b.   Lubricating effect (“Ball Bearing Effect”) due to the spherical shape of fly ash 
particles.  
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Figure 4. Slump Measurement Result of 25% FAP and 15% FAS  
Comparing the slump test result of FAS and FAP, it is coincides with the Owen [5] 
prediction that the workability of fly ash concrete is mainly affected by the proportion of 
coarse material in the fly ash in addition to the level of cement replacement.  
 

 
Figure 6. Effect of SSA of FAP in the Optimum Volume of Cement Replacing by 
FAP  

Tensile Strength of Concrete  
Table 4 summarizes the compressive and direct tensile strengths at 28 days for concretes, 
having different combination of fly ash types. Similar to the compressive strengths, 
tensile strengths of concrete is lower compared to those of the control mix at early ages.  
Table 4. Result of Tension and Compression Strength of HPC—FAP and HPC—
FAS  

Concrete Strength (Mpa), 28 days Type of Fly Ash Percentage of Cement Replacement

Tensile  Compression  

FAS  10%  162.4  804  
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15%  163.1  848  

20%  151.8  803  

 

25%  120.6  754  

10%  111.2  794  

15%  127.7  743  

20%  118.7  781  

FAP  

25%  109.4  701  

Figure 7 shows the existence of a linear relationship between tensile and compressive 
strength of the concrete. It shows that the tensile strength of fly ash concrete is about 
17.32% of its compressive strength for FAS, while 15.48% for FAP ad is relatively 
higher compared to that of normal concrete (10%) [6]. 
  

 
Figure 7. Relationship Between Tensile and Compressive Strength  
 
Density of Fresh Concrete  
Since the specific gravities of FAS and FAP are about 2.3 and 2.26 respectively 
compared to 3.14 of that of cement, the density of concrete is expected to decrease when 
cement is replaced by fly ash. At cement replacement of 25%, the densities of fresh 
concrete with fly ash were 2368 kg/m3 for fresh FAS-concrete and 2341 kg/m3 for FAP-
concrete respectively, compared to 2469 kg/m3 for the control mix.  

Compressive Strength of Concrete  
Figure 5 shows the effect of partially replacing cement with FAS and FAP on the 
development of Compressive Strength with age for water-cured concrete. The optimum 
use of FAS was found to be 15% (coinciding with previous investigation results [1]), but 
the optimum use of FAP was found to be 10% replacement of cement.  
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The effect of fly ash content on the strength was noted to depend on the age of 
concrete as pozzolanic reaction is slower than hydration of cement. Specifically, the early 
age strength of fly ash concrete is governed by the water to cement ratio, where as the 
final strength it is influenced by the water to the total cementitious material ratio.  

Furthermore, comparing optimum percentages of FAS and FAP for replacing cement 
to produce High Performance Concrete, it was found that the optimum percentage of FAP 
replacing cement is about 10%. It is not significant number compared to the production 
of Fly Ash in Paiton Power Plant and to the demand of concrete in the Construction 
industry. The investigation shows that the optimum percentage could be increased to 
17.8% by increasing the specific surface area of fly ash, keeping the strength of concrete 
constant to 85 MPa. Figure 6 shows a process to get the optimum percentage of FAP 
replacing cement weight to produce 85 MPa Concrete.  

 
Figure 5. Strength Development for Various Percentage of Fly Ash  
zv54  
Interface Density Behavior  
Fracture surfaces at interface zones were examined using SEM for each percentage and 
type of fly ash in concrete. The examination includes the densities of microcracks and 
microporous areas. Table 5 gives the results of quantification on microcracks and 
microporosities using dye penetration technique.  
 
Table 5. Quantification of Microcrack and Microporosities  

Interface Behavior (cm*)  Type of 
Fly Ash  

Percentage of Cement 
Replacement  

Microcrack Paste/Aggregate 
Interface  

Microporous 
Zone  

10%  0.14  2.41  1.01  FAS  

15%  <0.10  1.21  0.81  
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20%  0.19  2.42  1.08   

25%  0.21  2.42  1.11  

10%  <0.10  1.38  0.74  

15%  0.17  2.78  1.34  

17.8%  0.11  1.41  0.84  

20%  0.21  2.94  1.42  

FAP  

25%  0.14  2.80  1.38  

The densities of microcracks in 15%—FAS concrete and 17.8%—FAP concrete are low 
as shown in figure 8. Conversely, that of the 10%—FAS concrete and 10% FAP concrete 
are relatively larger and are also of large sizes. These results indicate the influence of 
carbonation and reduction of Ca(OH)2 and also the effect of specific surface area of the 
fly ash.  

Based on the above results, it was plannned also to abserve the influence of the curing 
method, such as drying method and hot weather curing method to retard the crack due to 
the hydration process.  

 
Figure 8  
 
CONCLUSIONS  
From the results reported in the previous sections, the following conclusions can be 
made:  

1.   Slump of concrete increases with increasing content of fly ash.  
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2.   

Compressive and tensile strength of concrete decrease with the increase or decrease in 
fly ash content. However, there is an optimum percentage of fly ash to produce the 
“best” concrete, which is 15% for FAS (59,4% SiO2) and 17.8% for FAP (41.1% 
SiO2).  

3.   It was found that the “ball bearing effect” was strongly influenced by the specific 
surface area.  

4.   Decrease of SiO2 percentages inn fly ash will require a greater value of Specific 
Surface Area to reach the same compressive strength of 85 MPa.  
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ABSTRACT. This paper examines the characteristics of the shear-fatigue behaviour of 
ultra-high strength reinforced concrete beams. The mix proportion for the concrete was 
determined from a series of trial mixes using different cement contents and silica fume 
replacement levels. A constant W/(C+SF) ratio was used throughout, and the Powercon-
100 superplasticizer was added. The mix type with more cement and silica fume contents 
results in higher compressive strength and was used to produce the tested beams. Shear 
reinforcement ratios of 0, 50 and 100% according to the ACI 318–89 code were chosen 
for the study. Both static flexural tests and fatigue tests were carried out. The shear 
failure mode of the ultra-high strength concrete beams was found to be similar to that of 
the normal RC beams, except that brittle characteristics had been clearly shown. The 
results also indicated that the ultimate shear strength value of the ultra-high strength 
reinforced concrete beam was about twice the value calculated from the formula of ACI 
318–89 code. A repair method with epoxy injection to the flexural and the diagonal 
tensile cracks was also investigated. No further propagation of the flexural cracks in the 
repaired specimens was found when reloading.  
Keywords: Ordinary Portland cement, Silica fume, Superplasticizer, Ultra-high strength 
concrete, Shear reinforcements, Ultimate shear strength, Fatigue strength, Flexural 
cracks, Diagonal tensile cracks, Epoxy injection.  
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INTRODUCTION  
It is a recent trend that concrete structures are becoming bigger, higher, longer, and more 
specialized. Owing to this trend, high strength concrete need to be developed urgently. 
Although various researches on utilizing high strength reinforced concrete have been 
undertaken in Korea, their results are not satisfactory yet. This paper, therefore, tries to 
clarify the characteristics of shear-fatigue behaviour of high strength reinforced concrete 
beams through the analysis on the production and the tests of materials of ultra-high 
strength reinforced concrete for which silica fume is added.  



PRODUCTION OF ULTRA-HIGH STRENGTH CONCRETE 
(UHSC)  
Ordinary Portland cement was used and silica fume was added as an admixture in this 
experiment. Powercon-100 was also used as a superplasticizer. To make them high 
strength, W/(C+SF) was fixed at 19 percent and the amount of cement and silica fume 
was changed. Several mixture proportions were studied in this paper. Three mixture 
proportions of UHSC were produced with different cement content such as 500kg/m3 (A-
type), 600kg/m3 (B-type) and 700kg/m3 (C-type). Each type was further divided into four 
types according to the content of silica fume, that is 0% (SF0), 10% (SF10), 20% (SF20) 
and 30% (SF30) by cement weight. In this paper, hence, 12 types of mix proportions 
were presented and tested.  

In this experiment, C-SF30 series showed the highest compressive strength. The 
mixture proportion was given in Table 1.  

EXPERIMENTAL PROGRAM  
Among the 12 mixture proportions, the mixture of C-SF30 series which showed the 
highest compressive strength was used to make ultra-high strength reinforced concrete 
beams. Deformed bars were used as tensile steel bars and the longitudinal reinforcement 
ratio (ρv) was constant at 0.033. Deformed bars were used as stirrups and shear 
reinforcement ratio (ρv/ρv(ACI)) was 0%, 50% and 100% following ACI 318–89 (11–17) 
equation. Hence, the first character in the specimen name gives the shear reinforcement 
ratio (A, without stirrup; B, 6 stirrups; C, 12 stirrups) and the  
Table 1 Mixture proportion for C-SF30 series  

Unit Weight (kg/m3)  W/C+SF 
(%)  

Slump 
(cm)  

S/A 
(%) 

SF 
(%) 

SP 
(%) 

Cement Water SF Fine 
Aggre. 

Coarse 
Aggre.  

SP  

19  10  35  30  1.9 700  173 210 481  889  15.4 

SF=silica fume, SP=superplasticizer  

second character gives the test method (S, static test; F, fatigue test). Also, the stirrup of 
CS(CF) series was designed by ACI 318–89 code and BS(BF) series was designed to 
induce shear fracture prior to the failure of CS(CF) series. The details of the specimens 
were shown in Figure 1.  
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Figure 1 Details of specimens tested  

RESULTS OF EXPERIMENTS  
Tests of Materials  
100×200mm cylinders were made according to the variance of the amount of cement and 
admixture and measured for the compressive strength on 3, 7, 28 and 90 days. The tensile 
strength was also measured at 28-age. Each of the tests was conducted by the universal 
testing machine and Table 2 shows the compressive strength and tensile zv60  
Table 2 Variation of strength with time  

Compressive Strength (kg/cm2)  Split Tensile Strength (kg/cm2)  Mix Series  

3 days 7 days 28 days 90 days  28 days  

A-SF0  364  426  525  577  45.4  

Concrete Canada programme     55



A-SF10  533  630  749  808  55.4  

A-SF20  534  684  865  908  58.1  

A-SF30  507  697  790  845  47.0  

B-SF0  395  486  608  655  39.5  

B-SF10  446  552  708  778  46.6  

B-SF20  621  689  851  927  43.3  

B-SF30  566  720  809  880  38.2  

C-SF0  497  610  700  780  41.7  

C-SF10  638  800  940  990  52.0  

C-SF20  582  815  995  1,040  47.5  

C-SF30  560  990  1,100  1,180  53.6  

strength of each series. As we can observe in Table 2, the more amount of cement was 
used in the experiment, the higher the strength was. It was also noticeable that the 
optimum content of admixtures for strength increase was present when we use the same 
amount of cement. From this result, we can observe that there is an optimum content of 
admixtures for strength increase and that the amount of admixture increases as the 
amount of cement increases.  

Static Tests  
For this experiment, the universal testing machine was used of 200 ton capacity. As the 
tests proceeded, we increased the load by 0.5 ton each time and the midspan deflection, 
strain and crack propagation were checked at each stage.  

Mode of failure  
Initial flexural cracks developed in the pure bending region of beams as the load 
increases. When the load was increased more, flexural cracks in the pure bending region 
propagated more obvious and flexural cracks were observed up to the shear region. 
Afterwards when the load is added, either a singular diagonal tensile cracks occurs in the 
middle of the web on the shear span of beams or flexural cracks on the shear span was 
developed into diagonal tensile cracks at 45 deg. from the neutral axis of the beams. The 
diagonal tensile cracks developed simultaneously toward both the loading points and the 
supports.  

The beams without shear reinforcement showed initial diagonal tensile cracks first. 
After a minor additional load, the width of the cracks widened rapidly, and then there 
came shear-tension failure. But as shear reinforcement became increased, the reserve 
shear strength was increased even after the initial diagonal tensile cracks. Shear 
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reinforcing bars was able to control the diagonal tensile cracks from the additional loads. 
By this mechanism, the redistribution of resistance reduced the increase of tensile crack 
region.  
 

Finally, shear-compressive failure and shear-tension failure occurred. Figure 2 and 
Figure 3 below illustrate crack growth patterns and failure modes of the beams without 
shear reinforcement.  

 
Figure 2 Relation of load and crack growth for AS1  
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Figure 3 Relation of load and crack growth for AS2  

Load and midspan deflection  
The deflection was obtained by installing a dial gauge at the centre of the specimen. As 
we can observe in Figure 4, the midspan deflection increased linearly as the load 
increased, but the beams without shear reinforcing bars were failed immediately after the 
cracks were occurred, showing brittle behaviour. As shear reinforcing bars are increased, 
however, we could observe ductile behaviour.  

Load and strain  
The strain on tensile steel bars was recorded by the steel strain gauges. The tensile steel 
bars showed the strain increase with a constant angle when the load increased.  

 
Fig. 4. Relation of load-deflection for test beams  

 
Fig. 5. Relation of load-strain for CS series  
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Shear strength  
Since our country, South Korea, uses ACI 318–89 code, we would like to show the test 
value of shear strength for the experimental and the calculated value in ACI 318–89 as in 
Table 3 below. The ACI formula for shear strength can be obtained by adding the shear 
crack strength of the concrete and the shear strength of shear reinforcing bars. Since a/d 
of the experimental beams is greater than 2.5, the nominal shear strength of the concrete 
Vcr and that of the steel bars are as follows:  

 
Table 3 Comparison of shear strength  

Test Results  ACI  
Specimen ID  

Pu (t)  Pdc (t)  Pfc (t)  Pu (t)  

AS1  13.1  13.0  2.1  6.06  

AS2  14.6  14.0  2.4  6.06  

AS3  13.4  13.1  1.8  6.06  

BS1  28.8  11.5  1.5  10.98  

BS2  29.3  12.8  2.1  10.98  

BS3  29.4  13.1  1.9  10.98  

CS1  35.4  11.7  1.3  15.90  

CS2  35.7  12.6  1.8  15.90  

CS3  36.3  12.9  2.0  15.90  

Pu=shear ultimate load; Pdc=initial diagonal tensile cracking load; Pfc=initial flexural 
cracking load  

Table 3 shows that the shear crack strength remain constant at the same shear span ratio 
no matter how large the shear reinforcement ratio was, and that shear reinforcing bars 
were not affected by the shear cracks were not occurred. When we compare these with 
our test results, we can notice that ACI formula for beams of shear span ratio 2.5–3.0 
underestimates the shear strength of the concrete and the shear reinforcing steel bars.  
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Repair effect to cracks  
In this paper, an epoxy injection was used to repair flexural cracks and diagonal tensile 
cracks, and the repaired specimens were tested under reloading. Figure 6 shows repair job 
to flexural cracks and diagonal cracks by epoxy injection method. According to the 
result, flexural cracks were no longer propagated and it was proved that epoxy repair to 
flexural cracks is very effective.  

 
Figure 6 Epoxy injection repair to cracks  
zv64  
Dynamic Tests  
Since the amplitude of load is understood to be the most important factor among the 
factors effective to the fatigue strength, we carried out the experiments by making the 
minimum value of cyclic load constant with the flexural crack load for the members from 
2 to 3 tons and by making the maximum value of cyclic load 50% and 60% of the 
ultimate static load. The three kinds of members utilized for these are the same as those 
utilized for the static tests.  

Mode of failure  
Under fatigue load most of the members showed initial flexural cracks when a cyclic load 
was effective. In the shear region, the initial flexural cracks were increased as the cycle 
increased first, but at some stage they developed into diagonal tensile cracks at the mid 
point. Figure 7 and Figure 8 below indicate the crack growth pattern and the failure mode 
of the experimental beams without shear reinforcement.  
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Figure 7 Relation of crack growth and number of cycles for AF series  

 
Figure 8 Relation of crack growth and number of cycles for CF series  
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Table 4 Results of fatigue test  

Specimen  Pmin (t)  Pmax (t)  R*  Pu (t) Nu (cycle)  Pdc (t)  Pfc (t)  

AF1  2.1  6.9  0.50 1,135,620  

AF2  2.1  8.2  0.60 
13.7  

964,000  
2.1  13.4  

BF1  1.8  14.6  0.50 594,800  

BF2  1.8  17.5  0.60 
29.2  

1,073,000  
1.8  12.5  

CF1  1.7  17.9  0.50 872,400  

CF2  1.7  21.5  0.60 
35.8  

393,800  
1.7  12.4  

Relationship between stress level and the number of cycles  
Table 4 illustrates the number of loading cycles to failure for the members according to 
the maximum stress level. According to ACI Committee 215 Report, it is preferable that 
the fatigue limit of concrete is obtained from the fatigue strength at such a high repetition 
as 1×106, that the flexural strength is about 55% of the ultimate static strength. The 
results of this research, however, showed that the failure of the experimental beams 
without shear reinforcement occurred with the repetition little over 1×106 when the 
maximum stress level was 50% of the ultimate static strength. It was also noticeable that 
the repetition dropped drastically when the maximum stress level was below 60%. As the 
shear reinforcement increased, the ultimate maximum stress level was below 60%. As the 
shear reinforcement increased, the ultimate static strength increased, and the increase in 
the ultimate static strength in turn increased the maximum stress level, which caused the 
repetition at failure drop rapidly. These results clearly indicate that the fatigue limit of the 
high strength concrete is lower than that of normal concrete and that it is so because of 
the higher brittle characteristics of the high strength concrete.  

CONCLUSIONS  

1.   

The compressive strength at 28-day could be increased up to maximum 1,100 kg/cm2, 
the shear fracture happens as soon as diagonal tension cracks appear and the width of 
diagonal tension cracks increase in the definite scope and the shear failure mode of the 
ultra-high strength concrete beams was similar to that of the normal RC beams.  

2.   
The ultra-high strength reinforced concrete beams showed the initial shear cracks when 
the load was about seven times of the initial flexural crack whereas the normal RC 
beams showed the cracks when the load was about twice of the initial flexural crack.  

 
3.   

When we compare the shear strength of this experiment with that of ACI 318–89 
formula, the value of experiment was about twice of the ACI 318–89 value. Therefore, 
ACI 318–89 formula may not applicable to the high strength reinforced concrete.  
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4.   

In this paper, an epoxy injection was used to repair flexural cracks and diagonal tensile 
cracks, and the repaired specimens were tested under reloading. According to the 
result, flexural cracks were no longer propagated and it was proved that epoxy repair to 
flexural cracks is very effective.  
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ABSTRACT. In this paper the effect of blastfurnace slag cement in high-performance 
concrete (HPC) is presented. The results show that with all types of German blastfurnace 
slag cements can be produced with and without silica fume.  

The HPC’s with high slag blastfurnace cement show a very low capillary porosity and 
a high impermeability to organic liquids. The freeze-thaw and deicing agent resistance of 
these concretes without air-entraining agents is improved. Additionally the depth of 
carbonation after 180 days in HPC is reduced to about 25% compared to that in ordinary 
concrete.  

The drying shinkage of HPC is decreased and with a reduction of the cement content 
decreased the shrinkage additionally.  
Keywords: Blastfurnace slag cement, High-performance concrete, Durability, Freeze-
thaw-resistance, Impermeability, Carbonation  
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INTRODUCTION  
Results of investigations in laboratory scale as well as long time experience in practice 
indicate the special properties of blastfurnace slag cements. This is besides others their 
comparatively low capillary porosity, their high resistance against sulfate attack, sea-
water or other aggressive attack, against alkali-aggregate reaction and against the 
diffusion of chlorides into the concrete. Recent research has also shown a high binding 
capacity of chlorides in blastfurnace slag cement pastes. A further aspect of importance 
for the corrosion protection of reinforcement is the comparatively low electrical 
conductivity of concrete made with blastfurnace slag cement  



Due to their low heat of hydration, blastfurnace slag cement helps to prevent cracks in 
concrete structures resulting from temperature stresses at early ages. Contrary to Portland 
cement blastfurnace slag cements without artificial air voids has a high freeze-thaw-
resistance.  

This paper described researches to use these special properties in high performance 
concretes.  

EXPERIMENTAL DETAILS  
Materials  
Blastfurnace slag cement with different slag content and two different strength classes 
were used. Table 1 shows the chemical composition and Table 2 the most important 
physical properties. Silica fume was used in form of a slurry with a water content of 50%. 
The coarse and fine aggregates consisted of natural gravel and sand from the Rhine area 
and crushed air-cooled blastfurnace slag (bfs) with a particle size distribution of 2/8mm 
and 8/16mm.  

Using a sulfoneted melamine formaldehyde-based superplasticizer or a 
Naphthalensulfonic acid based admixture and in some cases a calcium phosphate based 
retarder.  
Table 1 Chemical composition of the blastfurnace slag cements  

Constituents %  CEM III/A 42,5 CEM III/ A 32,5 CEM III/B 32,5 NW/HS/NA*  

SiO2  25,99  27,61  31,91  

Al2O3  7,45  8,80  10,12  

FeO  1,50  1,46  1,62  

TiO2  0,54  0,35  0,37  

MnO  0,14  0,27  0,32  

CaO  52,50  50,13  45,11  

MgO  3,64  5,21  6,46  

Na2O  0,29  0,30  0,29  

K2O  0,75  0,79  0,86  

Slag content  48,3  63,0  77,8  

*NW—low heat, HS—high sulfat resistance, NA—low effective alkali content  

Table 2 Physical properties of blast furnace slag cements  

Properties  CEM III/A 
42 5

CEM III/A 
32 5

CEM III/B 32,5 
NW/HS/NA
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42,5  32,5  NW/HS/NA  

specific surface, cm2/g  3960  3860  4050  

setting time  

initial set h:min  3:00  3:55  4:20  

final set h:min  3:30  4:45  5:00  

Compressive strength, MPa  

2 d  19,8  10,4  7,9  

7 d  38,7  27,0  28,5  

28 d  59,0  55,0  50,5  

91 d  70,4  69,7  58,5  

dyn. Elastic Modulus, Mpa  

2 d  27 368  22 810  19 510  

28 d  38 252  37 210  39 162  

91 d  41 946  39 883  41 264  

Heat of hydration after 7 days, 
J/g  

285  220  199  

Mix Proportions  
The mix proportions used are summarised in Table 3.  
Table 3 Mix proportions of the HPC  

    1  2  3  4  5  6  7  

CEM III/A 42,5  kg/m3 455  455 435 415 –  –  –  

CEM III/A 32,5  –  –  –  –  –  455 –  –  

CEM III/B 32,5 NW/HS/NA  –  –  –  –  –  –  455  455  

Sand 0/2mm  kg/m3 618  618 541 549 667 666  667  

Gravel 2/8mm  kg/m3 360  180 438 445 389 389  389  
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Gravel 8/16mm    738  369 881 899 797 797  797  

bfs 2/8    –  180 –  –  –  –  –  

bfs 8/16    –  369 –  –  –  –  –  

Silika suspension  kg/m3 60  60 30 27 30 –  30  

Plasticizer  l/m3  10  10 13,9 13,3 –  16 –  

Plasticizer  kg/m3 –  –  –  –  6,8 –  6,8  

Retarder  l/m3  1,6  1,6 –  –  –  –  –  

w/c-ratio    0,34 0,37 0,33 0,33 0,29 0,28  0,29  

 

Test Methods  
The fresh and hardened concrete properties were tested in accordance with the German 
standard DIN 1048 [1]. The dynamic modulus of elasticity was tested with a Grindo-
Sonic MK 4x-instrument [2].  

The pore size distribution was measured by a Mercury pressure porosimeter series 
4000 by Carlo Erba in the range 1.85 to 7500 nm radius. The results obtained are 
cumulative pore size distribution and the total porosity [3].  

The freeze-thaw and deicing salt resistance of concrete was determinded according to 
Rilem draft recommendation for test method for the freeze-thaw-resistance—tests with 
sodium chloride solution—CDF (Capillary suction of Deicing solution and Freeze thaw 
test) [4].  

The equipment used for measuring the penetration of organic liquid is shown in Fig. 1.  

Concrete Canada programme     67
pj

w
st

k|
40

20
64

|1
43

55
60

45
7



 
Figure 1 Equipment used for penetration tests (principle drawn)  
The samples were drill cores with hights of 150mm and diameters of 80mm which were 
obtained at the 7-day moist storage. The cores were stored for 56 days at 20° C and 65% 
relative humidity until tested. In order to achieve a one-dimensonal transport process the 
cores were sealed at their circumferential surfaces. For this purpose they were coated 
with epoxy resin adhesive and at the same time wrapped in special steel foil. This 
surrounded also a metal cylinder served to hold a burette with graduations and also made 
it possible to distribute the test liquid uniformly over the sample surface.  

After sealing, the core and metal cylinder were also wrapped with rubber tape to 
ensure that the fresh and the hardened epoxy resin were constantly pressed against the 
circumferential surface of the core. This ensured that the circumferential surface was 
impermeable even when the resin was dissolved by the test liquid.  

During the test the burette was filled rapidly with the test liquid to a level of 1400mm 
above the ample, and the exact initial level recorded from the graduations. During the 
subsequent 72-hours test the quantity of liquid which had penetrated could be red at any 
time from the graduations, which made it possible to follow the course of the penetration. 
After completion of the test period of 72 hours the cores were unwrapped and split 
parallel to the longitudinal axis, and the visible penetration front of the liquid was 
recorded [5, 6].  

RESULTS AND DISCUSSION  
Properties of Fresh Concrete  
The consistence of the fresh concretes is shown in Table 4. All concretes are classified 
according to the flow classes F3 and F4. The decrease of the cement content from 455 
kg/m3 to 435 kg/m3 reduce the flow class for one grade, but the decrease to 415 kg/m3 
gives nearly the same result as with 435 kg/m3. The consistence of the concrete 1 with the 
retarder belongs after 45 min to the same flow class as after 10 min. Without retarder the 
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consistence class decreases for one class in this period. The consistence of the concrete 2 
with the absorbent air cooled blastfurnace slag decreases for one class, too.  
Table 4 Consistence and air void content of the fresh concrete  

    1  2  3  4  5  6  7  

Consistence a10  cm  60  54  48  47  52  48  44  

Consistence a45  cm  57  47  39  37  43  40  34  

Air void content  %  1,2  1,7  0,6  0,6  1,3  1,9  0,9  

* Consistence 10 or 45 min after mixing  

Strength and Dynamic Modulus of Elasticity  
The development of strength and of dynamic modulus of elasticity is given in Table 5.  
Table 5 Compressive strength and dynamic modulus of elasticity  

  1  2  3  4  5  6  7  

strength       MPa        

1 d 39  39  39  36  44  13  17  

2 d –  –  –  –  –  37  40  

7 d 72  77  74  71  85  58  67  

28 d 100 102 87  81  97  91  105  

180 d –  –  93  85  104  101  114  

E-modul.       N/mm2        

1 d –  –  38 320  39 770  36 800  34 480  34 750  

7 d –  –  45 600  45 660  49 300  47 540  47 090  

28 d –  –  46 640  48 830  50 240  52 660  51 260  

The guidline for high strength concrete in Germany includes the strength classes from 
B65 to B 115 [7]. In accordance with this guidline the criteria for compressive strength 
for initial testing depends on the strength class. For strength class B 75 the criteria is 87 
Mpa and for B 85 it is 99 Mpa. These results show that it is possible to produce a high 
strength concrete with all types of blastfurnace slag cements, even with slag contents 
>70%. Only the 1 day strength of this cement type is lower.  

The dynamical modulus of elasticity increases with the compressive strength.  
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Porosity  
Figure 2 gives an overview about the pore size distribution of a standard mortar as given 
in Table 2 (w/c-ratio 0,50) and three mortars without, with 4% and with 10% silica fume. 
The silica fume was used as replace of cement. These 3 mortars get the same consistence 
with the addition of superplasticizer. The best workability is given with mortar with 4% 
silica fume which also has the lowest w/c-ratio and the lowest volume of capillary pores. 
The pore size distribution of blastfurnace slag cement mortar with and without silica 
fume is very similar. The porosity in the hardened cement paste of the concretes is 
comparable with the results in Figure 2.  

 
Figure 2 Pore size distribution of CEM III/A 42,5  
As shown in Figure 3, the volume of capillary pores (30–100 nm) one day after 
producing of the concrete No. 7 is high (11.7%). Already after 7 days the volume of 
capillary pores is very low, but in the range from 10–30 nm the volume has increased. 
After 28 days the porosity has increased in this range of 10–30 nm. Between 28 and 180 
days the change of porosity is insignificant  
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Figure 3 Development of pore size distribution  

Shrinkage  
The drying shrinkage of concrete depends upon the unit amount of cement and aggregate, 
the w/c-ratio, the types and fineness of cement, the types and unit amount of admixture 
and other. Figure 4 shows the shrinkage of the concretes No. 1–4.  

 
Figure 4 Shrinkage of high performance concretes with blastfurnace slag cement  
 
The drying shrinkage of concrete prepared by demolding after 1 day, curing in water for 
6 days, and drying in the atmosphere of RH of 65% at 20°C decreases with the decrease 
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of the cement content. In comparison with the results of Mori [8] the concretes with 
blastfurnace slag cement show a lower drying shrinkage then the Portland cement at the 
same w/c-ratio.  

Carbonation  
In general in the atmosphere of RH of 65% at 20°C blastfurnace slag cements with high 
slag content have a higher carbonation depth than Portland cements. In the natural 
atmosphere this difference is not so high. In comparison with ordinary concrete is the 
carbonation depth in HPC very low, as shown in Table 6. The curing conditions are the 
same as for the measuring of shrinkage with a normal CO2-content of 0.03%.  
Table 6 Carbonation depth, curing in natural atmosphere  

carbonation depth (mm)    

90 d  180 d  

ordinary concrete with  

CEM III/A 42,5  3,5  4,0  

CEM III/B 32,5 NW/HS/NA  4,5  5,5  

HPC with  

CEM III/A 42,5  0,5  1,0  

CEM III/B 32,5 NW/HS/NA  0,5  1,5  

Freeze-thaw and deicing agent resistance  
High slag blastfurnace cements have in laboratory tests not only with carbonation but 

with the freeze-thaw resistance greater differences to the practice as rapid hardening 
cements. Concretes with high slag blastfurnace cements have proved their durability by 
lasting for decades by high working stress par example in sewage clarification plants or 
in sea locks [8]. Even without artificial air voids, these concretes have proved a good 
resistance to freezing and thawing cycles, to seawater or deicing salt attack.  

The results of measurement of the freeze-thaw and deicing agent resistance with a 
solution of water and 3% by weight of NaCl is shown in Figure 5. All the concretes were 
prepared without an AE agent and the HPC’s without silica fume. The resistance to 
freezing and thawing is significantly improved by lowering the w/c-ratio. The resistance 
of the HPC’s with silica fume is improved additionally. A sufficient resistance to freezing 
and thawing is given in practice already for concretes with blastfurnace slag cement and 
w/c-ratio ≤0,50. The decrease of the w/c-ratio to the range of 0.3 improved the resistance 
significantly.  

In laboratory tests ordinary concretes with high slag blastfurnace cements show a 
higher scaling in the first freeze-thaw cycles than Portland cement This scaling ranges 
between 0.1 to 0.3mm cement grout from the surface. Afterwards the scaling rate 
decreases significantly. HPC with high slag blastfurnace cement does not have this effect 
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With these strong laboratory conditions the scaling rate is uniform and the freeze-thaw-
resistance very high. The scaling of a cement with 50% blastfurnace slag is very low.  
 

 
Figure 5 Freeze-thaw resistance of ordinary concrete (OC) and high performance 
concrete (HPC) without artificial air voids  

Impermeability to Organic Liquids  
Catchment tanks made of uncoated concrete in the chemical industry are secondary 
barriers for limited periods of time (in general ≥72 hours) if the storage tank has a 
damage. The capillary porosity of concrete with blastfurnace slag cement is lower than of 
concrete with Portland cement and the chemical resistance in general is higher. Therefore 
a lot of catchment tanks in Germany are carried out with blastfurnace slag cement. For 
this application the impermeability of HPC was tested. The research on this field is going 
on. The Table 7 gives a first information for the penetration depth of Diesel fuel.  
Table 7 Penetration depth of diesel fuel in HPC  

Penetration depth  mm  

Concrete according [5] *  12  

Concrete No. 1  5  

Concrete No. 4  6  

Concrete No. 7  4  

* cement content 320 kg/m3, w/c-ratio 0.50, 1930 kg/m3 sand and gravel.  
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CONCLUSIONS  
Based on the results presented in this paper it can be stated that HPC can be produced 
using all types of high slag blastfurnace cement (CEM III/A 42,5, CEM III/A 32,5, CEM 
III/B 32,5). These concretes have a good workability and the well known special 
properties of durability are additional improved.  
zv76  

Further research will be necessary, particularly to use the low heat of hydration, the 
electrical conductivity, the influence of an internal curing by use of porous air-cooled 
blastfurnace slag as aggregate.  
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ABSTRACT. This study shows how to obtain high strength concrete combined into 
hydraulic binding elaborated from granulated slag, base and aggregates. Basic binding 
presents a mixture of two components in which silico- aluminuous is presented by 
granulated slag finely crushed and the alcaline component composed of basic metals 
giving an alkaline reaction in water. Concrete made up from basic slag possesses high 
physico-mechanic properties, such as resistance to corrosive agents, is water-proof and 
capable of hardening at low and high temperatures. Binding and basic concrete harden at 
naturel conditions including negative temperatures under treatment conditions by heat 
into stream (drying) and autoclave; they can also be used for thermic treatment at low 
energy consumption, at a temperature of 30 to 50°C.  

Concrete from base of basic binding can reach a mechanical resistance to compression 
at 28 days equal to 90,5 MPa for natural hardening and 96,4 MPa for dried concrete.  
Keywords: basic slag, basic cement, basic concrete, liquid glass, binding from basic slag, 
alcaline component, normal hardness, drying.  
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INTRODUCTION  
Binding from basic slag presents a mixture of two components in which silico-aluminous 
is presented by granulated slag finely crushed, and the alcaline component composed of 
basic metals giving an alcaline reaction in water [1].  

The use of binding from basic slag and concrete made up from their base opens a wide 
perspective of a sensitive extension from a scale of materials used in construction owing 
to the use of various substances originally natural and artificial.  

The mechanical resistance of basic concrete depends on the type of binding, the basic 
module, the fineness of grinding, the nature of basic metals and the density of basic 
solutions and the relation solution-slag [2].  

In the present paper, we study the possibility to obtain basic concrete of high 
mechanical resistance to corrosive agents and the hardening under different temperatures.  
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EXPERIMENTAL DETAILS  
Characteristics of Materials Used  
Granulated slag from high furnace  
The present study made focuses on the granulated slag from high furnance derived from 
metallurgic overall [Annaba, Algeria]. Granulated slag is obtained by savage cooling 
during the realization of granulation by humide way, which leads to the formation of high 
quality vitreous phases and consequently a great deal of cristalline phases. In a state of 
non grinding the slag gives a rounded granule with high porosity.  

The results of chemical analysis and granulometric of slag are shown on table 1 and 2.  
Table 1 Chemical analysis of slag  

GRADE (TENOR) %  

SiO  Al2O3  CaO  Mg MnO  Fe2O3  S  

Mb  Ma  K  

40.4  5.8  42.5  6.9  2.7  0.48  0.7 1.07  0.14  1.4  

Table 2 Granulometric analysis of slag  

STRAINER MESH, mm  RIDDLED BY MESH  REFUSAL %  

5.0 2.5 1.25 0.63 0.315  0.14 (0.14)  

PARTIAL    

SUMMARY  – 2.3 39.58 29.23 22.21  4.19 2.49  

TOTAL  – 2.3 41.88 71.11 93.32  97.51 100  

The volumic density of granulated slag in a dry state is 1410 Kg/m3 and the density is 
2780 Kg/m3.  

According to the quality factor and the chemical composition the slag refers to a third 
class basic slag (Gost 37476–74).  

The experimentation have been carried out, using grinded slag in a grinder with a 
density surface of 3000–4000 cm2/g.  

The fineness scale was obtained by Vicat apparatus.  

Waterglass  
We used for experimental work waterglass; its chemical composition of an aqueous 
solution of glass is shown on table 3.  
Table 3 Chemical analysis of waterglass  

GRADE (TENOR) %  DENSITY  

SiO  Al2O3+Fe2O3  CaO SO  Na2O  H2O  Kg/m3  

Mc  
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31.19  0.18  0.1  0.35 11.03  57.15  1400  3.16  

Mc: module of liquid glass  

For experimental work we used waterglass with silicical module of 3; 2.5; 2; 1.5; 1 and 
density of 1150, 1200, 1250, 1300, 1400 and 1500 kg/m3 which was obtained by adding 
corresponding quantity of caustic soda and water into the first preparation.  

Bulky Aggregats and Fine  
Crushed Stones.  

Instead of bulk aggregates, we used crushed granite into fraction of 5 to 10mm and 10 
to 20mm. The stone density is 2700 Kg/m3; the compacted volumic density is 1690 
Kg/m3; the apparent volumic density is 1380 Kg/m3; the granulometric space is 0.39 and 
the specific surface is 0.3 m2/Kg.  
River Sand.  

Instead of fine aggregates, we used river quartz sand with a density of 2650 Kg/m3; 
and a compacted volumic density of 1870 Kg/m3; the apparent volumic density is 1620 
Kg/m3; the granulometric space is 0.30 and the specific surface is 130 m2/kg.  

STUDY FOR A CEMENT BASIC  
Binding Qualitative Rating as a Function of Silica Module of Waterglass  
It was established that binding based on waterglass on silica module of 3 to 1 was on the 
type of hydraulic [3].  

Table 4 shows the data which indicates the dependence between slag activity liquid 
glass module, the density and hardeness pattern. We can see that in equal conditions the 
binding activity depends on the module, the glass density and the crushed fineness  

The treatment by heating up into steam intensifies the binding interaction with 
waterglass, which means that the slag activity at the age of 28 days increases by 10% and 
much more, according to the binding which hardens at naturel conditions.  

The binding resistance depends considerably on the relation waterglass-slag. For the 
value of 0.3 the resistance is very high in all cases. With the rise of the relation glass-slag, 
the binding resistance decreases [3].  

It was established experimentaly that in equal conditions, the optimal resistance was 
proved into binding based on waterglass at silica module of 1.5 (see table 4). Any 
increase or decrease of the module makes shadding off the binding mechanical 
properties.  

Resistance into Agressive Environment  
For resistance tests into agressive environment of basic cement we have prepared six 
cubic test (4×4×4 cm) by series, with pure pastry of basic cement.  

The resistance of materials depends on the nature of agressive liquid and the hardness 
delay of test tubes before immersion into agressive environment. The results are shown in 
table 5.  

Concrete Canada programme     77



Table 4 Basic cement resistance  

RESISTANCE LIMIT TO 
COMPRESSION (MPa)  

Natural hardness  Drying  

Silica Module of 
Waterglass  

Silica Module of 
Wateralass  

WATER GLASS 
DENSITY Kg/m3  

GRINDING FINENESS 
OF SLAG cm2/g  

1.0  1.5 2.0 3.0 1.0 1.5 2.0  3.0  

3000      

3500       

1150  

4000     

3000     

3500     

1200  

4000     

3000     

3500     

1300  

4000     

Note:—Numerator indicate the resistance cement to compression of sample on normal 
pastry  

—Denominator corresponds to a same indice for samples on mortary 1:3  

STUDY FOR A BASIC CONCRETE  
Selection Method of Concrete Composition  
Basic slag concrete is an artificial stone which is formed during the hardening of a 
mixture: cement and basic slag, water and aggregates.  

The choice of concrete composition allows us to determine the proportion of materials 
in use which guarantees the resistance of concrete, the preparation techniques and the 
plasticity for a minimum binding.  
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Table 5 Resistance into agressive environment  

COMPOSITION OF 
AGRESSIVE LIQUID  

WATER 
GLASS 

DENSITY 
Kg/m3  

DELAY OF 
HARDNESS 

BEFORE 
IMMERSION 

(days)  

IMMERSION TIME OF 
TEST TUBE INTO 

AGRESSIVE 
ENVIRONMENT  Water 0.1% 

HCl 
5% 

Na2SO4

3% 
MgSO4 

3  56.5   

6  65.0   

7  

12  74.0   
3  97.0   
6  112.0   

1200  

28  

12  127.5   

For the calculation of concrete components we used appropriate formula in which the 
mixture components of concrete represents, in the best case, a material for construction of 
a conglomerate type with securing compact of its components.  

For the study of concrete we have prapared three cube series of 15×15×15 cm and 
prism of 10×10×40 cm each series containing 03 samples. As an alcaline component we 
used waterglass in module 1.5. The density of alcaline solution was established at 1150–
1300 Kg/m3. The handiness of concrete was established at 2 seconds.  

One series of samples was tested after 28 days of hardening at normal conditions.  
The second series of samples was dryed in accordance to pattern 2+6+2 hours at 

temperature of 90+5°C at one day ages. The samples were removed from the framework 
and placed inside a hardness room were they have been kept untill test. The tests to 
compression have been done at 28 days with hydraulic press according to ASTM norm. 
The results are shown on table 6.  

 
Table 6 Basic material resistance  

MECANICAL RESISTANCE TO COMPRESSION 
(MPa)  

Natural Hardness at 28 
days  

Drying  

SERIES 
N°  

WATER GLASS 
DENSITY Kg/m3  

Basic 
Binder  

Cubic Prismatic Basic 
Binder  

Cubic Prismatic 

1  1150   43.0 35.0   46.5 38.0  
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2  1200   49.5 37.5   52.0 40.0  

3  1250   90.5 72.0   96.5 77.5  

4  1300   96.5 75.0   102.5 80.0  

Note:—Numerator indicate the resistance cement to compression of sample on normal 
pastry  

—Denominator corresponds to a same indice for samples on mortary 1:3  

Study of Thaw Basic Concrete  
For study of thaw basic concrete we have prepared a series of cubes (15×15×15 cm), with 
six samples by series.  

The test tube has frosting-defrosting cycles of temperatures (−20°C, −50°C). The loss 
in weight after frost-defrost test was in order of 4–6%. The results are shown in table 7.  
Table 7 Resistance of concrete to the frost  

MECHANICAL RESISTANCE TO 
COMPRESSION (MPa)  

SERIES 
N°  

WATERGLASS 
DENSITY Kg/m3  

CYCLE 

After Test into Freeze 
Resistance  

Control Test 

1  1150  456  38.0  42.5  

2  1200  600  46.0  49.5  

3  1250  1000 78.5  87.0  

4  1300  1115 86.0  95.0  

     

 
CONCLUSIONS  
1. It has been established that it is possible to prepare heavy concrete with high 
mechanical resistance using liquid glass and basic granulated slag from high furnace.  

2. It has been shown that the mechanical resistance of basic concrete depends on the 
fineness of slag grinding, on the density of silical module of liquid glass and the 
hardening mode of concrete.  
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ABSTRACT. This paper describes a programme of tests designed to investigate moment 
distribution effects in three high strength reinforced concrete beams. Each beam was 
5.2m long and carried on three supports with each of the two spans being loaded with a 
central point load. Strain gauged reinforcement was used to obtain very detailed 
information regarding reinforcement strain distributions over the centre support and in 
one of the spans. Similar specimens using normal strength concrete had already been 
tested as part of a previous test programme. Early results indicate that the use of HSC can 
result in a change of failure mode from shear to bending with considerably higher 
reinforcement strains being developed as a consequence. Levels of moment redistribution 
appear to be similar with the two concrete types.  
Keywords: Moment redistribution, high strength concrete, two-span beams, strain 
gauged reinforcement.  
Dr R.H.Scott is a Reader in the School of Engineering at the University of Durham. He 
specialises in the measurement of reinforcement strain and bond stress distributions using 
reinforcing bars which have been internally strain gauged. To date these bars have been 
used in investigations into the behaviour of tension specimens, beam/column 
connections, single span and two-span beams, slab/column connections and curved 
anchorages. Before coming to Durham in 1978 he spent ten years in industry where he 
was involved in the design and construction of a wide range of structures, mainly in 
reinforced concrete and structural steelwork, but also including timber and loadbearing 
brickwork.  

INTRODUCTION  
During the drafting of EC2, the new Eurocode for reinforced concrete (1), there were 
discussions concerning the related areas of moment redistribution, reinforcement ductility 
and allowable rotation of a reinforced concrete section, which initiated an examination of 
UK reinforcement to re-assess the consequences of ductility on the design and detailing 
of reinforced concrete beams and slabs.  

As part of this work, the author undertook an SERC (now EPSRC) funded research 
programme to examine the associated problems of reinforcement ductility and moment 
redistribution by conducting laboratory tests on a series of two-span beams, the simplest 
specimens to exhibit moment redistribution. Specimens were 5.2m long overall and 
300mm wide, with each span of 2.5m being loaded with a central point load. The 
seventeen specimens in the series covered three beam depths—400, 250 and 150mm—
and a range of reinforcement percentages, in order to study the effects of both shear and 
flexural failure. Internally strain gauged reinforcement was used to measure the strain 



distributions associated with various levels of moment redistribution and, with up to 200 
electric resistance strain gauges per specimen, the volume of data generated was 
considerable. An overview of the technique, which has been used by the author in a 
number of major investigations, is given in reference 2  

The test beams were all made with normal strength concrete having a cube strength at 
test in the order of 40 MPa. In view of the current interest in high strength concrete, three 
tests are being repeated using concrete having a characteristic compressive strength of 
110 MPa. This additional work was prompted by suggestions made by Ove Arup and 
Partners and is funded as part of a Brite Euram Project administered by Arups and 
Taywood Engineering Ltd. This paper describes these additional tests and compares 
results with those for specimens made from normal strength concrete.  

TEST SPECIMENS  
Details of the three test specimens, designated B2T20BH, B5T12BH and B2T12DH are 
given in Table 1 (the normal strength concrete equivalents were designated B2T20B, 
B5T12B and B2T12D respectively). Specimens B2T20BH and B5T12BH had a similar 
percentage of reinforcement over the centre support, but using different bar 
combinations—two T20’s (0.93%) for B2T20BH and five T12’s (0.83%) in B5T12BH 
respectively. With normal strength concrete these two specimens exhibited shear failures. 
B2T12DH had two T12’s over the centre support giving 0.58% tension steel for the 
reduced depth of 150mm. The normal strength version of this specimen failed in bending. 
All three specimens were designed for 30% moment redistribution, which determined the 
area of tension steel provided in the bottom of each span. Two strain gauged bars were 
installed in each specimen, one as part of the top reinforcement over the centre support 
and one as part of the bottom reinforcement in the left hand span. Each bar contained 51 
electric resistance strain gauges. Surface strains were measured using a grillage of Demec 
studs on one side face.  

Concrete for each specimen used 10mm granite aggregate and microsilica (in slurry 
form) in addition to OPC and sand. The overall moisture/binder ratio was around 0.3 with 
adequate workability being achieved by the addition of appropriate admixtures. The mix 
was supplied by Tarmac Topmix. Nine 100mm cubes and four cylinders were cast along 
with each specimen. Thermocouples were installed in each beam and in three of the nine 
cubes so that temperature matched curing could be attempted. A maximum temperature 
of around 45°C was reached approximately eight hours after casting.  

Specimens were tested by applying equal load increments to each span until failure 
occurred, with measurements of the two applied loads and three support reactions being 
recorded at every load stage in addition to a full set of Demec readings. Concrete surface 
strains were measured at selected load stages.  

 
Table 1: Specimen Details  

SUPPORT 
REINFORCEMENT  

SPAN 
REINFORCEMENT  

SPECIMEN OVERALL DEPTH 
mm  

Top  Bottom  Top  Bottom  
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B2T20BH  250  2T20 (0.93%)  3T12  3T12  3T20  

B5T12BH  250  5T12 (0.83%)  3T12  3T12  3T20  

B2T12DH  150  2T12 (0.58%)  3T10  3T10  3T12  

RESULTS  
At the time of preparing this paper results were only available for specimen B2T20BH. 
However, results for the other two tests will be ready very shortly and will be presented 
at the conference.  

Strain Distributions  
Specimen B2T20B (normal strength concrete) failed in shear at beam loads of 175 kN. 
B2T20BH (high strength concrete) exhibited a similar pattern of diagonal shear cracks 
but finally failed in bending at loads of 246 kN—an increase of 40%—when gross yield 
occurred in the reinforcement over both the centre support and in the two spans. Cracks 
were first observed at applied loads of 15kN and 30 kN respectively in the two 
specimens, a reflection of the higher Young’s modulus attained using high strength 
concrete.  
zv88  

Typical strain distributions in the reinforcement over the centre support of B2T20B 
are shown in Figure 1, the two small peaks corresponding to shear cracks either side of 
the support itself. The maximum strain was only 2390 microstrain, an indication of the 
brittle nature of the shear failure. By contrast, strains for B2T20BH are shown in Figure 
2. The first set of points plotted shows strains for beam loads of 175 kN, equivalent to the 
last load stage in the test of B2T20B. Strain distributions up to this point were remarkably 
similar for the two specimens. Beyond 175 kN, Figure 2 indicates how gross yield 
developed at two crack positions, with strains peaking at around 25 000 to 30 000 
microstrain. Strains of similar magnitude were recorded in the span reinforcement of this 
specimen.  

Moment Redistribution  
The percentage of moment redistribution was calculated at the support and span positions 
for each and every load stage using the following expression:- 

 
The experimental bending moment distributions were calculated using the applied loads 
and measured support reactions. The calculated bending moments were derived from an 
elastic analysis which assumed constant stiffness along the specimen, as would normally 
be the practice in design office calculations. The above expression gave negative values 
at the support, where bending moments were reduced numerically as a result of 
redistribution, and positive values for the spans, where moments were numerically 
increased. Plots of percentage redistribution against experimental bending moment at the 
centre support are shown in Figure 3 for both B2T20B (open symbols) and B2T20BH 
(solid symbols).  
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Figure 3 indicates that, once the beams had settled firmly onto their supports, the 
redistribution characteristics were remarkably similar for the two specimens over their 
common loading range. Typical values (numerically) were around 25–28% at the centre 
support and 15% in both spans. It is interesting to note that reinforcement strains were 
elastic over much of this load range in both specimens, the moment redistribution being 
essentially a consequence of changes in flexural stiffness resulting from cracking. Higher 
moments were generated in B2T20BH due to its greater failure load and led to gross 
yield of the reinforcement at the centre support and in both spans. This resulted in higher 
levels of percentage redistribution right at the end of the test with maximum values 
(numerically) of 37% and 22% being developed at the support and span positions 
respectively. A possible implication for design is that B2T20BH came much closer to 
developing a full plastic collapse mechanism than B2T20B as a consequence of the gross 
yield of the reinforcement. This will receive further consideration as more results become 
available.  

 
Figure 1: Strain Distributions for Specimen B2T20B  

Concrete Canada programme     85



 
Figure 2: Strain Distributions for Specimen B2T20BH  
zv90  

 
Figure 3: Comparison of Percentage Redistributions  

CONCLUSIONS  
Comparing results for the first specimen in a test programme of three high strength 
concrete beams with those for a similar specimen made from normal strength concrete 
indicates that the use of HSC can result in a change of failure mode from shear to 
bending with considerably higher reinforcement strains being developed as a 
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consequence. Levels of moment redistribution appear to be similar with the two concrete 
types.  
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ABSTRACT. For normal strength concrete with compressive strengths between 20 and 
50 MPa, there are several well established reliable models to predict the stress-strain 
relationship of concrete. Recent developments in concrete technology has facilitated 
production of high strength/high performance concrete with compressive strengths over 
100 MPa. Developing a unified stress-strain model which predicts the behaviour of 
reinforced concrete with a reasonable accuracy and valid for the full range of 
compressive strengths of concrete, is a challenging task. Most important consideration 
should be given to the degree of influence of the assumed stress-strain relationship of 
concrete on the prediction of the structural behaviour of reinforced concrete. This paper 
reports the early results of an investigation of the influence of the stress-strain curve 
assumed for concrete on the predicted behaviour of structural members. Structural 
elements studied include reinforced high strength concrete columns under axial 
compression, high strength concrete beams and slender high strength concrete walls.  
Keywords: High Strength Concrete, Stress-Strain Relationship, Moment-Curvature 
Behaviour, Instability Analysis, Axial Compression, Lateral Confinement  
Dr Sujeeva Setunge is a Lecturer in Structural Engineering, Monash University, 
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behaviour of high performance concrete with particular reference to the triaxial behaviour 
and time dependent deformations.  
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INTRODUCTION  
In ultimate strength design of concrete structures, the stress-strain relationship is one of 
the main material properties required. Since part of the concrete compression zone at 
ultimate strength is subjected to strains beyond the strain at the peak stress, information 
on both the ascending and descending portions of the curve are of importance. For 
normal strength concrete (with compressive strengths up to 50 MPa) the shape of the 
curve in uniaxial compression is well established. There are a large number of analytical 
expressions proposed to predict the stress strain curves of normal strength concretes in 
uniaxial compression (1, 2, 3, 4, 5, 6) and under lateral confinement (4, 7, 8, 9, 10).  
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In recent years, a large number of researchers have attempted to predict the stress-
strain relationship of high strength/high performance concrete with compressive strengths 
in the range of 50 to 130 MPa (11, 12, 13, 14, 15). These models were developed based 
on experimental results of one particular test condition: eg. columns under axial 
compression, cylinders under triaxial compression or flexural members. While 
conducting a comprehensive test program on the behaviour of different types of structural 
elements, authors noted that a particular stress-strain relationship applicable to one 
element may not be appropriate for another type of element. Therefore a study of the 
effect of stress-strain curve on predicting the structural behaviour is needed before 
attempting to develop a unified stress-strain model which is valid for concrete of a range 
of compressive strengths and structural members.  

STRESS-STRAIN MODELS  
Mathematical functions proposed for the stress-strain relationship of concrete can be 
divided into three main categories: one continuous function for the ascending and 
descending branches of the stress-strain curve (4, 6), two separate curves for the 
ascending and the descending parts meeting at the peak stress (12, 13) and a parabolic 
curve for the ascending branch together with a bi-linear descending curve (10, 11).  

In predicting the stress-strain relationship of laterally confined concrete, the 
relationship between the degree of confinement and the peak stress, and the strain at the 
peak stress should also be incorporated into the stress-strain models. Some stress-strain 
models take the lateral confinement into account by establishing a relationship between 
the effective lateral confining pressure and the parameters of the stress-strain curve (6, 
13). Others developed relationships between the configuration of the confining and 
longitudinal steel and the parameters of the stress-strain curve (10, 11).  

Four stress-strain models proposed for concrete were selected for the investigation 
reported here to represent different types of functions used in literature. A brief 
description of each model is given below:  
 
Fafitis and Shah (13)  
Equations given below define the stress-strain relationship proposed for 
confined/unconfined high strength concrete with uniaxial compressive strengths up to 80 
MPa. Two separate expressions are proposed for the ascending and descending portions 
of the curve. Model was developed using experimental results of axially loaded laterally 
confined concrete columns as well as concrete cylinders tested under triaxial 
compression.  

 
where;  

εcc is the strain at the peak stress, fcc is the peak stress, A is a constant depending on 
the ratio of the initial elastic modulus to the secant modulus at the peak stress and k is a 
constant depending on the lateral confining pressure and the compressive strength of 
concrete under uniaxial compression.  
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Mander et al. (6)  
Mander et al. proposed a stress-strain model for concrete with compressive strengths up 
to about 33 MPa. This was based on a mathematical expression proposed by Popovics (5) 
for the stress-strain relationship of NSC in uniaxial compression, and was found to give a 
very good fit to the results for laterally confined normal strength concrete columns. The 
main advantage of this relationship (Equations given below) is that, in addition to having 
one continuous function for both ascending and descending branches, the whole curve is 
only a function of the uniaxial peak stress (fc) and strain (εc), the confining pressure (fl) 
and the initial elastic modulus (Ec). Experimental results of laterally confined, axially 
loaded columns had been used in calibrating the model.  

 

where, is a function of the confining pressure 
and the compressive strength of concrete. fcc/fc was determined using a constitutive model 
reported for concrete under triaxial compression (16).  

Bjerkeli et al (11)  
The model of Bjerkeli et al consists of an ascending curve, a linear descending branch 
and a residual. Equations below give the full range stress strain curve. The relationship is 
proposed for concrete with cylinder compressive strengths up to about 80 MPa (cube 
strengths up to 90 MPa). This model is also developed for laterally confined axially 
loaded high strength concrete columns.  
zv94  

 
where,  

fres=4.87 fl, Z is the initial slope of the descending branch given as a function of the 
strain corresponding to 0.85fcc which again depends on the compressive strength of 
concrete, confining pressure and the reinforcement configuration, Ecc is the secant 
modulus at the peak stress and fcc/fc ratio is given as a linear function of the lateral 
confining pressure and the reinforcement configuration.  

Modified Scott Model (14)  
Based on the stress-strain model proposed by Scott et al (10), Setunge et al (14) proposed 
the following stress-strain model for flexural stress-block of reinforced concrete beams. 
The model was calibrated using experimental results on high strength concrete beams 
reported by Pendyala et al (16). Setunge et al (14) reported that the moment curvature 
curves of high strength concrete beams predicted using the existing stress-strain models 
are in good agreement with the experimental results only up to the peak moment. None of 
the available models were observed to give even a reasonable estimate of the full range 
moment curvature behaviour of high strength concrete beams. The proposed stress-strain 
model could easily be calibrated to accommodate the changes in the material behaviour.  
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where, and K are functions of lateral confining pressure and the 
compressive strength of concrete.  

Figure 1 shows the stress-strain curve of an 80 MPa concrete predicted using the four 
different stress-strain models.  

LATERALLY CONFINED COLUMNS UNDER AXIAL 
COMPRESSION  
In order to investigate the influence of the stress-strain relationship on predicting the 
behaviour of laterally confined columns, the results reported by Martinez et al (17) of 
spirally confined high strength concrete columns were compared with those predicted by 
the four stress-strain models. In a column confined with spiral steel, the effective 
confining pressure can be calculated directly without using any approximations required 
in columns confined with rectangular ties. A typical comparison is given in Figure 2. It 
was observed that for concrete with compressive strengths below 50 MPa, prediction 
using Mander (6) model is very good whereas for high strength concrete, model of 
Bjerkeli et al (11) gives a reasonable prediction. Figure 2 shows the expected range of the 
predicted stress-strain behaviour using the four different models.  
zv95  

 
Figure 1: Stress-strain curves of an 80 MPa Concrete subjected to 1 MPa confining 
pressure  
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Figure 2: Stress-Strain Curve of a Spirally Reinforced High Strength Concrete Column 
Reported in (17)  

MOMENT CURVATURE BEHAVIOUR OF BEAMS  
The results of a comprehensive experimental study on high strength concrete beams 
tested at The University of Melbourne (16) was used to investigate the influence of the 
stress-strain relationship of concrete on the prediction of the moment-curvature behaviour 
of high strength concrete flexural members. Computer program FRMPHI (14) was used 
to predict the moment curvature curves of the results reported in reference 19. Figure 3 
shows a typical comparison of the full range moment curvature behaviour of an 
experimental beam with those predicted using the four stress-strain models. It is evident 
that the stress-strain model proposed by Setunge et al (14) which had been calibrated 
using the results of beam tests gives a better indication of the moment-curvature 
behaviour compared to the relationships developed using results of column tests.  
zv96  

 
Figure 3: Moment Curvature Curve of Beam 9 (16)  
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STABILITY OF HIGH STRENGTH CONCRETE WALLS  
Two typical walls from an experimental study (18) of slender high strength concrete 
walls were used to compare the effect of the stress-strain relationship of concrete on the 
prediction of the instability failure. The computer program WASTAB developed for 
stability analysis was modified to accommodate two stress-strain models proposed by 
Fafitis and Shah (13) and Scott et al (10). Since the wall panels were unconfined, the 
confinement was assumed to be zero in the stress-strain models. Above two stress-strain 
models were selected for the reason that they have been calibrated for the behaviour of 
unconfined concrete under uniaxial compression.  
Table 1: Results of Instability Analysis  

Wall 
Panel  

Concrete 
Strength f’c 

(MPa)  

Failure 
Expt. (kN) 

Ult. Load WASTAB 
Faf. & Shah (kN)  

Ult. Load WASTAB 
Scott et al (1982) (kN)  

1a  40.7  162.0  139.3  160.4  

1b  58.9  187.0  179.8  229.8  

Wall panels 1a and 1b had the dimensions 1000×200×50mm reinforced with a wire mesh 
consisting of 4mm diameter mild steel bars placed in vertical and horizontal directions 
with a reinforcement ratio of 0.0025 in each direction. Walls were loaded with an 
eccentricity of 8.33mm (thickness/6).  

The effect of the selected stress-strain relationship on the prediction of the instability 
failure load of slender high strength concrete walls was investigated using the zv97 
computer program WASTAB (18). Table 1 shows the failure loads predicted using the 
two stress-strain models, Scott et al (10) and Fafitis and Shah (13). Also tabulated in 
Table 1 are the actual failure loads of the two walls tested by Fragomeni (18).  

It was observed that although the stress-strain model of Fafitis and Shah (13) does not 
give a good indication of the behaviour of spirally reinforced high strength concrete 
columns or the moment curvature behaviour of flexural members, it gives a good 
prediction of the instability failure load of the walls tested by Fragomeni (18).  

CONCLUSIONS  
In design of reinforced concrete structural members, the rectangular stress block is 
universally accepted as having the advantages of great simplicity and predicting the 
ultimate moment capacity with dependability and accuracy. However, it is applicable 
only at the ultimate concrete strain. A more accurate stress-strain relationship is required 
to follow the full-range behaviour of a structural element.  

The results of the above investigation clearly indicate the influence of the stress-strain 
relationship of concrete in predicting the structural behaviour. It is important to realise 
that a model developed for confined columns may not necessarily be applicable to beams. 
Main observations made in the study were that accurate prediction of the tail of the 
stress-strain curve is important in developing a flexural stress block whereas it may not 
be as important in columns under predominantly axial compression. Furthermore it was 
observed that stress-strain models which are calibrated for uniaxial compression would 
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be more representative of the stress-strain relationship of unconfined members such as 
slender high strength concrete walls.  

In proposing a function for the stress-strain relationship of high performance concrete, 
it is important to calibrate any proposed model for confined concrete under axial 
compression, reinforced concrete under flexural compression and also for unconfined 
concrete. The exercise should incorporate concrete members with compressive strength 
of concrete ranging from 20 to 100 MPa.  
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ABSTRACT. This paper briefly discusses the history of the development of prestressed 
high-strength concrete (PHC) piles in China. It also includes the manufacturing 
technology and the important characteristics of the manufacturing process. Then we talk 
about the quality control and its level of raw material, concrete and the ultimate piles. 
The last part is the study and application of replacing part of the cement with ground 
ordinary building sand.  
Keywords: PHC piles, Manufacturing technology, Quality control, Autoclave curing, 
Centrifugal casting, Ground sand.  
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INTRODUCTION  
The development of prestressed high-strength concrete (PHC) piles in China was based 
on the technology used in the production of prestressed concrete (PC) piles. PC piles 
were first developed and manufactured by Fengtai Bridge Factory of the Railway 
Ministry in the 1970s. The concrete average compressive strength was in the area of 
60N/mm2. The level of prestressing was fairly low, which was at around 4N/mm2. The 
prestressing steel bar mostly used homemade high-strength steel wires or building grade 
II~IV ribbed steel. The manufacturing process was not advanced and every stage in 
manufacturing was controlled manually. From 1989, China began to introduce PHC piles 
manufacturing facilities and technology from Japan and other countries. Special grooved 
bar for prestressed concrete piles also started to be adopted partially. During the trial at 
this stage, most piles produced still belonged to PC piles due to various reasons [1]. It 
was not until 1990 when PHC piles were produced on a large scale with concrete strength 
keeping at 80N/mm2 and the level of prestressing exceeding 5N/mm2 [2]. In 1994, the 
concrete piles produced in China reached 5000km all together, most of which are PHC 
piles. They are mostly used in eastern and southern China, Hongkong and Macao, where 
the layer of soft earth is thick. 



 

MANUFACTURING TECHNOLOGY AND ITS 
CHARACTERISTICS  
Currently, manufacturing base for PHC piles is concentrated in Guangdong province of 
Southern China. According to incomplete statistics, the number of companies in this area 
has exceeded 50. Among these manufacturers, the typical manufacturing process (taking 
YangCheng Pile Co. Ltd. for example) can be summarized as Figure 1. From Figure 1, 
we can conclude main characteristics of manufacturing technology in PHC pile 
producing process as follows:  

(1) Prestressing steel bar mostly uses grooved high strength steel bar special for 
prestressed concrete. They are cut into certain length by machines special for cutting, and 
heads produced at both ends using special head-forming machines. Prestressing steel bar 
and circular steel wires are spot-welded to form cages, and all prestressing tension is 
produced by pretensioning technique.  

(2) Some modern factories use computerised control in the production of concrete. 
Raw material is automatically weighed and moisture content of aggregates are 
automatically measured and corrected. These ensure adequate control over the actual 
water-cement ratio in the mix as well as slump.  

(3) Centrifugal concrete casting technique is commonly adopted and this process is 
often automatically controlled. Curing uses a two-stage process, i. e. the initial low 
temperature steam curing and autoclave curing.  

 

 
Figure 1 Manufacturing process of PHC piles  
 

QUALITY CONTROL AND ITS LEVEL  
We conclude the quality control and its level of raw material, concrete and PHC piles 
during the PHC pile production as follows:  
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Raw Material  
Coarse Aggregate: Crushed granite, grain diameter 5–20mm, average grain diameter 
about 12.5mm; Fine Aggregate: medium quartz sand, module of fineness 2.5 ~3.0; 
Admixture: superplasticising water-reducing agent; Cement: grade 525 Portland cement 
[5].  

Characteristics of Pile Concrete and Steel Bar  
The main characteristics of prestressing steel bar and concrete used by YangCheng Co. 
Ltd are sumarized bolow: The compressive strength and modulus of elasticity of concrete 
are above 80N/mm2 and 3.92×104N/mm2 respectively. For the prestressing steel bar, the 
tensile strength (σb) and yield strength (σ0.2) are 1442.5N/ mm2 and 1275.3N/mm2 
separately. Its elongation (δ8) is above 5% and relaxation is below 1.5%. (Relaxation 
testing method complying with JISG3109).  

Quality Control And Its Level of PHC Pile Concrete  
Most PHC piles concrete produced has a cement content at about 540kg per cubic metre 
and around 1% of superplasticising admixture. The mix proportion in theory is 
1:1.34:2.29:0.01 (cement: sand: coarse aggregate: admixture) The water-cement ratio is 
about 0.30. The slump is around 3 to 5cm. Taking YangCheng PHC piles for example, 
the actual control level of concrete quality is as follows: The monthly average 
compressive strength is between 95N/mm2 and 98N/mm2. The standard deviation  

Products Range and Main Engineering Properties  
PHC piles have a diameter of 300 to 600mm. Their length tends to vary but is mainly 
between 7 and 12m. Due to various reasons, the percentage of prestressing steel bar is 
fairly low in PHC piles in China and the effective level of prestressing is low at around 
5N/mm2 [4]. Table 1 is the range of PHC piles produced by YangCheng Pile Co. Ltd and 
their engineering properties [1][2].  
Table 1 Range and engineering properties of PHC piles  

Products Range  

Dia. 
mm 

Thick 
mm  

Length 
m  

Concrete 
Compressive 

Strength 
N/mm2  

Effective 
Prestress 
N/mm2  

Allowable 
Bearing 
Capacity 

kN  

Crack 
Bending 
Moment 

kNm  

Ultimate 
Moment 

kNm  

Shearing 
Capacity 

kN  

400 95 7, 9, 
11  

≥80  5.53  1570  78.0  135.4  250.2  

500 100 7, 9, 
11  

≥80  5.72  2256  145.0  258.8  303.1  

500 125 7, 9, 
11  

≥80  5.38  2700  147.0  261.4  359.0  

600 110 7, 9, 
11  

≥80  5.12  3000  205.0  342.0  381.0  
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RESEARCH DEVELOPMENT  
From above, we know that as the cement content of PHC piles (≥540kg/m3 concrete) is 
high, their cost is high. To be able to use them extensively in China, it is important to 
reduce cement amounts and to maintain, if not improve the properties of PHC piles.  

Every one knows, according to Interface Theory, it is of enormous significance for 
making high-strength concrete to improve concrete interface structure. As SiO2 of ground 
sand can react with Ca(OH)2 in concrete to produce Tobermorite when we use autoclave 
curing, it decreases weak link of interfaces of coarse and fine aggregates [3]. Owning to 
above-mentioned, we studied the corresponding properties of PHC piles in which part of 
the cement was replaced equally by ground ordinary building sand and got a succes. Now 
we have put the PHC piles with ground sand into wide practice.  

The experimental details are listed as follows:  
(1) The quality of raw material is the same as what has been mentioned, Ordinary 

building sand is used for ground sand, whose content of SiO2 is above 92%.  
(2) When 30% of the cement is equally replaced by ground sand, the mixing 

proportion of concrete is 0.3:0.7:1.34:2.29:0.01 (ground sand: cement: sand: coarse 
aggregate: admixture). The water-cement (including ground sand) ratio is about 0.30.  

From Table 2, 3, 4 and 5, we find that the fineness and SiO2 content of ground sand 
are important to improve concrete strength and PHC pile strength; distribution of ground 
sand, mixing method and curing system has great influence on con-zv103 crete 
mechanical properties; when 30% cement is replaced equally by ground sand, the 
compressive, bending and tensile-splitting strength of the concrete increase after low 
temperature steam curing and autoclave curing. In addition, the PHC piles with ground 
sand increase in crack bending moment and ultimate moment. At the same time, we use 
PHC piles with ground sand in full scale hammer-driving condition. All the performance 
including lash property proves to be satisfactory. 

  
Table 2 The concrete compressive strength influenced by amounts of ground sand  

Compressive Strength, N/mm2  No. Level of Replacement (% of 
cement)  

Low Temp. Steam 
Curing  

Low Temp. Steam Curing-
Autoclaving  

Remarks 

1  0  51.8  81.4  manual  

2  10  47.2  87.4  manual  

3  15  48.0  (81.9)  manual  

4  20  45.9  85.5  manual  

5  25  41.2  87.1  manual  

6  30  40.5  86.5  manual  
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Table 3 The concrete compressive strength influenced by sand fineness  

No. Level of 
Replacement (% of 

cement)  

Mixing 
Method 

The Specific 
Surface of Ground 

Sand, cm2/g  

Compressive Strength after Low 
Temp. Steam Curing—

Autoclaving N/mm2  

1  0  manual   81.4  

2  30  manual 3502  76.0  

3  30  manual 4328  79.0  

4  30  manual 4924  86.5  

 
Table 4 The mechanical properties of high strength concrete with ground sand  

Steam Curing-Autoclaving Concrete  No. Level of 
Replacement (% of 
cement)  

Mixing 
Method  

Compressive 
Strength N/mm2 

Bending 
Strength 
N/mm2  

Tensile-Splitting 
Strength N/mm2  

1  0  manual  83.2  5.39  5.28  

2  0  machine 110.2  7.62  6.10  

3  30  manual  80.4  5.66  5.25  

4  30  machine 114.8  7.67  6.44  

 
Table 5 Bending properties of PHC piles with and without ground sand  

Pile Dimension, mm (Dia.-
Thick-Length)  

Crack Bending 
Moment, kNm  

Ultimate Moment, 
kNm  

Remarks  

500–100–7000  159.5  284.7  30% with ground 
sand  

500–100–7000  145.0  258.8  without ground 
sand  
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CONCLUSIONS  
1. Choosing and quality control of raw materials (example sand, coarse aggregate, 
cement, admixture and etc) are strict. The compressive strength of piles concrete exceeds 
80N/mm2 and it exceeds 98N/mm2 in some advanced companies.  

2. PHC piles have many ranges. They mostly have a diameter of 300 to 600mm, their 
length tends to vary but mainly between 7 and 12m. But the percentage of prestressing 
steel bar is fairly low and the effective level of prestressing is lower. The piles quality in 
some advanced companies has come to Japan standards [1].  

3. The prestressing steel bar mostly adopts PC steel bar which is similar to “UL-BON” 
made in Japan. They are handled with special machines. The control of concrete mixing 
is different. There is some computer control of mixing process in a few advanced 
companies. Raw material and moisture content of aggregates are automatically measured 
and determined. It is adopted that centrifugal concrete casting technique and low 
temperature steam curing-autoclave curing.  

4. Using PHC piles with part of cement replaced by ground sand, the optimum amount 
of replacement is 25~30% using low temperature steam curing-autoclave curing. It is 
very important for concrete strength that ground sand contains a high amount of SiO2 and 
fineness is unusually fine. When ground sand is added to concrete, mixing method and 
distribution of ground sand have great infulence on concrete mechanical properties.  

5. Replacing some cement with ground sand to produce PHC piles has better 
mechanical properties, economical and social benefits.  
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ABSTRACT. Attempts have been made to maximize the strength of ‘very high strength’ 
concrete, that is concrete with a compressive strength at 28 days of over 100 N/mm2. The 
measures taken for maximizing the strength include: a) using high strength aggregate; b) 
incorporating silica fume; c) employing steel fibres; d) lowering the water-cementitious 
ratio. Results show that the 28-day compressive strength of a 95 MPa concrete can be 
increased by about 70% to 160 MPa by adopting the above methods.  
Keywords: Very high strength, High strength aggregate, Silica fume, Steel fibres.  
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INTRODUCTION  
In a major financial centre like Hong Kong, construction of high-rise buildings using in 
situ high strength concrete (HSC) is becoming popular owing to the attractive economic 
advantages [1]. In 1990, HSC of grade 60 was used for the first time in the construction 
of the Central Plaza. In 1995, grade 100 concrete was used for the re-development of City 
Plaza in Tai Koo Shing.  

A 120-storey building has been recently scheduled for construction soon in Hong 
Kong. With this ever increasing demand for taller buildings, a research programme 
focusing on the development and study of VHSC and aiming to promote this concrete 



technology in the design of high-rise buildings was established at the Hong Kong 
Polytechnic University.  

The programmme includes the development of mix designs and the study of a wide 
range of Theological, mechanical [2] and durability [3] properties, such as the 
workability retention [4] and performance under elevated temperatures [5]. The study 
reported in this paper forms part of the research programme and aims to maximize the 
strength of concrete using locally available materials, a conventional casting method and 
curing regime.  

EXPERIMENTAL DETAILS  
Methodology  
According to FIB/CEB, concrete with cylinder compressive strength above 60N/mm2 is 
defined as high strength and concrete above 100N/mm2 as very high strength [6].  

In this study, the following methods were attempted to produce in situ VHSC: a) using 
high strength aggregate; b) incorporating silica fume in the binder; c) employing steel 
fibres; d) lowering the effective water-cementitious ratio. The individual effects of each 
parameter on the compressive strength of concrete were studied.  

As a result, the optimum values required for each of these four parameters to produce 
the maximum concrete compressive strength with the appropriate workability of about 
150mm slump was determined. A concrete mix with maximized compressive strength 
was then formulated based on the optimum values obtained for each parameter [7]. The 
uniaxial compressive strength results of concretes subjected to a water curing regime are 
presented.  

Materials  
The following commercially available materials were used in this study:  

a)   ordinary Portland cement of Green Island Brand to BS12;  

b)   superplasticizer of sulphonated naphthalene formaldehyde condensates satisfying 
the requirements of ASTM C494, type A and F;  

c)   condensed microsilica in powder form;  

zv107 
d)   

coarse aggregates including normal strength granite (NSG) and high strength 
granite (HSG), with nominal sizes of 10mm and 20mm;  

e)   fine aggregate of zone F river sand to BS882;  

f)   hooked ends steel fibre of 25mm long and 0.4 mm2 cross sectional area;  

RESULTS AND DISCUSSIONS  
Effects of Type and Size of Coarse Aggregate  
Concrete mixes with a water-cement ratio of 0.22 and incorporating NSG and HSG were 
cast. The compressive strength development of concrete is shown in Figure 1. The 28-day 
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compressive strength of concrete using HSG was about 14% higher than that of concrete 
using NSG. For concrete with HSG, the compressive strength development of concrete 
with 10mm maximum size aggregate was similar to that of concrete with 20mm 
maximum size aggregate.  

 
Figure 1 Effects of type and size of coarse aggregate  

Effect of Silica Fume  
Two series of concrete mixes have been cast. Series I consisted of silica fume concrete 
with a constant dosage of superplasticizer of 1.5% by weight of cement. Series II 
consisted of silica fume concrete with various dosages of superplasticizer to provide a 
constant slump of about 150 mm. The results are shown in Figure 2.  
 

The results show that the optimum level of silica fume addition was 10% for series I 
and was 15% for series II, with the 28-day compressive strength increased by 15% and 
25% respectively. For both series of mixes, concrete incorporating silica fume above the 
optimum level resulted in strength reduction.  

The addition of silica fume to concrete with constant dosage of superplasticizer 
decreased the workability of the mixes. For concrete with constant dosage of 
superplasticizer, the low workability of the concrete mixes with silica fume content 
exceeding 10% eventually caused a reduction in the compressive strength of concrete due 
to poor compaction.  
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Figure 2 Effects of silica fume on strength and workability  

Effect of Steel Fibre  
A commercially available hooked ends steel fibre was used in this study. Concrete 
incorporating 1, 2 and 3% fibre by volume of mortar content and concrete without steel 
fibre were prepared. The 28-day compressive strength versus the percentage of fibre 
addition is plotted in Figure 3.  

The compressive strength of concrete incoporating fibre was higher than that of 
concrete without steel fibre, regardless of the percentage of addition. At 1% steel fibre 
addition level, compressive strength of concrete was increased by about 6% and 9% for 
concrete with w/c ratio of 0.30 and 0.24 respectively. Concrete incorporating 2% steel 
fibre demonstrated a further increase in compressive strength of about 6% and 4% for 
concrete with w/c 0.30 and 0.24 respectively. Concrete incorporating 3% steel fibre 
showed very little improvement in the compressive strength.  
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Figure 3 Effect of hooked ends steel fibre on 28-day strength  

Effect of Water-cement Ratio  
Superplasticized concretes with cement content 550kg/m3 and a nominal slump of 
150mm were cast. The 28-day compressive strength of concrete with a range of w/c ratio 
is shown in Figure 4.  

For w/c ratio below 0.20, the compressive strength tended to decrease with decreasing 
w/c ratio. It was probably caused by the high dosage of superplasticizer required for 
achieving adequate workability [8].  
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Figure 4 Relationship between 28-day strength and water-cement ratio  

Maximizing the Strength of VHSC  
A HSC mix, M1, with 28-day compressive strength of 95MPa and workability of about 
150mm slump was prepared as the control (Figure 5 refers). The mix proportions of the 
control were then altered step by step based upon the optimum mix parameters 
determined from the previous series of studies.  
Step 1—Replacing normal strength granite by high strength granite  

By replacing normal strength granite in mix M1 with high strength granite, the 28-day 
compressive strength was increased by about 9% (M2).  
Step 2—Addition of silica fume  

Fifteen percent silica fume by weight of cement was added to the concrete mix M2 
with the effective water-cementitious ratio kept constant. The compressive strength was 
further increased by 23% (M3).  
Step 3—Adding steel fibre  

The addition of 1% steel fibre to the concrete mix M3 further increased compressive 
strength of concrete by 7% (M4).  
Step 4—Reducing water-cementitious ratio  

The effective water-cementitious ratio of the mix M4 was reduced from 0.26 to 0.20 to 
form mix M5. Consequently, the compressive strength was further increased by about 
18%. The total increase in compressive strength of M5 relative to the control M1 was 
about 68%.  
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Figure 5 Maximizing strength of very high strength concrete  

CONCLUSIONS  

1.   For concrete using NSG and with 28-day compressive strength over 95 MPa, the 
replacement of NSG by HSG increased the strength of concrete by 8% to 14%.  

2.   
Concrete incorporating 15% silica fume (by addition) demonstrated the highest 
compressive strength provided that additional dosage of superplasticizer was used to 
maintain the workability of concrete mixes to achieve good compaction.  

3.   
The compressive strength of concrete incoporating steel fibre was higher than that of 
concrete without steel fibre. The addition from 2% to 3% showed very little further 
improvement in the compressive strength of concrete.  

4.   The compressive strength of concrete and doasge of superplasticizer required for 
maintaining workability increased with decreasing water-cement ratio.  

5.   No improvement in compressive strength of concrete was observed when water-
cement ratio fell below 0.2.  

6.   
The 28-day compressive strength of a 95 MPa concrete can be increased by about 
70% to 160 MPa by using the following methods: a) replacement of normal aggregate 
by high strength aggregate; b) addition of silica fume; c) incorporation of steel fibres; 
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d) reduction of water-cementitious ratio.  
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ABSTRACT. The problem of rapid loss of workability of high strength concrete (HSC) 
must be resolved to facilitate the insitu use of HSC. This paper presents the effectiveness 
of an admixture, carrier fluidifying agent (CFA), in retaining the workability of HSC and 
the mechanical properties of the resulting concrete. The results showed that the 
workability of HSC mixes incorporating CFA can be maintained for a period of up to two 
hours. Laboratory trials using repeated dosing of superplasticizer were also carried out. 
Unlike the presently adopted repeated dosing method, incorporating CFA will not impose 
manpower, quality control and cost penalty as well as the risk of over-dosing of 
superplasticizer. Although the setting times were marginally extended and there was a 
slight air entrainment, the mechanical strength of HSC incorporating CFA showed no 
reduction comparing to that of the control.  
Keywords: High strength concrete (HSC), Carrier fluidifying agent (CFA), Workability 
retention, Repeated dosing.  
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INTRODUCTION  
One of the main problems for insitu construction with superplasticized HSC is that its 
workability is almost solely provided by superplasticizer. The rapid consumption of 
superplasticizer by the hydrating paste (repulsive negative ions of the superplasticizer 
being neutralised by the metallic ions of the hydrating cement) results in a rapid loss of 
workability. For a given mix proportion, higher the dosage of superplasticizer, higher is 



the initial slump and longer is the time of the workability retention of the mix(1). 
However, if the w/c ratio is very low and the dosage is increased beyond an operation 
limit as a means of retaining the workability of concrete for a sufficient period for insitu 
casting, adverse effects such as retardation in setting and hardening, air entrainment, 
segregation, and/or bleeding could result.  

Besides the influence of the type and quality of cement, the slump loss of concrete 
with time is mainly due to the hydration reaction of cement, physical agglomeration of 
hydrating cement, loss of effectiveness of superplasticizer in the liquid by adsorption on 
the surface of C3S phase and the drop of zeta potential in the mix(2). In order to retain the 
workability, a sufficient quantity of active superplasticizer and hence the zeta potential in 
the concrete should be maintained within the required period. One of the methods 
commonly adopted to maintain the workability is to redose the concrete. The dosage of 
each redose being the same as the initial(3,4). However, it was claimed that the addition of 
a third dosage was not recommended because the concrete, although maintaining its 
consistency, lost its workability(4). Another method that has been used to retain the 
concrete workability is the addition of superplasticizer together with a set retarder. The 
presence of retarding admixtures reduces the rate of slump loss although in the case of 
hot weather or concrete with low w/c ratio(5,6), the resulting effect is usually not 
satisfactory and there is the accompanying adverse effect of retardation in setting and 
hardening.  

In recent years in China, an admixture named carrier fluidifying agent (CFA)(2,7) has 
been developed and patented. This admixture was developed by one of the authors 
Professor Feng, Research works reported in this paper investigated the effectiveness and 
mechanism of the workability retention of this new admixture, its effects on the 
properties of HSC and improvement works made to this admixture.  

EXPERIMENTAL DETAILS  
Materials  
Ordinary Portland cement used complies with BS12:1991(8). The coarse aggregates used 
were crushed granite in 20mm and 10mm single sizes. The fine aggregate was river sand. 
Sulphonated naphthalene formaldehyde condensates was the superplasticizer used 
throughout the study.  

Carrier fluidifying agent (CFA) was developed to retain the workability of fresh 
concrete(2). It was produced in the form of pellets of up to 10mm in length and 5mm in 
diameter and it zv115 consisted of an inorganic strengthening agent, zeolitic mineral 
admixture (ZMA)(9), as the carrier that absorbed a definite proportion of superplasticizer 
and plasticizer. The basic proportion of the constituents was 70% ZMA, 20% 
superplasticizer, and 10% plasticizer. In the presence of mixing water, the absorbed 
superplasticizer and plasticizer were progressively released from the carrier to the fresh 
concrete. The workability of concrete can be retained by this continuous redosing of 
superplasticizer.  

Concrete Mix Proportions  
Design mixes given in Table 1 were used to study the effectiveness of CFA in the 
workability retention of concrete. Mixes PS1 to PS4 and Control were used to study the 
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effect of the pellet size of CFA on the workability retention. Mixes RD1/4, RD1/2, RD1, 
CFA were used in the comparison between CFA and repeated dosing of superplasticizer.  

Mixing Sequence, Specimen Preparation and Testing  
Concrete mixes were prepared using a pan mixer with a nominal capacity of 50 litres. 
Air-dried coarse aggregates were first mixed with one third of mixing water followed by 
the addition of cement and sand. The remaining mixing water was then added followed 
by the addition of superplasticizer. In different parts of the study, CFA was added either 
at the beginning of the mixing with cement and sand or added following the addition of 
superplasticizer and measurement of the initial slump in comparison with repeated dosing 
of superplasticizer.  
Table 1: Design mixes for the study of the effectiveness of CFA  

Constituent Materials (kg/m3)  

Aggregate*  

Mix  

Cement  CFA Water+ 

20mm 10mm  Sand 

W/C Ratio Dosage# (%)  

PS1  550  5.5 143  866  433  433 0.26  3.15 1.6  

PS2  550  5.5 143  866  433  433 0.26  3.15 1.5  

PS3  550  5.5 143  866  433  433 0.26  3.15 1.37  

PS4  550  5.5 143  866  433  433 0.26  3.15 1.22  

Control  550  0  143  866  433  433 0.26  3.15 1.42  

RD1/4  550  0  143  866  433  433 0.26  3.15  

RD1/2  550  0  143  866  433  433 0.26  3.15  

RD1  550  0  143  866  433  433 0.26  3.15  

CFA  550  5.5 143  866  433  433 0.26  3.15  

1. A/C ratio—Aggregate/cement ratio  

2. +Water content values shown do not include that arising from superplasticizer used.  

3. *Saturated surface-dry.  

4. #Dosage of superplasticizer was in terms of the solid content of superplasticizer by 
weight of  

cement.  

5. The dosage was the superplasticizer requirement for acquiring the initial slump.  
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The workability of fresh concrete was tested by means of a slump test in accordance with 
BS1881: Part 102:1983(10). Air content and the setting time of the concrete samples were 
tested in accordance with method B in BS1881: Part 106:1983(11) and the method 
described in BS 5057: Part 1:1982(12), respectively. All the specimens were cured in water 
at 27 °C immediately after demoulding at 24 hours after casting.  

RESULTS AND DISCUSSION  

Workability Retention By CFA  
CFA is a new chemical admixture developed in China, and when tested in accordance 
with BS 5075: Part 1:1982(12), CFA can be considered as a kind of plasticizer. However, 
CFA is not simply a plasticizer that increases workability, it also prolongs the workability 
of concrete. In this part of study, it was revealed that the mechanism of CFA in the 
retention of concrete workability is physical.  

The physical effect is provided by the pellet size of CFA which affects its solubility 
and effectiveness on the workability retention. The admixtures (superplasticizer and 
plasticizer) absorbed in CFA are released gradually to deflocculate the cement 
conglomerates when the fresh concrete is being mixed mechanically. This continuous 
replenishment maintains sufficient quantity of active superplasticizer and plasticizer in 
the concrete mix and hence the workability of fresh concrete for a required period of 
time.  

Physical effect (pellet size of CFA)  
To study the effect of particle size on the workability retention, CFA was ground and 
sieved to obtain 4 sizes of pellets:  

•    retained by 5.00mm sieve,  

•    passed through 5.00mm sieve, but retained by 2.36mm sieve,  

•    passed through 2.36mm sieve, but retained by 600µm sieve,  

•    passed through 600µm sieve.  

In this part of the study, CFA was added to the pan mixer together with cement and sand. 
Additional quantity of naphthalene based superplasticizer was used to acquire an initial 
slump of about 200mm. The concrete mixes PS1, PS2, PS3, and PS4 were used in this 
series of study and are given in Table 1.  

The particle sizes of CFA for the design mixes PS1 through to PS4 were the ones 
which were retained by 5mm, 2.36mm, 600µm sieve, and those passed through 600µm 
sieve respectively. The slump values against elapsed time are plotted in Figure 1. It 
shows that the workability retention was better with the larger particle CFA. One point 
should be emphasized is that even with the finest particle, the workability retention by 
CFA was better than that by superplasticizer only.  
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Figure 1: Slump loss behaviour of concrete with different pellet sizes of CFA  
The specific surface area of CFA pellets increases with their fineness. The total surface 
area of CFA increases from that in mix PS1 to that in mix PS4. Such an increase led to a 
more rapid release of the absorbed admixtures. This can be illustrated in Table 1 that the 
finer the CFA pellet was used, the lesser the quantity of the superplasticizer required to 
acquire the initial slump.  

Comparison Between CFA And Repeated Dosing  
CFA retains the workability of fresh concrete by continuously redosing the concrete mix 
with the absorbed admixtures. It is similar to the redosing of superplasticizer manually at 
very short time interval to recover the concrete workability but with less additional cost 
and problem. This admixture is particularly useful in circumstances such as at the 
pumping stage, where it is not feasible to recover the workability of concrete in the pipe 
by redosing from outside. Table 2 and Figure 2 show the results and compare the slump 
retention of concrete by means of using CFA and repeated of superplasticizer. The 
concrete mixes used in this series of study are given in Table 1. The nominal slump of the 
concrete mixes was set at 200mm.  

From Table 2, the total amount of naphthalene required to maintain the slump 
decreased as the time interval between the consecutive redosing increased. From the 
columns of recovery rate, it can be observed that, in a particular redosing scheme, the 
quantity of naphthalene required to recover the slump in each redosing process was 
similar. This phenomenon agrees with the results obtained by Hattori(3) the reason may be 
explained by referring to Figure 3.  
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Table 2: Result of slump retention by means of repeated dosing and using CFA.  

RD1/4  RD1/2  Time 
(min.)  

Slump 
before 
dosing 
(mm)  

Cum. 
naph. 
(%)  

Slump 
after 

dosing 
(mm)  

Recovery 
Rate 

(mm/%)  

Slump 
before 
dosing 
(mm)  

Cum. 
naph. 
(%)  

Slump 
after 

dosing 
(mm)  

Recovery 
Rate 

(mm/%)  

0    0.570 190      0.57 220    

15  60  0.63 180  1970          

30  85  0.69 210  2160  45  0.69 185  1150  

45  90  0.75 200  1900          

60  90  0.80 195  2020  75  0.78 195  1330  

75  100  0.86 200  1720          

90  110  0.90 195  1810  125  0.84 190  1180  

105  110  0.99 205  1170          

120    0.99 190    125  0.88 180  1250  

145    0.99 140      0.88 115    

Total Naphthalene=0.99%  Total 
Naphthalene=0.88%  

RD1  CFA  Time 
(min.)  

Slump before 
dosing (mm) 

Cum. 
naph. 
(%)  

Slump after 
dosing (mm) 

Recovery Rate 
(mm/%)  

Cum. naph. 
(%)  

Slump 
(mm)  

0  0.57  215  

15  0.60  185  

30  0.61  205  

45  

  0.57  195    

0.63  230  
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60  0.64  210  

75  0.65  210  

90  0.66  195  

105  

30  0.7  220  1520  

0.67  135  

120  75  0.79  220  1560      

145    0.79  170    0.67  50  

Total Naphthalene=0.79%  Total 
Naphthalene=0.67%  

Note:  

1. Mixes RD1/4, RD1/2, and RD1 were used to study the repeated dosing of 
superplasticizer (naphthalene based) at 1/4 hr, 1/2 hr, and 1 hr intervals respectively.  

2. Cum. naph. means the cumulative solid content of naphthalene by weight of cement in 
the mix.  

3. In mix CFA, CFA was added following the addition of superplasticizer and 
measurement of the initial slump.  

4. The cumulative naphthalene solid content in the mix incorporating CFA was calculated 
according to the solubility of CFA(2).  
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Figure 2: Comparison of slump retention by means of repeated dosing and using CFA  

 
Figure 3: Workability retention process by repeated dosing  
In Figure 3, curve AFKNP is a slump behaviour against time. If the concrete mix is 
redosed at F, the curve will shift to B, and the slump will lose again and drop to G and 
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then S. If the concrete is redosed at every 15min., the slump will be pushed up from the 
points F, G, H, I to the points B, C, D, E respectively. In the same manner, the slump will 
be pushed up from the points K and L to points C and E, and from the point N to E for 
30min. and 60min. redosing intervals respectively. With the total amount of slump value 
that needs to be recouped by the superplasticizer increased with decreasing redosing 
interval, it can be postulated that the total quantity of superplasticizer should also be 
increased.  

Setting Times  
Owing to the plasticizer, the setting time of the concrete incorporating CFA was 
extended. Each sample was mortar sieved from the concrete mixture after the last slump 
test was carried out. The time was measured starting from the completion of filling of 
mould with mortar. From Figure 4, the initial and final setting times were about 75 and 
105 min. longer than those of manually redosed concrete.  

 
Figure 4: Setting times of concrete by repeated dosing and using CFA  

Strength Development  
Owing to ZMA, there is an air entraining effect of CFA(9,13). The air contents of concretes 
with and without CFA were 1.70% and 0.95% respectively. However, ZMA which is a 
pozzolanic material made a compensation to the loss of strength caused by the prolonged 
setting and the air entrainment. As a result, the compressive strength of HSC with or 
without CFA was similar. The compressive strength development is shown in Figure 5.  
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Figure 5: Compressive Strength Development  

CONCLUSIONS  

1.   

To maintain the workability of concrete, the required dosage of each redose was 
similar for a given redosing period. However, the cumulative dosage was found to 
depend on the time interval between the consecutive redoses. The longer the redosing 
time interval, the lesser is the cumulative dosage.  

2.   

Carrier fluidifying agent (CFA) can maintain the workability for a period of up to two 
hours without adverse effect. The workability retention of CFA was afforded both by 
physical and chemical means. In the physical aspect, the absorbed chemical 
admixtures were continuously redosed into the concrete as CFA was being dissolved. 
The size of the CFA pellets has a bearing on the rate of release of the superplasticizer. 
Chemically, plasticizer reduced the cement hydration, the heat of hydration and the 
consuming rate of superplasticizer.  

3.   
CFA has minor strengthening effect. The loss in concrete strength from the prolonged 
setting and the minor air entrainment was compensated by the presence of ZMA.  
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ABSTRACT. In concordance with prognosis surveys, carried out all over the world 
including Romania, the conclusion is that the concrete, in general, and the lightweight 
high strength concrete, in particular, will be widely used in the third millennium.  

Among the problems less investigated are the Theological losses in the partially 
prestressed reinforcement of the elements of the lightweight concrete.  

The paper contains some quantitative and qualitative considerations relative to the 
experimental and calculated values of prestress losses from shrinkage and creep in 
partially prestressed lightweight concrete elements with pretensioned reinforcement.  

The theoretical and experimental investigations have been extended over a one year 
period. The experimental loss of prestress was compared with the calculated values in 
accordance with the Romanian Code /1/, EUROCODE 2–1992/2/.  
Keywords: Partially prestressed concrete, Losses of prestress Creep, Shrinkage, 
Lightweight and Normal weight concrete.  
Dr. Eng. Cornelia Magureanu is an Associate Professor at Technical University of 
Cluj-Napoca, Romania. She specialises in the prestressed, reinforced concrete and in 
ferrocement as well. She is also a specialist in long and short term lightweight, plain, 
reinforced and prestressed concrete.  
zv124  
INTRODUCTION  
The designing of lightweight partially prestressed concrete elements requires a through 
quantitative and qualitative knowledge of the tension occurring from shrinkage and creep. 
On this very purpose and experimental program has been carried out with a focus on 
centrally prestressed lightweight and normal weight concrete elements having active 
pretensioned and passive reinforcement. The prestress losses shrinkage and creep were 
studied for a period of one year.  

EXPERIMENTAL DETAILS  
In the test program the following parameters were taken into consideration:  

The Unitary Stress Within the Concrete  
(σc/fc=0.400; 0.342; 0.265; 0.207 by varying the cross section of central prestressed 
elements.  



 
Figure 1 Experimental and calculated creep and shrinkage factor (after one year) vs. 
loading degree  
zv125  
Prestressing degrees  
Lightweight and normal aggregates concrete elements with and without passive 
reinforcement and unreinforced elements for determining the shrinkage of concrete.  

Type of Concrete  
The concrete used the Bc35 grade and was prepared with lightweight aggregates 
(expanded clay) and ordinary river gravel.  

The reinforcement  
The prestressed reinforcement was 7 Ø 4 strands (TBP 12 mm) by means of which a 
central prestressing was achieved.  

The non-prestressed reinforcement (passive reinforcement) was made of deformed 
bars PC 52-type, with tensile strength 520 N/mm2 (4 Ø 6 mm, 4 Ø 10 mm, 4 Ø 14 mm, 
for σc/fc=0.342; 0.265; 0.207).  
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Figure 2 Experimental losses of prestress due to creep and shrinkage  
zv126  
The Manner of Preserving the Experimental Elements  
For observing the deformations with time a rigid metallic stand was built to which one 
end of the elements was connected, the other end being free to deform. The experimental 
elements were kept in an air-conditioned room within constant conditions of humidity 
and temperature:  

 
RESULTS AND DISCUSSIONS  
The experimental creep and shrinkage factor were determined over a one year period 
means of the relations:  

 
where: εcc, εcs and εce are creep, shrinkage and elastic specific strains.  

The overall experimental and calculated factory at one year in the case of fully and 
partially prestressed elements, as a function of the loading degree, σc/fc are represented in 
Figure 1.  

A increase of this long term deformation factor is to be remarked with loading 
degree.  
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The factor is greater for normal concrete than the same factor for lightweight 
concrete, especially at higher degrees of loading.  

One could notice that the value of this factor varies proportionally to the value of 
loading degree, both with normal and lightweight concrete. It is also obvious that the 
lightweight concrete showed low values of time depending or the deformations factor, 
these being 1,1…2,1 times (for σc/fc=0.400…0.207) lower than those of normal concrete. 
This is due to the greater elastic deformation (εce) of the lightweight concrete, who is the 
denominator in relation of the φ factor.  

The losses of prestress due to shrinkage and creep in the prestressed 
reinforcement of the elements under long term tests have been estimated in accordance 
with Romanian standard and EC2 /1.2/.  

The time evolution of prestress losses due shrinkage and creep, calculated on 
experimental data are shown in Figure 2 with their absolute values.  

CONCLUSIONS  

1.   
One could remark that in normal weight partially prestressed concrete elements 
higher values of prestress losses of 23%…5% on the σc/fc=0.400…0.207, were 
recorded, as compared with lightweight concrete, Figure 2 and Figure 3.  

zv127 
2.   

The rate of increase for prestress losses is practically the same with the two type 
of elements (normal and lightweight concrete). After 365 days a more remarkable 
tendency towards stabilizing this phenomenon was noticed.  

3.   
Comparing the values of losses of prestress due to creep and shrinkage 
determined on the basis of experimental data with their calculated values in 
conformity with /1,2/ there is a reasonable concordance.  
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Figure 3 Experimental and calculated loss of prestress after one year, due to creep and 
shrinkage vs. initial stress—strength ratio  
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ABSTRACT. A new simple testing and evaluation method is presented, which permits 
the measurement of all granulometrically relevant properties of the most important 
components of concrete, including mineral binders and sand up to 5mm, which can be 
regarded as the extended matrix.  

Subject of the test is the water requirement at saturation point and maximum density 
of the grain structure. The procedure gives exact, reproducible results after a short 
familiarisation period and can be used for the evaluation and selection of fine 
components, such as cement, fly ash, stone dust, sand and silica fume as well as mixtures 
of these. The method reliably detects the influences of the particle size distribution and 
the particle shape. The granulometric optimum of the matrix that can be achieved with 
the materials available is determined using small quantities of trial mixes only, so that the 
expenditure of energy and time for concrete suitability tests is reduced to the performace 
of confirmation tests using the optimised matrix.  

Diagrams illustrate how the interaction between the particle size, the particle size 
distribution and the particle shape can be measured by means of the proposed testing 
procedure.  
Keywords: Water requirement; granulometry; particle shape; particle size distribution; 
grading; optimisation; matrix; mix design; high performance concrete.  
Mr Wolfgang Puntke, Civil Engineer, is the head of the Department of Central Building 
Material Technology of Wayss & Freytag Aktiengesellschaft, Frankfurt/M, Germany. His 
main duties are to keep track of the state of the art, develop new solutions and further 
putting them into practise. He serves on technical committees in the German Concrete 
Association (DBV), the German Committee for Reinforced Concrete (DAfStb), the 
German Institute for Construction Technology (DIBt) and the European Committee for 
Standardisation (CEN).  

INTRODUCTION  
Ever since concrete has been proportioned systematically, attempts have been made to 
find a way to proportion the components in such a way that the densest possible grain 
structure is achieved. In 1907 William B.Fuller and Sanford E.Thompson introduced a 
method for grading a mixture of cement and aggregate to produce a concrete of 
maximum density [1]. In 1918 Duff Abrams demonstrated the water/cement ratio law and 
the relationship between water requirement and fineness modulus of the aggregate [2]. 
Despite a great number of further proposals for improvement having been made since, 
these basic rules still represent the state of the art. The density of the grain structure 
depends on:  



•    grading and particle shape  

•    water/cement ratio  

•    water requirement with respect to workability and compaction procedure  

The rules regarding grading set out in [1] have basically proved true. Only adjustments to 
cater for the desired strength, transport and workability of the concrete are necessary. The 
influence of the particle shape has been realised and an alternative grading with a higher 
fine particle content proposed for crushed aggregate. However, the problem of including 
the particle shape, relevant in each individual case, in the mix design considerations has 
remained unsolved.  

The water/cement ratio law presented in [2] is the decisive design criterion for the 
density and strength of the hardened cement paste. The relationship between water 
requirement and fineness modulus of the aggregate, however, must be reconsidered. In 
the case of fineness modulus the water requirement is derived from the grading only, and 
the influence of the particle shape is not taken into account.  

The present contribution introduces a new testing procedure which permits the 
measurement of the water requirement and maximum density of fine cohesionless 
components and includes the reliable determination of the influence of the grading and 
the particle shape in the most important fine grain range up to 5mm, which can be 
understood as the extended matrix.  

TESTING PROCEDURE  
Contrary to all known test procedures which use exact but arbitrarily chosen compaction 
energy in order to obtain a dense structure, the new test procedure uses the apparent 
cohesion as an indicator for the saturation point and the maximum density. Damp but not 
saturated fine granulates cannot be compacted without load application. Only at the 
saturation point, when the effect of surface tension of the pore water disappears, can the 
fine granulate be compacted by tapping lightly. The water requirement at saturation point 
is determined as follows:  

A certain amount of the granular material is weighed into a beaker. Then water is 
added step by step until the mixture, which is carefully kneaded with a spatula, shows 
signs of beginning to compact when the beaker is knocked on a hard surface. While the 
mixture is being stirred repeatedly, additional water is added in drops to zv131 achieve 
the saturation point, which is reached when the surface becomes dense and shiny while 
the material is being compacted. By weighing the material again the amount of water 
needed to saturate the voids in the granulates is determined and the saturated pore content 
of the granulate, nW, is calculated:  

 
nW=Water-saturated pore content  

VW=Water requirement at saturation point and maximum compactness, cm3  
VG=Volume of Granulate material weighed in, cm3  
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W=Water requirement at saturation point and maximum compactness, g  
G=Weight of Granulate material weighed in, g  
ρG=Density of Granulate, g/cm3  
ρW=Density of Water, g/cm3  
As it is generally sufficient to calculate with ρW=1.0 g/cm3, the formula can be 

simplified:  

 
Due to this evaluation any air pores which may remain in the paste/mortar are irrelevant 
for the test results. In principle oven-dried materials are used. The absorption water is 
included in the amount of water required, therefore this procedure is recommended for 
dense materials with slight water absorption only.  

The procedure is simple, gives exact values and can be performed in 15 to 20 minutes. 
Often too much water is added at the first attempt. This, however, can be recognised after 
a few blows by the easy compactability and the completely levelled surface. The test 
must then be repeated using less water and adding it carefully drop by drop. After some 
practise the saturation point can easily be determined very exactly. The transition from 
“not yet compactable” to reaching the saturation point= “just compactable” often depends 
on one drop. A drop from a pipette weighs about 0.05 g. The substances should therefore 
be weighed to the nearest 0.01 g. In the case of cements the procedure correlates well 
with the Vicat Test, but it has the advantage that it can also be used for coarser granulates 
to a maximum size of 5 mm. It has proved successful for the following test objectives:  

•    Control of quality (uniformity), e.g. of cement, fly ash, sand and silica fume  

•    Determination of minimum water requirement of fine granulates and their mixtures  

•    Determination of minimum cementitious material requirement of mortars (sands)  

•    Optimisation of mixtures of given materials, selection of materials  

•    Research purposes such as the determination of the influence of:  

� particle shape, � particle size distribution, � improvements in both  

PRACTICAL APPLICATIONS  
Testing of Basic Materials  
The testing of granular mixtures gives information about the water requirement at 
saturation point, which corresponds with the pore volume or the solid matter content of 
the densely compacted grain structure. This application of the procedure is suitable for 
fast quality controls and for checking the uniformity of granulates. In Germany, fly ash 
traders have used this method for years to control the uniformity of their products. Figure 
1 shows test results of silica fume, cement, fly ash, glass spheres and sand. The voids in 
the coarse aggregate (gravel and chippings) have been tested using the Unit Weight 
Method.  
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Figure 1 Water requirement at saturation point and, >4 mm, voids in aggregate  
The results give a survey of the resolution achieved by this method. However, it is not 
possible to assess the results, because all materials differ from each other, both in grading 
and particle shape.  

Water Requirement With Respect to Size and Shape of Particles  
For coarse aggregates, it has repeatedly been suggested that the influence of the particle 
shape on the voids should be determined through the density of dry-compacted uniformly 
fractionated particle size groups. This method is based on the observation that the voids 
in a completely compacted grain structure depend exclusively on the grading and the 
shape of the particles. If the influence of grading is eliminated by producing fractions 
which are identical regarding grading, the voids are only influenced by the particle shape 
and the effect can be measured indirectly by means of the voids. With the most 
favourable particle shape the voids are reduced to a mini-zv133 mum and with the most 
unfavourable one they reach a maximum. Figure 2 shows that this law is also applicable 
to fine grained materials.  
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Figure 2 Water requirement at saturation point and, >4 mm, voids in aggregate  
A significant influence of the size of the particle and thus the surface of the particle on 
the water requirement cannot be observed despite the approximately hundredfold 
difference in particle size (from 32/63 µm to 2/4 mm). Moreover, the water requirement 
at saturation point of the fine particles corresponds with voids of the coarse particles 
determined by the Unit Weight Method. From this can be concluded that the water 
requirement in the examined size range is determined by the void content and not by the 
fineness and the corresponding specific surface, as was long believed.  

What is striking in the case of the fly ash fractions is the considerable difference 
between the two represented samples of different origin on the one hand and the much 
larger water requirement of the “coarser” fractions on the other. The low values of the 
fraction 32/63 µm can be explained by their different particle shapes, the high values are 
effected by the water absorption of porous coke particles.  

Water Requirement With Respect to Size Distribution and Shape of Particles  
Mixtures of materials with similar gradings  
Figure 3 shows the water requirement of different types of cement and fly ash as well as 
of mixtures of these two materials.  
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Figure 3 Water requirement of cement, fly ash and mixtures of both  
The values which belong together are connected by lines. The water requirements change 
approximately linearly with the amounts of the materials contained in the mixture. This 
can be explained by the fact that both materials have a similar grading and the water 
requirement is initiated by the shapes of the particles according to the amount contained 
in the mixture.  

Fly ashes whose particles are mainly round in shape reduce the water requirement 
according to the fly ash content of the mixture. However, if the particle shape of the fly 
ash is more unfavourable than that of the cement, e.g. through the production process, the 
water requirement increases according to the fly ash content. The water requirement of 
cements was found to be between 380 dm3/m3 and 480 dm3/m3, (between 38% and 48% 
by volume or appr. 20% and 30% by weight). Fly ashes that are approved for reinforced 
concrete in Germany showed water requirements from 260 dm3/m3 to 360 dm3/m3 (26% 
to 36% by volume or appr. 14% to 26% by weight).  

Mixtures of materials with different gradings and particle shapes  
Figure 4 shows the influence of some types of silica fume on the water requirement of 
some cements and mixtures of cement and fly ash as well as of one fly ash from smelting 
combustion <63 µm. (Special measures are required for testing silica fume, but for the 
sake of brevity these measures are not dealt with here).  

In the mixture of PFA and SILICA both components have the same round particle 
shape, so that the influence of the grading becomes apparent here. The minimum water 
requirement shows the effect of the optimum proportions.  

In the case of the mixtures of cement and fly ash the content of rounded particles 
remained constant as the PFA was reduced, when SILICA was increased. So the dif-
zv135 ferent water requirements were exclusively a result of the change in particle size 
distribution. Coarse SILICA types had a lower water reducing effect or none at all. A 
clear reduction of the water requirement was observed in the case of the SILICA type “SI 
1”, which resulted from the extension of the grading in the fine particle range.  
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Figure 4 Influence of types of silica fume on water requirement  

 
Figure 5 Water requirement of different binders and one type of sand 0/2mm  
Figure 5 shows the influence of various binders on the water requirement when they were 
mixed with one type of sand 0/2mm. The binder content necessary for mini-zv136 mum 
water requirement and maximum density was found to be between 20% and 25% by 
weight. The water requirement for saturation of the mixtures varied between 193 dm3/m3 
and 232 dm3/m3.  
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Figure 6 Water requirement of different sands 0/2mm and one type of binder  
In Figure 6 the binder with the minimum water requirement of Figure 5 is shown mixed 
with different types of concrete sands 0/2. The presentation allows the comparison of the 
influences of the sands on the water requirement and the maximum density respectively.  

 
Figure 7 Grading curves of the sands used in figures 5 and 6  
zv137  
The gradings of the sands used for the investigations presented in the figures 5 and 6 are 
shown in Figure 7. In order to “simplify” the evaluation of the curves, the Fuller parabola 
is added. All types of sands were well-processed clean concrete sands. The sands I and II 
were from natural origin, sand in was crushed. Particles larger than 2mm were removed 
by screening, the portions of particles smaller than 0.063mm were below 1% by weight.  

Which type of sand is the best?  
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This question cannot be answered without the test results shown in figures 5 and 6 and 
the following evaluation.  

Evaluation of the test results  
The granulometric optimum of the grain skeleton alone does not automatically result in 
the densest structure when the mixture has hardened. With regard to the density and the 
strength of the hardened binder paste the water/binder ratio must be taken into 
consideration. In order to demonstrate what water/binder ratio can be achieved with what 
binder content at maximum density, the measured results represented in figures 5 and 6 
have been converted accordingly. Figure 8 shows the required binder contents with 
respect to the water/binder ratio of the mixtures at the saturation point.  

 
Figure 8 Binder requirement of the extended matrix 0/2 at saturation point with respect to 
the water/binder ratio  
It can be seen that there are considerable differences between the various combinations of 
materials. With regard to the additional water needed for workability, high performance 
concretes, for example, require a water/binder ratio of around 0.30–0.05=0.25 at 
saturation point. It becomes apparent that some of the mixtures zv138 require an 
extremely high binder content Moreover it can be recognised that in the lower range of 
the water/binder ratio the water requirement of the mixtures is mainly dependent on the 
binder. Here the water reducing influence of the silica fume becomes effective.  

With the granulometric optimum (=minimum water requirement at saturation point) in 
figures 5 and 6 and the densest extended matrix (=mixture of binder+sand with the 
required water/binder ratio at saturation point), figure 8, the best mixture of the available 
materials can be selected. The components are determined precisely and the proportions 
can be read from figure 8 and calculated respectively.  

The amount of water required for the saturation point is the minimum amount needed 
to fill the voids in the dense grain structure. In order to achieve a certain consistency 
additional water is required. The differences in the mixture’s water requirement at the 
saturation point, however, remain as long as the water content is not so high that the 
granulometric differences lose their importance. Therefore a mixture with the lowest 
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water requirement for the saturation point also requires the lowest water content for 
workability and compaction, and this is confirmed in figure 9. There the water 
requirement for workability is shown in relation to the saturation water content of the 
mixtures “Sand 0/2 II+(0,75 PC A+0,25 PFA)” and “Sand 0/2 II+PC B” from figure 5 at 
binder contents of 25% and 35% by weight. The spread measures were determined in 
accordance with DIN EN 459, part 2.  

 
Figure 9 Water requirement for workability in relation to the water content at saturation 
point  
The amount of the optimised extended matrix required for the concrete mix depends on 
the shape and the maximum size of the coarse aggregate as well as on the workability 
required for the compaction procedure and the dimensions of the zv139 component parts. 
In order to find the best solution, concrete trial batches are necessary. With the optimised 
matrix however, the required decisions with regard to the concrete mix design are 
reduced to the questions of which and how much coarse material and, if necessary, 
admixture to add.  

Once again, back to the question of which of the sands used for the presented 
investigations is the best, raised with regard to figure 7. Figure 10 shows the particle size 
distribution of the matrices 0/2mm at the granulometric optimum (from figure 6) as well 
as at the maximum density for the water/binder ratio 0.25 (from figure 8).  
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Figure 10 Grading of the extended matrices 0/2mm including binder and sand at 
minimum water requirement and at a water/binder ratio of 0.25  
The grading curves at the granulometric optimum are drawn with solid lines, those at the 
water/binder ratio 0.25 with broken lines. The curves give no information about the 
densest structure. From figures 6 and 8 only it is known, that in both cases the maximum 
density was achieved with sand II, marked with bold lines.  

CONCLUSIONS  

1.   

A new simple testing and evaluation method is presented, which permits the 
measurement of all granulometrically relevant properties of the most important 
components of concrete, including mineral binders and sand up to 5 mm, which 
can be regarded as the extended matrix. Subject of the test is the water 
requirement at saturation point and maximum density of the grain structure. 
Diagrams illustrate how the interaction between the particle size, the particle 
size distribution and the particle shape can be measured by means of the 
proposed testing procedure.  

zv140 
2.   

In mixtures of materials with similar gradings it is neither the fineness nor the 
corresponding surface of the particles that is decisive for the water requirement, 
but the particle shape exclusively (Figure 2). The water requirement changes 
approximately linearly with the characteristic particle shape. The mixtures have 
no optimum, but the effect with respect to water requirement and density can be 
recognised (Figure 3).  

3.   

In mixtures of materials with different gradings and particle shapes the 
influence of an extended grading effects a reduction in water requirement down 
to a clear optimum, which indicates the optimum proportions (Figures 4, 5 and 
6).  
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4.   

On the basis of the granulometric optimum the best mixture of the best available 
materials can be selected. The components of the extended matrix are 
determined precisely and the proportions for minimum water requirement and 
maximum density can be calculated taking into consideration the water/binder 
ratio (Figure 8).  

5.   

The amount of the optimised extended matrix (mortar) required for the concrete 
mix depends on the shape and the maximum size of the coarse aggregate as well 
as on the workability required for the compaction procedure. In order to find the 
best solution, concrete trial batches are necessary. With the optimised matrix 
however, the required decisions with regard to the concrete mix design are 
reduced to the questions, of which and how much coarse material and, if 
necessary, admixture to add.  
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ABSTRACT. A joint program for six years 1991/92–1996/97 with a total budget of 
about five million pounds (53 MSEK) is funded by six industry companies and two 
Swedish Research Foundations. The aim of the program is to develop (a) more efficient 
structures, (b) better production methods, and (c) more durable materials.  

Some results from the structural part of the program will be highlighted here. Main 
investigations are carried out regarding (I) toughness and ductility, (II) bond, and (III) 
cracking in young concrete.  
Keywords: Concrete, Structures, Ductility, Brittleness, Toughness, Fracture Mechanics, 
Bond, Cracking, Beams, Columns, High Performance Concrete.  
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structures.  
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INTRODUCTION  
A Swedish Research and Development Program on High Performance Concrete was 
started in 1991. Six major companies are funding it namely Cementa, Elkem, Euroc 
Beton, NCC, Skanska and Strängbetong together with two Research Councils namely the 
Swedish Council for Building Research (BFR) and the Swedish National Board for 
Industrial and Technical Development (NUTEK). The annual funding is about 0.8 MGBP 
(9 MSEK). Research is carried out at the Cement and Concrete Institue (CBI) in 
Stockholm and at the universities in Göteborg, Lund, Luleå and Stockholm (CTH, LTH, 
LuTH and KTH).  



In this paper some results will be presented regarding the structural parts of the 
program, which encompass about one third of it. The other two thirds of the program 
deals primarily with questions regarding materials and production. General information 
of the program is given by Jan Byfors 1993 [1] and by Lennart Elfgren, Göran Fagerlund 
and Åke Skarendahl 1995 [2].  

The program on structures was started with a literature study which is summarized in 
Gabrielsson 1993 [3]. Main projects were then started regarding toughness and ductility, 
bond, and cracking in young concrete.  

TOUGHNESS AND DUCTILITY  
General  
A basic parameter in fracture mechanics is the brittleness number B. It can be defined in 
the following way. Let us study a tensile test of a concrete prism, see Fig. 1. Up to the, 
maximum load (with stress ft, and deformation δE=εt L) the prism basicly behaves in an 
elastic way (strain εt=ft/E). After maximum, a narrow fracture zone (FZ) deforms further 
under falling load. At the same time the material outside the fracture zone is relieved 
elastically—largely following the first curve back to the origin.The area under the 
descending curve is defined as the fracture energy GF which is needed in order to 
separate the prism into two parts. A characteristic failure zone deformation ∆ can also be 
defined as ∆=Gf/ft.  

Structures can be defined as brittle when the elastic deformation δE dominates, 
whereas the behaviour can be defined as ductile when the deformation of the fracture 
zone D dominates. The brittleness number B can be defined as  

 
The reciprocal value 1/B can be named the ductility number. It can be seen that the 
brittleness/ductility deponds on the length L, the tensile strength ft, the modulus of 
elasticity E, and the fracture energy GF. The brittleness number is also proportional to 
the ratio of elastic to fracture energy:  
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Figure 1. Loading of a concrete prism. Definition of basic parameters for ductility and 
brittleness. From Bache 1995 [4], modified.  

 
The factor EGF/ft2 is a material parameter which was introduced by Hillerborg 1976, 
1983 [5], [6] as the characteristic length, lch. The brittleness number was introduced in 
the form it is given here in the 80-ies by Bache 1995 [4], see Elfgren 1989 [7].  

A basic fracture mechanics philosophy is to relate the strength of an object to its 
brittleness number B or to the components of B i e the length L, the tensile strength ft, the 
modulus of elasticity E, and the fracture energy GF.  

This way of describing the tensile fracture is now beginning to be introduced in 
modern design codes. In e g the CEB-FIP Model Code 1990 [8] values are given for the 
fracture energy GF [Nm/m2] and a bi-linear stress—crack-opening diagram is proposed 
for concrete in tension. However, in most traditional codes, e g Eurocode EC-2 [9], not 
much can be seen except some empirical formulae for size effect influences.  

Applications to beams, columns and piles  
A series of tests on rectangular reinforced beams with various concrete strengths has 
been carried out by Henrik Gabrielsson 1993 [3]. Analysis with a compression field 
theory gave better results than an analysis with a conventional theory.  

Ductility of high performance prestressed concrete cylindrical elements tested in 
pure torsion has been studied by Henrik Gabrielsson, see Figure 2. The elements are used 
as transmission poles for electric power. It can be seen from Figure 2 that also a high 
strength concrete can give quite a ductile behaviour if the reinforcement is arranged 
properly. Similar results regarding rotational capacity of beams have been reached in a 
project carried out at the Royal Institute of Technology (KTH) by Håkan Fransson and 
Sven Kinnunen.  

Fatigue of reinforced and prestressed beams is studied by Robert Danewid and Sven 
Thelandersson at Lund Institute of Technology. In Lund also fiber reinforced structures 
is studied by Manoucheer Hassanzadeh.  

Columns in compression have been tested and analysed by Marianne Grauers 1993 
[10] and by Christina Claeson 1995 [11]. A fracture mechanics approach has here been 
fruitful in the analysis of the results.  

Prestressed concrete piles are being studied by Gunnar Holmberg 1995 [12].  
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Figure 2. Load-displacement curves for prestressed concrete cylinders loaded in pure 
torsion. The hollow cylinders had a length of 3 m, an outer diameter of 0.3m, a wall 
thickness of 0.07m and a concrete compression strength fcc≈150 MPa (100mm cubes). 
The characteristic length lch was 0.2 m for the material in these elements compared to 
lch=0.4 m for ordinary commercially used elements with a compression strength fcc≈100 
MPa. Specimen T2.0A and B had no spiral reinforcement while T2.1A and B and T2.5A 
and B had spiraling 5.5mm bars with a pitch of 100 and 50 mm respectively. From 
Gabrielsson and Elfgren 1995 [13].  

BOND  
An intersting bond splitting model has been developed and tested by Keivan Noghabai 
1995 [14]. The model is based on the assumption that the bond stresses around a 
reinforcement bar give rise to a hydrastic pressure on the concrete. The pressure is a 
function of the geometry of the bars and the size of the applied force. Some test results 
are given in Figures 3 and 4 and a comparison with the presented and some other 
analytical models is given in Figure 5. It can be seen that high strength concrete is more 
brittle than normal strength concrete but still can be used to good advantage. The results 
have also be analysed with a Finite Element Method using inner softening bands. Here 
the localazation of the cracks could be followed. First many small cracks appeared but 
after a while some of them closed while others grew wider. At failure only a few rather 
wide cracks remained. As can be seen from Figure 3 and 4 also the influence of various 
amounts of spiral reinforcement was investigated.  

Bond and anchorage of deformed bars is also studied by Jonas Magnusson et al 1995 
[15]. Anchor bolts are being investigated by Ulf Ohlsson et al 1995 [16], [17], [24].  
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Figure 3. Tests on bond splitting. The tables shows the concrete recipies (dry material 
kg/m3) used in the splitting tests denominated as Normal Strength Concrete, NSC, High 
Strength Concrete, HSC, and Very High Strength Concrete, VHSC. From Noghabai 1995 
[14].  

 
Figure 4. Comparison of test results from splitting tests and an analytical model. The 
patterns and number of visible cracks on the front surface of the specimens are also 
illustrated. The results from VHSC s28 are not to be trusted. From Noghabai 1995 [14].  
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Figure 5. Ultimate relative splitting pressures given by different models for a concrete 
ring (rb=18 and ro=156.5mm) as a function of the brittleness number B. The coefficient FI 
is depending on a, rb and ro and is determined with linear elastic fracture mechanics 
(LEFM). NSC, HSC and VHSC refer to the tests with normal, high, and very high 
strength concrete described in Figures 3 and 4. From Noghabai 1995 [14], modified.  

CRACKING IN YOUNG CONCRETE  
Cracking is studied in young concrete structures. Time-dependent gradients of 
temperature and moisture can give tensile stresses that exceed the tensile strength. An 
extensive program is being carried out in order to establish materials data and models 
suitable for computer analysis. In this way tools are beeing made availble with which the 
hardening technology can be mastered and unwanted cracking can be eliminated by 
proper procedures. Main results have been presented by Mats Emborg and Stig 
Bernander 1990 [18], 1995 [19], Jan-Erik Jonasson 1994 [20], andGustaf Westman 1995 
[21]. Some recent results cocerning through cracking at the cooling of a structure are 
given in Figures 6 and 7. It is of the utmost importance for an accurate thermal stress 
analysis, that correct modelling of the mechanical behavior is performed. It is essential to 
study the overall mechanical behaviour and it is not enough to model separate properties 
as creep, strength development etc. as complicated coupling effects ocur when young 
concrete is heated.  
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Figure 6. Relaxation test frame. From Westman 1995 [21].  
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Figure 7. Computed thermal stresses in a 0.7 m thick wall subjected to 100% external 
restraint if cast using a High Performance Concrete, HPC.1 (water-binder ratio w/B= 
0.34, compressive strength fcc=92 MPa) or a Normal Strength Concrete, NSC.1, (water-
binder ratio w/B=0.40, compressive strength fcc=51 MPa) compared to corresponding test 
results with test set up according to Fig. 6. From Westman 1995 [21].  
Recent tests with an energetically modified cement has also given interesting results 
regarding e.g. winter concreting. Silica fume is here activated together with cement in a 
mechanichal-chemical milling process which increases the surface energy of the binder, 
Vladimir Ronin and Jan-Erik Jonasson 1994 [22]. The activated cement leads to lower 
binder contents and higher workability.  

Steel fibre reinforcement is one way to control cracking and to enhanche toughness. 
Tests performed by Patrik Groth and Keivan Noghabai 1996 [23] indicate a clear 
tendency towards a plastic behaviour in bending and splitting tests with a fiber volume 
content of 1 to 2%.  

CONCLUSIONS  
High performance concrete is an efficient material which can be used in many structural 
applications with good economy. The Swedish R & D program is giving valuable 
contributions to enable safe and efficient design procedures for structures as beams, 
columns, transmission poles, piles and hollow core slabs. An essentail prerequisite for 
modelling of toughness/brittleness of structures is fracture mechanics properties as the 
fracture energy GF, modulus of elasticity EC and tensile strength ft.  
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ABSTRACT. The term-high performance concrete (HPC) has a determinate intention 
and non-determinate extension. It is difficult to distinguish and evaluate its properties. In 
this paper, A new concept “Fuzzy”, has been introduced to define the term-HPC and an 
available theoretical method has been suggested to distinguish and evaluate the complex 
properties, as well as to optimize the multiple properties of the HPC being used in 
engineering.  
Key words: fuzzy, comprehensive evaluation, high performance concrete  
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INTRODUCTION  
Scientists formulated the concept of High Performance Concrete (HPC) [1] around 1986. 
A Japanese engineer’s report [2] shows that the service life of HPC could be as long as 
500 years. The concept of HPC is difficult to define even now that it is being used. There 
are different opinions about which grades of properties are acceptable.  

Scientists and investigators all over the world agree in principle that engineers will be 
more satisfied with HPC’s super workability, higher level strength, stronger durability, 
suitable volume change properties and rather low price. It is understandable that HPC is 
suitable for civil engineering because it withstands severe environments yet provide more 
durable service. It is suitable for modern constructional technique such as pre-mixed 
concrete or concrete pumping with super flowability because it flattens by itself without 
terrible noise and harmful vibration. The resulting product is high strength and high 
quality concrete.  

In fact, the understanding of the concept of HPC is different. It can be divided into 
several schools of the thought as (a) P.K.Mehta [3] (b) Y.Malier [4], (c). H.Okamura [5], 
but the Synthesis of these ideas seems to be more acceptable.  

The real question is, what does HPC mean for practical constructional engineering. 
How should the multiple properties of HPC be distinguished, evaluated and optimized in 



engineering? We answer this question we have to analyze the characteristics of the 
concept of HPC.  

FUZZY CONCEPT: THE DEFINITION OF HPC AND ITS 
EVALUATIVE FACTORS.  
The definition of HPC and its evaluative factor are fuzzy matter, HPC is non-
determinative matter that is quite different form HSC(high strength concrete). That is to 
say, it is hard to describe the properties of HPC with determinative mathematics. 
Although each individual property of HPC is relative depending on the structure of the 
concrete, it is not clear which kinds of properties could best represent the characteristics 
of HPC. There is no agreement so far, on how we can consider the effect of the 
combination of the multiple factors on the properties of HPC. Many discussions about 
this are continuing. All the uncertainty is because the concept and its evaluative factors 
are fuzzy matter. This means they have determinative intention, but non-determinative 
extension. In this way we can say that the definition and its evaluation of HPC are the 
attitude of degrees of satisfaction of the engineer who is responsible for the 
constructional engineering.  

“Fuzzy” is a new branch of mathematics. It deals with the relationships of non-
determinative matters. The difference between the objective matters transforming 
continually in media with the properties of “true or false”, or “both this and that” are the 
characteristics of Fuzzy. There is no relative clear boundary between each concept zv153 
describing such things. Such a concept has no very clear extension, but has very clear 
intention. For instance, every one could understand the questions as:  

“Concerning the properties, what can be called high performance or low 
performance?”  

“At which level or grade can we define it as high or higher?”  
“How can we choose the synthetic properties for the practical construction?”  
In order to solve these problems, the concept of fuzzy has to be used since 

determinative mathematics is helpless. Sometimes we simply can’t explain well some 
concepts such as HPC by traditional methods using certain quantity analysis.  

Considering the properties of HPC such as workability, strength, volume change, 
durability as well as economics, we find the concept of HPC could be qualitatively shown 
graphically as follows [equation(1)or figure 1]by means of fuzzy:  

 
(1)  
where: HSC—high strength concrete  

HDC—high durability concrete  
ECF—economic control factor  
HWC—high workability concrete  
HVC—high suitable volume change concrete  
A~E—relationship factors  
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Figure 1 Graphically show the concept of HPC  
where the graph abcd may be not in the shape of regular polygon, because probability the 
weights of each factors are not the same.  

FUZZY COMPREHENSIVE EVALUATION ON THE 
PROPERTIES OF THE HPC  
1. The method of evaluation  
When we evaluate HPC, we would choose the properties that act as evaluative factors 
zv154 as follows: The multiple property of the HPC effected by W-workability; S-
strength; D-durability; V-volume change; E-economics. then, we can get the multiple 
property of the HPC and its effective factors equation  

 
(2)  
where x1, x2, x3, x4, x5 represent the effect of the factors: workability, strength, volume 
change, durability, and economics.  

For the multiple property of the HPC, we suggest an evaluative set, that is the degree 
of satisfactions of the engineers dealing with this kind of concrete.  

 
(3)  
where the c1, c2, c3, c4 represent the multiple properties of the HPC as “higher”, “high”, 
“common”, “bad” separately.  

In order to evaluate the effects of Xi on M, we give Xi a fuzzy comprehensive 
evaluation separately, that is Xi monofactor evaluation:  

 
where aj is the degree of the satisfaction of factor xi on M, here in fact aij is the factors 
(W.S.V.D.E) evaluative ratio on the multiple properties M.  

Therefore, we have the matrix to evaluate the properties on the HPC.  
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(4)  
Practically, for different civil constructional engineering used HPC, the weights of each 
factor (W,S,V,D,E) is quite different. We can make a decision to support the weight 
factor by experience or by testing analyses:  

 
zv155  
then, we have the fuzzy set of the weights:  

 
(5)  
here, we have the fuzzy weight factor evaluation matrix:  

 
(6)  
After the fuzzy algorithmic approach(8), we will have:  

 
(7)  
Taking the data from eq., (7) by maxim criterion and compare with eq., (3), we can 
decide the degree of the HPC, whether “higher”, “high”, “common”, “bad”, according to 
the position of the maxim data located.  

2. Summary of the fuzzy evaluation  

 
(8)  

 
(9)  
(3) take the weighting fuzzy set of the factors effected on the U.  

 
(10)  
(4) give mono-factor evaluate to, corresponding to V:  

 
(11)  
where uij is the factor (i) attaching grade of the evaluative level (j) then, we have the 
mono-factor evaluative matrix.  

 
(12)  
zv156  
(5) The fuzzy comprehensive evaluation is:  
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(13)  
After applying the fuzzy algorithmic approach, we have the fuzzy comprehensive 
evaluation set:  

 
(14)  
Analyze the result of the eq(14) and we can finish the evaluation.  

EXAMPLE  
There are 3 kinds of concrete; about which the properties are shown in table  
Table 1 The properties of HPC  

Type of 
HPC  

Slump(slump -flow) 
mm  

R28 
N/mm2 

Permeability 
N/mm2  

Shrinkage 
ε×10−5  

Cost 
RMB/m3  

HPC-A  270(560)  52  3.1  68  305  

HPC-B  240(520)  64  4.2  60  364  

HPC-C  150(400)  50  4.0  84  321  

In order to evaluate and optimize the concrete shown in table 1, we suggest that 10 
engineers, for instance, be invited to give their evaluations on the properties of the HPC 
above. The method of evaluation for these engineers is to give marks on each property in 
the blanks corresponding to c1, c2, c3, c4, which represent engineer’s degree of 
satisfaction about “higher”, “high”, “common” or “bad” separately. Thus we get the 
experts’ ideas as in table 2 after exchanging these marks into ratios:  
Table 2 Experts ideas on the properties of the HPC  

Types of high performance concrete and its evaluations  Evaluative  

HPC-A  HPC-B  HPC-C  

W  0.7  0.2 0.1 0  0.6 0.3  0.1 0  0.1 0.4 0.5 0  

S  0.5  0.5 0  0  0.7 0.3  0  0  0.4 0.6 0  0  

D  0  0.1 0.4 0.5 0.5 0.4  0.1 0  0.3 0.4 0.3 0  

V  0.3  0.4 0.3 0  0.4 0.3  0.3 0  0  0  0.6 0.4  

E  0  0.2 0.4 0.4 0  0.1  0.6 0.3 0  0.5 0.5 0  
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Evalu ation  c1  c2  c3  c4  c1  c2  c3  c4  c1  c2  c3  c4  

Here, we have the function: 
  

 
(15)  
Then, the mono-factor evaluative set is:  

 
(16)  

 
(17)  

 
(18)  
Considering the experiences and the results of discussions of experts, we have the weight 
factors set:  

 
(19)  
therefore, we have the fuzzy comprehensive evaluative equations:  

 
(20)  
then  

 
(21)  

 
(22)  

 
(23)  
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As the result, we can believe that, by the principle of maxim criterion and according to 
the equation (3),(21),(22),(23),the multiples of the high performance concrete HPC-A, 
HPC-B is of the grade “higher”, HPC-C is of the grade “common”, while the HPC-B is 
the best one of these 3 kinds of concrete.  

DISCUSSION  
With development of computer science, it is the tendency that the optimization always 
has been done by computer. The main difference between human being and computer is 
the fuzzy determination, which depends on the mechanisms of the brain of human being 
and of the operation of computer.  

An engineer can effectively optimize the fuzzy HPC properties quickly than computer. 
Even through, sometimes an experienced engineer couldn’t also comprise as more as five 
or six factors, of which are necessary to be considered for the engineering, to make a 
correct determination for the properties of HPC, without using the Fuzzy method 
scientifically and logically. Now there are many problems for an engineer meeting with 
on site. The reason is because when they made the determination for optimum the 
properties of HPC, they just only considers one or two properties rather than five or 
more. Therefore, it is better for us to use the Fuzzy comprehensive method to evaluate 
HPC. Thus, we can make computer to optimize such complete problems easily and 
quickly. With out Fuzzy concept and the method, computer will fail to deal with that. So 
in this way, engineers can use the high performance concrete by computer more 
effectively on site.  

CONCLUSIONS  
1. The fuzzy comprehensive evaluation on properties of high performance concrete is an 
acceptable method for civil engineers. It is possible to help engineers comprise a multi-
factor effect on the multiple properties of HPC, and optimize the designations of HPC for 
constructional engineering  

2. It is very important to determine the factors of the fuzzy objects and suggest the 
weight actors for the fuzzy comprehensive evaluation, which can be determined by 
experience or discussions by the experts.  
zv159  
ACKNOWLEDGMENTS  
The authors gratefully acknowledge Prof. Wang Guangyuan, Prof. Fan chengmou and 
Prof. Wang Shifang, Harbin University of Architecture and Engineering, P.R.China for 
great help in fuzzy applications and concrete science.  

REFERENCES  
1. HAJME OKAMURA Development of new concrete materials, Cement and Concrete 

(Japan) No. 475, 1986.9  
2. TOSHIO SAITO Super high strength concrete, Architectural Product-Engineering 

(Japan) No. 291 1990.1, pp 130–134  
3. P.K.MEHTA et al Principles underlying production of high performance concrete, 

cement concrete and aggregates, CCAGPP Vol. 12, No. 2, Winter 1990. pp70–78  
4. Y.MALIER High performance concrete-from material to structure 1992.  

Concrete Canada programme     155



5. WANG PEIZHUANG The result of Fuzzy set and its application 1983  
6. WANG GUANGYUAN Discussion on the properties and the application of the math-

mold in the comprehensive evaluation, Journal of Fuzzy (China) 1984.4  

Radical concrete technology     156



Theme 2  
ULTRA STRUCTURES  
 
Chairmen Professor C Andradé  
Institute Eduardo Torroja of Construction  
Sciences  
Spain  
Professor G Somerville  
British Cement Association  
United Kingdom  
Leader Paper  
Ultra Structures—Indian Experience  

Professor D N Trikha  
Structural Engineering Research Centre  

India  
  



ULTRA STRUCTURES—INDIAN EXPERIENCE  
D N Trikha  
Structural Engineering Research Centre  
India  

Radical Concrete Technology. Edited by R K Dhir and P C Hewlett. Published in 1996 by 
E & FN Spon, 2–6 Boundary Row, London SE1 8HN, UK. ISBN 0 419 21480 1.  

ABSTRACT. Structures to be regarded as ultra structures should incorporate features 
which surpass the normally accepted limits of spans, heights, etc. or characterise 
innovation in structural system or construction. The definition has thus both time frame 
and locational contexts. The present paper first traces briefly the history of civil 
construction in India till the advent of modern materials and construction procedures. The 
paper then cites examples of ultra structures built in the country describing salient 
features in each case. Examples include description of two important bridges, one nuclear 
power containment vessel, one multiflue RCC chimney and one outstanding building 
structure. The paper concludes with prediction of an unprecedented construction activity 
in the country in the next decade due to current recognition of the importance of first 
class infrastructure.  
Keywords: Ultra Structures, Spans, Heights, Innovations, Concrete, Bridges, Nuclear 
Power Containment Vessels, Chimneys, Building Structures, Temple.  
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INTRODUCTION  
Structures may qualify as ultra structures if they incorporate features which surpass the 
normally accepted limits as regards material strengths, material behaviour, spans or 
heights or involve exceptional innovation in construction or structural system. Obviously, 
the definition is related to a time frame so that technologies which are regarded as radical 
or ultra at one time may become normal practices in due course. The definition has also a 
strong regional or locational context as normal practices in one region may appear to be 
radical in another region due to time lag in the development of infrastructure or industrial 
practices. The present paper dealing with ultra structures in the Indian context describes a 



few structures built in concrete in India, each structure being characterised by atleast one 
distinguishing feature which sets it apart from the normal or the usual. It is, however, 
necessary to have first a brief historical perspective for a proper appreciation of the 
choices made.  

HISTORICAL PERSPECTIVE  
India has been building massive structures for atleast a thousand years. A treatise entitled 
“Samarangan Sutradhar” written in the eleventh century describes the basic principles of 
town planning, science of construction, procedures and specifications. The soundness of 
these principles is amply demonstrated by the still standing old temples, palaces and forts 
which have successfully withstood the rigours of rain, desert winds, sea winds, 
earthquakes and other environmental effects for over thousand years. These structures 
besides being functionally efficient and aesthetically appealing also imbibe principles that 
result in natural ventilation and cooling even in very hot Indian summer months. The 
walls are built in stone rubble masonry with or without lime mortar or use of iron clamps. 
Mortars have sometimes molasses, lentils and a variety of other ingredients to enhance 
their bonding characteristics. The roofing system progressed from the use of pyramidal 
domes to stone slabs to arches. Use of bricks (15cm×10cm×5cm) is evident much earlier 
in the Aryan civilization in the excavations of Mohen-ja-Daro and Harappa dating back 
by about 3000 years.  

The history of use of modern construction materials like steel, concrete and 
prestressed concrete begins with the development of railway net-work in the country in 
this century. In the first decade, railway bridges were constructed exclusively in steel to 
cross mighty Indian rivers. Once the art of such crossings was mastered, road bridges 
were built in concrete in large numbers for over three decades between the two world 
wars. Prestressed concrete was used for the first time in the construction of Military tank 
garages at Meerut in 1940. The first P.C. bridge was constructed in 1949 on the Assam 
rail link followed by the first road bridge, the Polar bridge near Madras, in 1952 with 23 
spans of 28.4m each. For next 10 years till 1962 however, there was very little activity in 
P.C. construction as prestressing equipment, anchorages, H.T wires etc. had all to be 
imported. Once these requirements in materials and equipment became available within 
the country, prestressed concrete became the most popular material for bridging larger 
spans.  

Since then, the country has witnessed huge construction in all sectors simultaneous to 
the developments in the world. India too, like any other developing country, has severe 
constraints as regards material and financial resources, although it has a highly developed 
technical manpower. Its engineers have built exceptionally high concrete dams (Bhakra 
Dam, 226m high, 1963), very long bridges (5575m. Ganga Bridge, Patna, 1980), tall 
chimneys, nuclear containment vessels, bar-zv163 rages, sea shore structures, large 
building space frames, tunnels, stadia as well as hangers in steel, concrete and prestressed 
concrete using in-situ or precast construction procedures. They have overcome difficult 
terrain and environmental conditions, foundation problems in Gangetic alluvial plains 
and construction difficulties achieving economy as well as durability.  

ULTRA STRUCTURES  
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Concrete has been much preferred over steel as a modern construction material in India 
primarily for reason of economy. Concrete structures abound in transportation, energy, 
irrigation and building sectors in the country. Several of these may be termed as ultra 
structures as they satisfy atleast one of the following conditions:  

(i)   The structure is the first time example of a distinct feature  

(ii)   The structure is built after over-coming some extra-ordinary construction problems  

(iii)   The structure is the tallest/largest etc. ever built in the country  

(iv)   The structure introduces a certain technology for the first time in the country.  

A few outstanding examples of such structures from different sectors are given below.  

TRANSPORTATION STRUCTURES  
Two examples have been chosen for description from amongst thousands of road bridges 
which exist in the country. These are the second Thane Creek Bridge at Bombay and the 
second Hooghly Cable Stayed Bridge.  

Second Thane Creek Bridge at Bombay  
This is a 1.837 Km. long bridge consisting of six 4-span continuous units of 53.5, 107, 
107 and 53.5m lengths (Fig. 1) and having two independent 3 lane parallel decks with 
footpaths connecting Bombay to New Bombay across Thane Creek to replace the existing 
15 year old prestressed concrete girder bridge which has considerably deteriorated due to 
corrosion. The super-structure consists of a single rectangular cell prestressed concrete 
box girder with depth varying from 3.5m to 7.0m.  

The continuous units are built adopting in-situ balanced cantilever construction 
procedure by building cantilevers in segments symmetrically from each of the three 
intermediate piers and connecting the two arms in a span by an in-situ key segment. The 
prestressing cables are placed in the deck or the soffit slabs enabling use of only 35 cm 
thick webs.  

The super-structure is carried on open foundations except for the two foundations at 
one end being of well/caisson type. These foundations are sometimes 22.5m deep below 
the high tide level.  
zv164  

The bridge has the following distinguishing features:  
i) It is first bridge of its kind built by cantilever method in India having four 

continuous spans of this order.  
ii) It is first time that durability has been considered integral with design and 

construction to protect against highly aggressive environment. Amongst measures 
adopted for durability enhancement are four stage anti-corrosive treatment to rebars, 
epoxy-based paint, sacrificial concrete cover, minimum concrete thicknesses, minimum 
concrete grade and cement content and strict quality control on materials and 
construction.  
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Figure 1 Instrumentation of Second Thane Creek Bridge  
iii) The open foundations have been built in an innovative manner in dry environment in 
the creek with water depths upto 10m. For this, a cofferdam was used which consisted of 
a lower lightly reinforced thin concrete shell with a steel cutting edge and height equal to 
the depth of the bed material overlying the rock strata and an upper reusable double 
walled steel shell of varying height, see Fig. 2. The concrete shell was cast near shore on 
a pontoon which was towed to the site, the shell lifted off and lowered into position by 
using a floating gantry and excavating clay from within by grabs. Divers cleared the rock 
face near the inside periphery and placed sand bags at 60 cms distance alround. Concrete 
was poured in the space between the shell and the sand bags thus creating a water tight 
seal between the rock face and the coffer dam. Steel shell extensions (2m at a time) were 
continuously made while lowering the coffer dam. Once the coffer dam was in position, 
the inside was dewatered to get a dry environment to cast the open foundation and the 
pier, as seen in Fig. 3. The steel shell was then removed for re-use at the next location.  

The above innovation used for the first time in the country has been found so 
successful that it has been adopted elsewhere for construction in similar situations.  

iv) The bridge’s super-structure has been instrumented extensively for monitoring its 
long term performance. The sensors include V.W. embedded and surface mounted strain 
gauges, mechanical strain gauges and V.W. temperature gauges. For recording 
deflections, high precision levels and water levels are being used, as seen in Fig. 1.  
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Figure 2 Cofferdam for Second Thane Creek Bridge  

 
Figure 3 Open Foundation for Second Thane Creek Bridge  
v) Full scale mock-ups as seen in Fig. 4, were cast and later demolished to examine actual 
concrete sizes obtained, locations of reinforcements, concrete cover and its compaction.  
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Figure 4 Full Scale Mock-up for Second Thane Creek Bridge  

Second Hooghly Cable Stayed Bridge at Calcutta  
The second Hooghly bridge is a 837m long six lane cable-stayed bridge connecting twin 
cities of Calcutta and Hooghly across river Hooghly with an average navigational 
clearance of about 34m, as shown in Fig. 5. The total width of the deck is 35m catering to 
2×3 lane carriageways divided by a median strip and footpaths on either side.  

 
Figure 5 Second Hooghly Cable Stayed Bridge  
The bridge has a span configuration of 183–457–183m as determined by navigational 
requirements. The superstructure is made up of a composite RCC deck slab case 
monolithic on three main steel girders and 4.1m spaced transverse girders. The 4-legged 
steel pylons, 122m above the pier top, consist of steel box sections with horizontal beams 
at the deck and the tower top levels. The deck is supported by parallel wire cables at 
12.3m centres. The shortest cables of 78m length consist of 103, 7mm � H.T. wires 
whereas the longest cables of 207m length have 277 such wires. These wires are housed 
in HDPE tubes filled with ‘Hematite-U’ polyurethene to make them corrosion resistant.  

The foundations for the anchor piers at the two ends are twin 12.0 and 8.0m dia. 
circular caissons sunk upto 30m in hard clay and sandy strata. The pylon foundation 
consists of twin multi-cellular caissons of 23.8m and 20.6m diameter going 40m below 
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H.T.L. The bottom of the caissons has been sealed with colcrete. To reduce settlements, 
the caissons have been kept empty of water with arrangement of standby pumps for 
dewatering. The main/end span ratio is so fixed that upward forces develop only at the 
end supports. These are held down by 8 cable anchors. Fig. 6 shows a typical pier and a 
caisson.  

The bridge has the following distinguishing features:  
(i) It is the first composite cable stayed bridge in the country  
(ii) It could have been the largest span cable stayed bridge in the world, had it been 

completed in time.  
(iii) National facilities have been mobilised extensively to carry out feasibility studies 

comprising wind tunnel studies (IISc., Bangalore), earthquake related studies (University 
of Roorkee) and hydraulic studies (CWPRS, Pune) with RPT, UK acting as the Project 
Consultants.  

(iv) The large 23.8m diameter multi-cellular caisson foundations going 40m deep have 
been attempted for the first time in the country constructed under zv167 challenging 
conditions in view of the river being susceptible to large tidal bores in addition to tidal 
variations. Several innovative techniques were devised to build the foundations.  

(v) The concrete strength of M-50 grade has been achieved at site for the first time.  

 
Figure 6 Pier P3 and Caissons F3  

CONTAINMENT VESSELS  
India is producing about 2000 MW of energy through its ten atomic power generators. 
India is amongst the first countries in the world to use prestressed concrete containment 
vessels in place of steel vessels. The construction and design of these vessels have been 
constantly improved and completely indigenousied over the years resulting 
simultaneously in development of prestressed concrete industry in the country. The two 
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pressurised heavy water (PHWR) 235 MW containment vessels at Kaiga (Fig. 7) 
described below give the present state-of-the-art of the atomic energy generation 
technology in the country; the two reactors Kaiga-I and Kaiga-II being still in the 
construction stage.  

The structure is designed on a double containment philosophy. The inner containment 
(I.C) houses both the reactor and the steam generators and is a cylindrical prestressed 
concrete vessel of 42.56 m internal diameter with a P.C. dome at top. The 610mm thick 
wall of the I.C rises 50m above the raft. The outer containment (O.C) is a similar 
structure in reinforced concrete enclosing an annular space of 2.0m. There are 4 openings 
of 4.1m dia. each in the dome for erection and subsequent removal of steam generators. 
In addition, air lock barrels are provided at ground level in the O.C and I.C. The walls are 
thickened suitably around all the openings.  

The structure has the following design features:  
(i) The internal containment should resist an accidently caused internal pressure of 

0.173 N/mm2 while serving as a primary leak-tight barrier thus limiting leakage to the 
annular space to acceptable levels. The outer containment designed for an internal 
pressure of 0.00703 N/mm2 also serves as a protective shield to the I.C from the 
environment. The annual space is kept at a slightly negative pressure to prevent any 
leakage of radioactive air to atmosphere before being scrubbed for letting out.  

(ii) Detailed earthquake studies have been carried out using IAEA’s criteria of 
designing for S-1 level earthquake for Operating Basis Earthquake (OBE) and for S-2 
level earthquake for Safe Shutdown Earthquake (SSE). It required studies of seismic—
tectonic map of the Kaiga region, identification of faults within 300 KM and carrying out 
dynamic analysis of the structure for two orthogonal horizontal and a vertical motion.  

(iii) To limit the uplift of the common foundation raft for the I.C and O.C under an S-2 
level event, vertical prestressed rock anchors have been provided within the annular 
space to anchor the foundation raft to the rock.  

(iv) Wind effects for a return period of 1000 years for the O.C and onslaught of floods 
due to bursting of all the nine upstream dams existing in the region are other important 
design considerations.  

The Kaiga containment has the following distinguishing features.  
(i) The design incorporates all the features gradually evolved over the last thirty years 

of atomic power generation in the country. The structure is the first of its kind in the 
country being constructed in an area of high seismicity (ground acceleration of 0.2 g for 
the S-2 level) and prone to dam burst floods. The double containment philosophy with a 
common raft has been further refined by introduction of a stressing gallery inside the raft, 
and complete elimination of the large break-out panel prevalent in earlier structures by 
increasing the size of the air-lock.  

ii) The I.C wall, prestressed in both horizontal and vertical planes and the dome 
prestressed in meriodional and circumferential directions use 19K13 system cables. The 
total prestressing system and cables have been entirely manufactured indigenously and 
specially tested for acceptance.  

iii) The effect of the plant on the environment has been given as much importance as 
the safety of the structure under environmental loads.  

iv) The openings in the dome for erection/replacement of steam generators have been 
introduced for the first time.  
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v) Intensive instrumentation comprising embedded V.W. strain gauges, and LVDTS 
etc. is being introduced in NPC vessels for the first time in the country for long term 
structural performance monitoring which is proposed to be carried out (see Fig. 7) at 
different stages such as (a) during concreting (to study effect of hydration of concrete in 
the initial setting period), (b) during curing and before prestressing (shrinkage effects), 
(c) during prestressing and (d) after prestressing. This instrumentation is in addition to the 
one required for initial acceptance tests as desired by AERB of India.  
zv169  

 
Figure 7 NPC Vessel at KAIGA and its Instrumentation  

TAIL STRUCTURES  
India has consciously decided not to build more than 25–30 storey high residential or 
commercial buildings even in metropolitan cities. However, tall structures abound in the 
form of cooling towers, chimneys and TV towers in which the latest slipform technique 
using hydraulic jacks and climbing framework has been used. Some examples are given 
below.  

Cooling Towers  
Natural Draught Cooling Towers (NDCT) are being increasingly preferred over Induced 
Draught Cooling Towers for reasons of economy, energy efficiency and environmental 
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benefits. These NDCTs have the usual hyperbolic shape for the tower supported on 
diagonal columns, often precast. The tallest cooling towers in India are the NDCT at 
Kakrapar Atomic Power Project, Gujarat (122.3m tall. 101.9m dia. at base) and the 
NDCT at Gandhi Nagar Thermal Power Station, Gujarat (121m tall, 102m base dia.).  

TV Towers  
The overall height of the TV tower at Delhi is 235m including 68m high steel zv170 mast 
and having a 1000 person capacity revolving restaurant at a height of 155m. The shaft has 
base diameter of 15.7m reducing to 6.7m dia. at 147.5m height. It is supported over 279, 
50cm dia. piles driven to nearly 20 to 22m depth. The tower has been designed to 
withstand a maximum wind speed of 206 kmph in addition to EQ loads.  

The TV tower at Rameswaram is 323m high comprising a circular RC tower with a 
square steel mast of 45m height. It has a dia. of 24m at bottom tapering to 6.5m at top. 
The tower has been designed for a wind velocity of 160kmph (return period of 50 years).  

Multiflue RCC Chimneys  
Multiflue RCC Chimneys upto 275m height have been constructed in India at Madras 
Thermal Power Station and at Anpara in UP. The Anpara chimney has a dia. of 30m at 
base tapering to 20m over a height of 110m after which it remains uniform. The shell has 
a thickness of 1000mm at base reducing to 400mm thickness at top. The chimney has two 
flues of 7.5m dia. each and lined with fire clay and acid resistant bricks supported over 26 
RCC platforms.  

BUILDING STRUCTURES  
Concrete is the most preferred material of construction both for residential and 
commercial buildings in India. At several sites, difficult foundation conditions have been 
encountered whereas challenges at other places have arisen from architectural designs 
complicating the structural system or environmental effects. However, Baha’i Temple at 
New Delhi has been chosen as an example of ultra structure as it has been invariably 
described as the Taj Mahal of the 20th century. The Temple is aesthetically a marvel, 
structurally a phenomenon and functionally a perfection as seen in Fig. 8.  
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Figure 8 Baha’i Temple at Delhi  
The Temple symbolizes the Baha’i faith as an embodiment of nine major faiths of the 
world by repeating every component nine times. The Temple is conceived by zv171 its 
architect, F.Sahba, in the form of a half open lotus, a flower much revered in India 
because of its flowering in all its grandeur and purity even in swamps and ponds. The 
structure consists of 3 sets of petals made of concrete shells. The outer-most set of nine 
petals called the entrance leaves open out-wards forming the nine entrances. The second 
set of nine petals, called the outer leaves, open inwards. The third set of nine leaves are 
called the inner leaves of which only the tips open giving an impression of a partly 
opened bud. This portion which raises above the rest and forms the main structure is 
supported by nine radial beams which meet at a central hub. The inner leaves enclose the 
interior dome, a canopy made of criss crossing ribs and shells. A glass and steel roof at 
the level of radial beams provides protection from rain through the half open bud. The 
entrance and the outer leaves cover the outer hall. Below these two sets of leaves, nine 
arches rise on a ring. Alround, there are walkways, bridges and stairs leading to nine 
pools representing the floating leaves of the lotus. The width of the entrance and the outer 
leaves are respectively 18.2m and 15.4m at the base rising to 7.8m and 22.5m above the 
podium. The inner leaves of 14m width rise to a height of 34.3m. The shell thicknesses 
vary along the height.  

The structure posed several challenges as described below:  

(a) Geometry  
The shell surfaces of both the entrance and the outer leaves are formed out of parts of a 
number of spheres of different radii with their centres located at different points inside 
the building. Each corrugation of the inner leaf comprising a cusp and a re-entrant is 
made up of two torroidal surfaces. Arch soffits lie on parabolic conoids. The structure 
does not have a single straight line in the entire building. The complexity of the geometry 
had to be considered both for analysis and for construction. The surfaces and lines had to 
be defined by mathematical equations and then expressed in a manner understandable to 
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a carpenter and a mason to fabricate the formwork. This exercise itself took almost two 
years.  

(b) Design  
Structural design carried out by Flint & Neill Partnership in London, presented several 
challenges. A scaled model of 1:125 was wind tunnel tested at Imperial College, and 
analysis for a variety of structural idealisations was carried out for self weight, super-
imposed loads, seismic loads, wind loads and temperature loads using F.E.M. Effects of 
creep and cracking were examined. Stability was checked by non-linear analysis of ribs 
not stabilised by shells. The nine outer leaves shells were checked for stability using non-
linear large deflection finite element analysis. Support conditions were modified as a 
result of these analysis.  

(c) Construction  
Very stringent construction procedures were laid down in order to ensure that complex 
doubly curved surfaces and their intersections were accurately produced without any cold 
joints as no finish of any kind was permitted on the interior. This required fabricating a 
full scale mock-up of the formwork and replicating the same by first fully fixing the inner 
formwork as per the true geometry and placing the reinforcement. The outer formwork 
was gradually built up as concreting progressed. In order to avoid any cold joints, 
concreting of entire petals was done in a continuous pour, sometimes over a height of 
22m lasting for over 48 hours.  

Since no surface finish was permitted, it became necessary to prevent long term 
rusting of reinforcement to save tarnishing of white concrete. This was achieved by 
galvanizing all reinforcement as well as binding wires, a practice rarely followed in India. 
Several tests were carried out so that mechanical properties of steel were not affected by 
galvanising. Quality of course aggregate (dolomite obtained from Alwar mines) and silica 
sand (obtained from Jaipur) was constantly checked with strict control on water quality. 
White cement was imported from Korea to ensure proper concrete strength. Concrete 
mix, 1:1.5:3.5 by weight, with plasticiser and W/C ratio of 0.43 was adopted to avoid 
crazing and shrinkage cracks. Special precautions were taken to place concrete at a 
temperature of about 30°C by adding ice and precooling aggregates in air-cooled 
aggregate storage bins.  

As a result, an unblemished surface with only the designed textures and architectural 
patterns has been achieved on the interior. The outer surface of the shells is cladded with 
marble panels cut to size and shape in Italy from marble quarried from the Mount 
Pentilekon of Greece. These panels are held by stainless steel brackets and anchors. The 
entire construction including the most challenging task of design, erection and 
dismantling of the form-work was carried out by the Indian contractors E.C.C. 
Construction Group of Larsen & Toubro Ltd.  

CONCLUDING REMARKS  
India is poised for a great construction boom in the next decade. The impetus to this 
heightened construction activity expected to grow at a rate of 12 to 16% has been 
provided as much by the rising aspirations of the people arising from sound personal 
economic well-being as from the government’s determined emphasis on 
building/improving infrastructure consequent to the twin policies of globalization and 
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liberalization. Presently, the country’s annual cement production of 58.35 million tonnes 
ranks as the fourth largest in the world after China, Japan and USA. In the transport 
sector, it is estimated that a sum of $30.0 billion is required for road construction and an 
equal amount of $30 billion for construction of seven super national highways of total 
length of about 13000 Km. In the power sector, UNIDO in their ‘Global Report 1995’ 
have estimated an investment of $200 billion over the next 15 years to ensure a 6% 
annual growth rate of GDP. In the housing sector, a minimum investment of about $82 
billion would be necessary to provide barest minimum dwellings whose shortfall has 
increased from 23 million in 1981 to 41 million in 1991.  

The investments as envisaged above are beyond the reach of any country and as such, 
India is pursuing various strategies including B.O.T. bids involving multi-national 
agencies in nation’s construction activities. Engineers are also being called upon to meet 
these challenges through innovations, use of new materials, recycling of materials, 
optimization of systems and improvements in construction technologies. The next decade 
is destined to become the decade of ultra technologies and ultra construction for India. 
It is hoped that engineering fraternity world-wide would be partner and comrade in 
making these developments a great success story.  
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ABSTRACT. In order to develop field placeable very-high-strength concrete mixes for 
Hong Kong, a large number of trial concrete mixes have been cast and tested. Only 
locally available materials and conventional production and curing methods were used. 
For the sake of avoiding excessive heat of hydration and drying shrinkage, the binder 
paste volumes of the mixes were limited to not more than 35%. The mix parameters 
investigated include: aggregate type, binder paste volume, fine to total aggregates ratio, 
dosage of condensed silica fume, and combined usage of condensed silica fume and 
pulverized fuel ash etc. Based on the test results, several selected mixes which may be 
considered for the production of grade 90~100 concrete are recommended.  
Keywords: High-strength concrete, Aggregates, Condensed silica fume (CSF), 
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INTRODUCTION  
In Hong Kong, the highest strength concrete ever used for in-situ construction is currently 
only of grade 65. This is relatively low compared to those used in some other places, 
particularly North America, where concretes of grade well above 100 have already been 
successfully applied [1]. Hong Kong has a large number of tall buildings, the majority of 
which are constructed of concrete. Furthermore, the trend is that newly designed 
buildings are getting taller and taller (a 100-storey concrete building is already being 
planned and designed). Hence, there is a great demand for higher strength concrete in 
Hong Kong.  

As a first step to develop higher strength concrete, the Authors have recently 
developed several alternative mixes suitable for making grade 75–80 concrete for insitu 
construction in Hong Kong [2]. During the investigation, in which only locally available 
materials were used, it was found that there is no particular difficulties, apart from more 
care needed in compaction and curing, in producing grade 75~80 concrete in Hong Kong. 
It was also inferred from the results obtained that the strength potentials of the local 
materials have not yet been fully utilized, viz., it should be possible to make even higher 



strength concrete in Hong Kong, although the difficulties involved would inevitably 
increase with the strength level.  

The present study is a follow-up of the above investigation. Several series of 
laboratory trials were carried out to explore the possibility and to find out suitable 
methods of producing field placeable (with slump >75 mm) very-high-strength concrete 
(with target mean cube strength >100 MPa or of grade >80) in Hong Kong. Only locally 
available materials were used and conventional compaction and curing methods were 
employed. Moreover, in order to ensure dimensional stability and avoid excessive heat of 
hydration, the binder paste volumes of the mixes were limited to not more than 35%, as 
recommended by Mehta and Aitcin [3].  

EXPERIMENTAL PROGRAMME  
The experimental programme consisted of two parts. In the first part, the local granitic 
and volcanic aggregates were compared by testing similar concrete mixes cast separately 
of the two different aggregates to see which one is more suitable for the production of 
very-high-strength concrete. Having selected the type of aggregate to be used, in the 
second part, the effects of various mix parameters including binder paste volume, dosage 
of CSF and combined usage of CSF and PFA etc. were studied by means of trial mixing. 
The mix proportions were then optimized to develop suitable mix designs for making 
very-high-strength concrete in Hong Kong.  

Raw materials  
Two types of aggregates: granitic and volcanic aggregates, both obtained locally, have 
been used. Their properties are given in Table 1 and will be discussed later.  
zv175  
Table 1 Properties of the Rock Aggregates  

GRANITIC  VOLCANIC    

fine  coarse  fine  coarse  

Physical properties  

nominal maximum size  5.0  10.0  5.0  10.0  

fineness modulus  2.94  –  3.20  –  

relative density (oven dried)  2.55  2.58  2.66  2.70  

water absorption (%)  1.20  0.98  1.60  0.64  

flakiness index (%)  –  17  –  28  

elongation index (%)  –  26  –  21  

Mechanical properties  
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aggregate crushing value (%)  –  26  –  16  

aggregate impact value (%)  –  21  –  14  

10% fines value (%)  –  180  –  300  

The binders used are the same as those used in previous studies [2]. Basically, the cement 
is a locally ground Portland cement that complies with the requirements of BS12:1991 
for strength class 52.5N, the CSF is 94% pure and has a fineness of 18–20 sq.m/g, while 
the PFA is a local classified ash whose cementing efficiency has been found to be 
comparable to those in the U.K. [4]. On the other hand, the superplasticizer used is a 
naphthalene-based admixture which can be used up to more than 2% (dry weight of the 
admixture as a percentage of the total binder content) without producing excessive air 
entrainment or retardation.  

Concreting, curing and testing methods  
All mixing, compaction, curing and concrete testing procedures were carried out in 
accordance with the Hong Kong Construction Standard CS1:1990 which is similar to the 
corresponding British Standards except a few minor details. Specifically, the concrete 
cubes were cured in a mist room maintained at a relative humidity of not less than 95% 
and a temperature of 27±2 degrees centigrade. 100mm cubes were used for compression 
tests. Three cubes were tested at each age for each trial mix. If the range of the three 
strength results was less than 5% of the mean, the cube strength was taken as the mean of 
the strength results. However, if the range of the strength results was greater than 5%, the 
trial mix procedure was repeated until consistent results were obtained.  

EFFECTS OF AGGREGATE TYPE ON CONCRETE STRENGTH  
The major physical and mechanical properties of the aggregates have been measured 
using the test methods given in the British Standard BS812:1990 and the results are listed 
in Table 1. The results fall within the ranges given in Ref. [5] for the local aggregates and 
thus the aggregates tested may be considered typical. It can be seen that the volcanic 
aggregate has lower crushing and impact values but higher 10% zv176 fines value than 
the granitic aggregate, indicating very clearly that the volcanic aggregate is significantly 
stronger. However, the volcanic aggregate is also more flaky than the granitic aggregate.  

The effects of using the two different types of aggregates on the concrete strength 
were investigated by conducting parallel tests on pairs of concrete mixes consisting of the 
same binders and mix proportions but with each mix in a pair using a different type of 
aggregate. A total of 32 mixes which may be divided into two separate series were cast. 
The first series contained 10% CSF (by weight of total binder content) and a binder paste 
volume of 30% while the second series contained 20% CSF and a binder paste volume of 
35%. In each series, the water/binder ratio varied from 0.50 to 0.18 so as to cover the 
entire range that may possibly be used. In order to minimize possible variations in 
materials used and environmental conditions during casting and curing so that direct 
comparison can be made, the two mixes in a pair were cast in the same day using the 
same binders and cured side by side under exactly the same conditions.  
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The 28-day cube strength results are plotted in Figure 1 from which the following 
points are noted: (1) Within the whole range of mix proportions studied, nearly all 
concrete mixes cast with the volcanic aggregate have higher strength than the 
corresponding mixes cast with the granitic aggregate. (2) The difference in concrete 
strength due to the use of different type of aggregate is more significant at low 
water/binder ratios when the concrete strength is governed mainly by the strength of the 
aggregates.  

 
Figure 1 Effects of Using Different Aggregates on Concrete Strength  
During the cube crushing tests, it was observed that there were generally more 
transgranular fracture in concretes made with the granitic aggregate than in those made 
with the volcanic aggregate, especially at very low water/binder ratios. This reveals that 
the granitic aggregate is indeed a relatively weak aggregate and its low intrinsic strength 
could be a limiting factor in the production of high-strength concrete.  

With the above mixes included, more than 300 trial concrete mixes using the local 
granitic and volcanic aggregates have been cast and tested at the University of Hong 
Kong in the past five years. Virtually all possible combinations of mix parameters have 
been tried and yet the highest concrete strengths achieved with the granitic and volcanic 
aggregates were only around 120 MPa and 150 MPa respectively. The Authors believe 
that there is a certain concrete strength level for each aggregate, called the “ceiling 
strength”, beyond which further improvement in the quality of the binder paste would not 
result in any further increase in concrete strength, as the concrete strength would then be 
governed solely by the intrinsic strength of the aggregate particles. On the basis of this 
argument, it may be said that the local granitic and volcanic aggregates have ceiling 
strengths of about 120 MPa and 150 MPa.  

Radical concrete technology     174



These ceiling strength values have important implications. Firstly, they are much 
better indications of the intrinsic strength of the respective aggregates than the crushing 
values, impact values and 10% fines values. Secondly, concretes having strength close to 
the ceiling strength of the aggregate used would be very brittle because there will be 
extensive transgranular fracture during crushing failure. To avoid high brittleness which 
can be quite dangerous, it is suggested that a safety margin of say, at least 20% of the 
ceiling strength should be provided. That is to say, the concrete mix should not be 
designed to have a target mean strength higher than 80% of the ceiling strength of the 
aggregate. Based on this principle, it is considered that the local granitic and volcanic 
aggregates are suitable only for concretes with mean strengths of not more than 96 MPa 
(80% of 120 MPa) and 120 MPa (80% of 150 MPa) respectively.  

The volcanic aggregate was selected and used in all the subsequent mixes.  

EFFECTS OF MIX PROPORTIONS ON CONCRETE STRENGTH  
Binder paste volume and fine to total aggregates ratio  
A series of concrete mixes with varying binder paste volume and fine to total aggregates 
ratio was cast and tested. The values of binder paste volume studied are 30%, 32.5% and 
35%, while the values of fine to total aggregates ratio investigated range from 0.30 to 
0.50. The test results are presented in Table 2. It is seen that although within the range of 
parameters studied, the fine to total aggregates ratio has little effect on the concrete 
strength, it does have a marked influence on the zv178 workability of the fresh concrete 
mix. Firstly, it is noteworthy that a higher fine to total aggregates ratio, i.e. larger fine 
aggregate content, will generally require a slightly higher dosage of superplasticizer for a 
given slump. Secondly, by means of visual assessment of the workability of the fresh 
concrete mixes, it has been found that while on one hand when the fine to total 
aggregates ratio is relatively high, the mix would become sticky and difficult to work 
with, on the other hand if the fine to total aggregates ratio is too low, the mix would 
become harsh and non-cohesive. Thus, the fine to total aggregates ratio should neither be 
too low nor too high. Judging from the performance of the mixes cast, it is recommended 
that the fine to total aggregates ratio should be set within the following ranges:  

Binder paste volume  Fine to total aggregates ratio  

30%  0.45~0.50  

32.5%  0.40~0.45  

35%  0.35~0.40  

The results tabulated in Table 2 also reveal that the binder paste volume has a significant 
effect on the concrete strength. When the binder paste volume is increased from 30% to 
35%, there is about 8% increase in strength even at the same water/binder ratio. 
Therefore, when the strength requirement is high, the binder paste volume should not be 
set too small. One advantage with the use of a slightly larger paste volume is that for a 
given workability, the water/binder ratio can be further reduced to give an even higher 
strength.  
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Table 2 Effects of Binder Paste Volume and Fine to Total Aggregates Ratio  

FINE TO TOTAL AGGREGATES RATIO    

0.35  0.40  0.45  0.50  

Mixes with paste volume=30%  

water/binder ratio  0.28  0.28  0.28  0.28  

superplasticizer (%)  1.8  1.8  2.0  2.0  

slump (mm)  shear  shear  65  60  

visual assessment of workability  harsh  harsh  fair  good  

28-day cube strength (MPa)  76.4  79.6  81.8  80.1  

Mixes with paste volume=32.5%  

water/binder ratio  0.28  0.28  0.28  0.28  

superplasticizer (%)  1.2  1.2  1.4  1.4  

slump (mm)  shear  shear  50  55  

visual assessment of workability  harsh  fair  good  good  

28-day cube strength (MPa)  83.4  85.7  84.4  83.0  

Mixes with paste volume=35%  

water/binder ratio  0.28  0.28  0.28  0.28  

superplasticizer (%)  0.7  0.7  0.8  0.8  

slump (mm)  55  50  55  60  

visual assessment of workability  fair  good  good  sticky  

28-day cube strength (MPa)  89.2  89.4  88.4  90.5  

In each of the subsequent series of trial mixing and testing, three groups of concrete 
mixes, having binder paste volumes respectively of 30%, 32.5% and 35%, are 
investigated. In order to achieve the highest concrete strength possible, the water/binder 
ratios are set as low as possible so long that a reasonable workability can still be 
achieved. For concrete mixes with binder paste volumes of 30%, 32.5% and 35%, the 
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water/binder ratios are set at 0.24, 0.21 and 0.18 respectively. These water/binder ratios 
are believed to be the lowest possible for the corresponding binder paste volumes. The 
corresponding fine to total aggregates ratios are 0.45, 0.42 and 0.38.  

CSF content  
In order to study the effects of using CSF at various dosages, a series of trial concrete 
mixes with CSF content (expressed as a percentage by weight of the total binder content) 
ranging from 5% to 25% has been cast and tested. The results obtained are plotted in 
Figure 2. It has been found that irrespective of the binder paste volume and water/binder 
ratio, the concrete strength generally increases with the CSF content until the CSF 
content reaches an optimum value of approximately 20%, beyond which the concrete 
strength would remain more or less the same or even decrease as more CSF is added. It 
has also been observed that a higher CSF content would generally result in a more sticky 
binder paste and hence a reduction in workability leading eventually to a higher dosage of 
superplasticizer needed for a given slump. Taking into account all these considerations, a 
CSF content of more than 20% is not considered beneficial. The recommended dosage of 
CSF for very-high-strength concrete is 10 to 20%.  

 
Figure 2 Effect of CSF Content on Concrete Strength  

PFA content  
In order to study the effects of using PFA, a number of trial concrete mixes incorporating 
different PFA content (expressed as a percentage by weight of the total binder content) 
were cast and tested. As CSF will have to be used in the production of very-high-strength 
concrete, CSF was also added so that the combined effects of CSF and PFA could be 
investigated. As a whole, two series of concrete mixes, one with 10% CSF and the other 
with 20% CSF, were tested. The results for the mixes containing 20% CSF are shown in 
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Figure 3 (similar results were obtained for the mixes containing 10% CSF and are thus 
not shown for brevity). It can be seen that for the mixes investigated, regardless of the 
amount of CSF present, addition of PFA up to 25% would cause at most a few percent 
reduction in the 28-day strength, while addition of PFA up to 35% could cause more than 
10% reduction in the 28-day strength. As too much PFA may adversely affect the 28-day 
strength, the PFA content should be kept at not more than 25%. On the other hand, since 
the use of a slightly higher PFA content can help to reduce the cement content and hence 
the heat of hydration, it is recommended to use a PFA content of 25%.  

 
Figure 3 Effect of PFA Content on Concrete Strength  

PROPOSED CONCRETE MIXES  
Having studied the effects of the various mix parameters, a new series of mixes designed 
to have 75mm slump and a mean strength of 110 to 120 MPa was cast and tested. 
Following the recommendations given previously, 10 to 20% CSF and 25% PFA were 
used. The mixes tested and their results are given in Tables 3 and 4.  
zv181  
Table 3 Mixes Designed for Possible Application as Grade 90 Concrete  

mix number  G90-B-10 G90-B-20 G90-C-10 G90-C-20  

binder paste volume (%)  32.5  32.5  35  35  

water/binder ratio  0.24  0.24  0.24  0.24  

cement content (kg/cu.m.)  347  287  374  310  
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CSF content (%)  10  20  10  20  

PFA content (%)  25  25  25  25  

fine/total aggregates ratio  0.42  0.42  0.38  0.38  

superplasticizer (%)  2.30  2.50  2.20  2.40  

slump (mm)  75  85  90  100  

28-day cube strength (MPa)  109.6  111.3  109.5  113.5  

90-day cube strength (MPa)  123.4  132.0  124.9  135.3  

Table 4 Mixes Designed for Possible Application as Grade 100 Concrete  

mix number  G100-C-10  G100-C-20  

binder paste volume (%)  35  35  

water/binder ratio  0.20  0.20  

cement content (kg/cu.m.)  400  331  

CSF content (%)  10  20  

PFA content (%)  25  25  

fine/total aggregates ratio  0.38  0.38  

superplasticizer (%)  2.60  2.70  

slump (mm)  85  80  

28-day cube strength (MPa)  114.0  120.8  

90-day cube strength (MPa)  132.7  141.3  

All the mixes listed in Table 3 have mean 28-day strengths of about 110 MPa. Among 
these mixes, the mix G90-B-10, which has a binder paste volume of 32.5%, is probably 
the most economical. The mix G90-C-10, which has a slightly larger binder paste volume 
of 35% and therefore a slightly better workability, is also a suitable mix for grade 90 
concrete. The other two mixes, which contain much higher CSF contents but only 
marginally higher strengths, are not recommended.  

Both the two mixes listed in Table 4 have a very low water/binder ratio of 0.20. 
Because of the low water/binder ratio, the binder paste volumes have to be increased to 
35%. Among these two mixes, the mix G100-C-10 does not really have sufficient 
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strength to be regarded as a grade 100 concrete, unless the 90-day strength is used to 
designate the grade of the concrete. The mix G100-C-20 does have sufficient strength to 
be regarded as a grade 100 concrete, but a CSF content as high as 20% is needed, which 
means that it will be more costly to produce.  

It has been estimated, through consultation with ready mix concrete suppliers, that the 
cost of producing G90-B-10 or G90-C-10 is approximately two times that of zv182 grade 
40~50 concrete. In other words, these grade 90 concrete mixes have more or less the 
same material cost/strength ratio as that of normal strength concrete.  

CONCLUSIONS  
Overall, an extensive study on developing very-high-strength concrete for in-situ 
construction in Hong Kong has been carried out. Guidelines for choosing suitable 
materials and designing concrete mixes for grade 90~100 concrete are presented. 
Specifically, a strong aggregate should be used, the binder paste volume should be 32.5–
35%, the CSF and PFA contents should be 10–20% and 25% respectively, a water/binder 
ratio as low as 0.20–0.24 is needed and a superplasticizer that can be used up to more 
than 2% without producing excessive side effects is required. These guidelines may also 
be applicable to other places if the materials available and the curing conditions are 
similar. Concern on increased brittleness is expressed, and it is recommended that, 
pending for further in-depth study, the concrete strength should not be pushed too close 
to the ceiling strength of the type of aggregate used.  
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ABSTRACT. The continuous medium technique has been widely used in the preliminary 
analysis and design of coupled shear walls in tall buildings by practicing engineers for 
many years. One of the basic assumptions made when using this approximate method is 
that the coupling beams deform with points of contraflexure at mid-span. However, when 
there is a non-negligible difference between the stiffness’ of the structural walls 
connected by the coupling beams, the points of contraflexure of the beams can move off-
centre, and hence noticeable error in the analysis may occurred. This paper presents a 
study on the accuracy of the continuous medium technique for the preliminary analysis of 
concrete coupled structural walls with unequal width. Comparison of the analytical 
results between the technique and the wide-column analogy has been made, and 
recommendations for using continuum method to analyse the coupled shear walls are 
presented.  
Keywords: Coupled shear walls, Coupling beams, Tall buildings, Reinforced concrete.  
Dr J S Kuang is Lecturer in Structural Engineering, Hong Kong University of Science 
and Technology. His research interests include structural analysis and design of tall 
buildings, reinforced and prestressed concrete, and design for earthquake resistance.  
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INTRODUCTION  
Reinforced concrete coupled structural walls are widely used in tall buildings to provide 
lateral resistance against external horizontal loads caused by wind or earthquakes. This 
type of structure is recognised as one of the most efficient structural systems for such 
purpose. During the past two decades, a considerable volume of research on the analysis 
of coupled shear walls has been published, and a summary of different principal methods 
of analysis has been provided by Stafford Smith and Coull [1].  

The continuous medium technique is considered as the most simple and efficient 
method for analysis of coupled shear walls. One of the basic assumptions made when 
using this method is that the coupling beams deform with points of contraflexure at mid-
span. However, when there is a non-negligible difference between the stiffness’ of the 
structural walls connected by the coupling beams, the points of contraflexure of the 
beams can move off-centre, and hence significant error in the analysis may occurred. A 
criterion was presented for assessing when such error becomes noticeable [2]. The 
purpose of this paper is to assess the accuracy of the continuum method for analysing the 
coupled shear walls of unequal width by employing wide-column analogy, in which 
beam points of contraflexure are not limited to mid-section. Recommendations are made 
for using continuum technique to analyse coupled shear walls.  



METHODS OF ANALYSIS  
Continuum Method  
Consider a coupled structural wall system rigidly fixed at the base as shown in Fig. 1(a). 
By employing the continuum approach of analysis, the coupling beams may be replaced 
by a continuous distribution of laminae with equivalent stiffness. It is assumed that the 
points of contraflexure of the coupling beams coincide with the centre-line of the 
laminae. A cut is made along the line of contraflexure, and a continuous distribution of 
shear force will be released, as shown in Fig. 1(b). A deferential equation can be 
developed by considering the condition of vertical compatibility along the cut line of 
contraflexure, and the governing equation of the system can then be derived and given by  

 
where T is the axial force at each wall and Me the applied moment. The parameters in the 
equation are defied as  

 
The solution of the governing equation for the case that the system is subjected to a 
uniformly distributed load, u, along the structural height is as follows:  

 

 
Figure 1 (a) Coupled shear walls; (b) Continuous system; (c) Wide-column frame  
In general practice, the parameter αH is a measure of relative stiffness of the coupling 
beams. High value of αH indicates that coupled shear walls possess strong coupling and 
behave like a monolithic cantilevered wall; low value of αH indicates that coupled shear 
walls possess weak coupling and act as two separate cantilevers.  
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Wide-Column Frame Analogy  
Fig. 1(c) shows an analogous wide-column frame for coupled shear walls. In this model, 
each wall is represented by an equivalent column located at the centroidal axis, to which 
is assigned the flexural rigidity EI and the axial rigidity EA of the wall. The condition that 
plane section remain plane may be incorporated by means of stiff arms located at the 
connecting beam levels. The rigid arms ensure that the correct rotations and vertical 
displacements are produced at the edges of the walls. In the analogous frame, the lintel 
beam points of contraflexure are not limited to mid-section. In fact, when the stiffness’ of 
the structural walls are different, the points of contraflexure of the beams can move off-
centre. It is clear that there is a difference between the results of analysis when using the 
two different methods.  

NUMERICAL INVESTIGATION  
Analyses of a typical concrete coupled shear-wall structure with unequal width of walls 
(w1≠w2) shown in Fig. 1(a) were carried out. The building has 20 stories with total height 
of 56 metres, and is subjected to a wind load of 16.5 kN/m2 along the structural height. 
The detailed dimensions and material properties are as follows:  
Thickness of walls=03 m  

Coupling beams: span=1.5 m, depth=0.4 m  
Storey height=2.8 m  
Elastic moduluds of concrete=36 kN/mm2  

In the analysis, the example coupled shear-wall structure had been divided into ten 
groups as the wall width ratio, w1:w2, from 1:1 to 1:10. A total of fifty-one example 
structures had been used for the analysis, and the corresponding αH values are in a range 
from 3 to 10.  

Fig. 2 shows the curves representing the values of αH against the percentage 
difference of top deflection between continuum method and wide-column analogy are 
plotted. It is seen that when αH is less than 4, the error from continuum approach 
dramatically increases. However, this error does not occur at higher αH values, i.e. αH is 
above 4. Moreover, the percent differences are basically in the similar trend, as the wall 
width ratio increases from 1:1 to 1:10. It may reveal that the large error occurred from the 
continuous medium method is happened on the low αH values and its not affected by the 
unequal width of shear walls.  
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Figure 2 Percentage difference in top deflection between continuous medium and 
equivalent frame solutions  
From Figs 3 and 4, the same phenomenon has been found that the curves plotted of αH 
against percentage differences of maximum axial force in the walls and shear force in the 
lintel beams are in rotated L-shape as same as those of top deflection. The percentage 
difference is within 5% in normal conditions for the value of αH above 4. When αH 
below 4, the error from continuum approach also dramatically increases. As a results, the 
change of stiffness of two walls does not affect the axial forces in the walls and shear 
forces in the beams as αH above 4.  
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Figure 3 Percentage difference in axial force in walls at base level between continuous 
medium and equivalent frame solutions  
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Figure 4 Percentage difference in maximum shear force in coupling beams between 
continuous medium and equivalent frame solutions  
It is revealed that for αH<4 accuracy of the continuum method for analysing coupled 
shear walls may not be accepted, but is not affected by the unequal width of shear walls.  

CONCLUSIONS  
The continuous medium approach has been widely used for the preliminary analysis and 
design of coupled shear walls. The advantage of this approximate method is to provide a 
simple calculation and important design values in short period of time for predicting the 
deflections and stresses of the major members. In order to investigate the accuracy of the 
continuum method, comparison has been made between the results from the method and 
the wide-column analogy for a coupled shear-wall structure of 20 stories.  

The study reveals that the error percent of the continuum method increases as the 
relative stiffness of coupling beams, αH, decreases. Moreover, the influence of the wall 
width ratio in the method is not severe except the αH value as low as 4. This error may be 
mainly due the absent of consideration of the axial deformation and the location of 
contraflexural points fixed at the mid-span of the lintel beams.  

From the results of the analysis with various of wall width, it concludes that the 
continuum method is acceptable to be used for analysing coupled shear walls with 
unequal width when the value of αH is not less than 4 as well as the wall width ratio up to 
1:10. The value of αH of coupled shear walls generally ranges from 3 to 7. For the case 
of slab coupling, αH normally falls below 4; thus the wide-column frame analogy should 
be employed for the analysis.  
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ABSTRACT. A Generalized continuous medium technique (GCMT) for static analysis 
of multistorey reinforced concrete structures subjected to lateral and/or vertical loads, is 
presented. The lateral and vertical deformations, as well as joint rotations, are represented 
by analytical functions.  

Joint flexibilities and axial deformations of vertical elements are considered. First 
order theory is used.  

Solving the differential equations is possible to determine deformation functions and 
member forces.  

The method is applicable to the analysis of buildings formed by shear walls, plane 
frames, coupled shear walls or planar combinations of frames and walls, as well as three-
dimensional arranges of planar structures and core walls.  

The results are compared with data obtained by Finite Element Method. A good 
correlation is achieved.  
Keywords: Structures, Statics, Wind analysis, Seismic analysis, Multistorey buildings, 
Reinforced Concrete  
Professor Pablo A.Lopez-Yanez is Director of the Structural Engineering Department, 
Federal University of Paraíba, João Pessoa, Brazil. He specializes in static and dynamic 
analysis of tall buildings.  

INTRODUCTION  
The structural analysis of reinforced concrete tall buildings can be done with advantages 
using the continuous medium techniques due to the small number of parameters involved.  

The continuum techniques have been presented for analysis of coupled shear walls [1, 
2, 3], and frame-wall structures [4]. The axial deformations of vertical elements have 
been included in some papers [5, 6].  

Three-dimensional structures formed by frames, shear walls and core walls have been 
analyzed using these techniques [7, 8, 9, 10, 11, 12,], and some effects of vertical loads 
have been included in the mathematical models [13, 14].  

The purpose of this paper is to present a Generalized Continuous Medium Technique 
(GCMT), for the analysis of tall building structures subjected to horizontal and/or vertical 
loads. The analysis is based on the first order theory and considers the joints flexibilities 
and axial deformations of columns and walls. 



 

PLANAR STRUCTURE ANALYSIS  
Introduction  
By solving the differential equation, of plane structure, is possible to determine the lateral 
deformation function and, after that, it could be obtained the joint rotation and axial 
deformation functions. Then, based on these functions, the axial forces, shear forces and 
bending moments, can be calculated.  

The method can be used for the analysis of planar structures as: single and coupled 
shear walls, plane frames and plane arrangements of walls and frames.  

General Formulation  
For developing the general differential equation, a generic frame is presented (Figures 1, 
2), and the follow assumptions are considered:  

a) all elastic, mechanical and geometrical characteristics are constants along the 
height;  

b) For any story, the joint rotations can be expressed as:  

 
(1)  
c) The first derivative of lateral deformation function, u'f(z), can be written as:  

 
(2)  
in which ∆S and ∆I are the relative displacements of beams; and  
d) The quotients between vertical displacements of any floor, are constants along the 
height 
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FIGURE. 1—Generic plane frame and general deformation scheme  

 
FIGURE. 2.—General deformation scheme of an arbitrary  
:  
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(3)  
in which v1 is the displacement of the first joint.  

Based on these assumptions, is possible to write the equilibrium differential equation 
as:  

 
(4)  
where, the stiffness and load constants can be written as:  

 
(5)  
and the shear functions are expressed as:  

 
(6)  
where H*=H+0.5h and all the constants are given in Appendix, Qf is the shear force due 
to the horizontal loads, Qc

f is a complementary shear force derived from axial 
deformations of vertical elements, due to the horizontal lads too, and Qq

f is the equivalent 
shear force derived from de vertical loads.  

The solution of differential equation (4) can be written, in general form, as  

 
(7)  
in which are the boundary conditions and Bi are constant 
coefficients.  

The axial deformation functions of vertical elements, can be determined by solution of 
following differential equations system  
zv193  

 
(8)  
and the joint rotation functions can be obtained by  

 
(9)  
the constant coefficients are given in Appendix.  

THREE—DIMENSIONAL STRUCTURE ANALYSIS  
The analysis of three-dimensional structures can be done by the solution of a three 
differential equations system. The unknowns are two displacements and one rotation for 
any horizontal plane, represented by three continuous functions.  
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The three-dimensional formulation of GCMT, that can be used for the analysis of 
three-dimensional associations of planar structures with or without core walls, is 
analogous to the formulation presented by LOPEZ-YANEZ, P.A. [9, 11].  

EXAMPLE  
Considering a 15-storey structure formed by 4 plane frames (Fig. 3), which columns and 
beams are, respectively, 0.30×0.90m, 0.30×0.60m and 0.20×0.90m. The total height is 
45m and the elastic Young’s modulus and Poisson’s ratio are, respectively, 21000 MPa 
and 0.20.  

A lateral uniform load (10 KN/m) is applied in x-axis and vertical uniform loads 
(40KN/m) are applied on the beams of frames 1 and 2. The lateral deformations along the 
x-axis are presented in table 1, in which the results obtained by standard matrix method 
are presented too.  

CONCLUSIONS  
The proposed technique (GCMT) can be used for the structural analysis of multistorey 
concrete buildings.  

The GCMT technique have proved to be efficient for solution of various structural 
types, frequently used in tall buildings, e.g.: plane frames, single and coupled shear walls 
and three-dimensional arrangements of planar structures and core walls.  

The small quantity of parameters is a fundamental advantage of GCMT in comparison 
with the standard matrix method, because of small computer’s memory and small 
quantity of mathematical operations needed.  

The validity and convergence of the method are proven by many examples, not 
presented in this paper, including seismic and wind loads.  

The GCMT allows a fast assessment of a structure adequacy in global resistance for 
horizontal and/or vertical loads.  
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FIGURE. 3—Example: Plan of building  
Table 1. Lateral deformations of frame 1.  

STORY  GCMT  MATRIX M.  

15 0.0953  0.0975  

14 0.0912  0.0933  

13 0.0867  0.0886  

12 0.0818  0.0836  

11 0.0764  0.0781  

10 0.0707  0.0722  

9 0.0644  0.0658  

8 0.0577  0.0590  

7 0.0507  0.0518  

6 0.0434  0.0442  
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5 0.0357  0.0363  

4 0.0277  0.0281  

3 0.0195  0.0198  

2 0.0113  0.0115  

1 0.0039  0.0041  

0 0.00  0.00  

 m  m  
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APPENDIX COEFFICIENTS OF GENERAL EQUILIBRIUM 
EQUATION  
Considering a generic plane frame (Fig. 1, 2), is possible to write two vectors:  

 
(A.1)  

 
(A.2)  
where Ii and Ji are the inertia moments of columns and beams, respectively, and E is the 
elasticity Young’s modulus.  

The following matrices have to be calculated (See Eq A. 11):  
 

(A.3)  

 
(A.4)  

 
(A.5)  

 
(A.6)  

 
(A.7)  
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(A.8)  
(nv is number of spans and nc is number of columns)  

 
(A.9)  



 
(A.10)  
where Ai are the cross areas of columns and the constants of matrices A.3–A.6 
are the stiffness of beams and columns. The stiffness matrix of any beam can be written 
as (see Fig. A.1):  

 
(A.11)  
zv198  
and the stiffness matrix of any column can be expressed analogously replacing m by n, 
the constants of eq. A.11 can include the shear deformations and the eccentricities due to 
the width of shear walls.  

The constants related to vertical loads are the following:  

 
where, using the fixed end reactions of beams (Figs 1, 2, A.1):  
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Fig. A.1—Deformation co-ordinates and fixed end reactions for any span.  
The constants are determined considering any intermediary level.  
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ABSTRACT. Upon defining the method of construction of a $70 million project of 16 
storey hospital building, two structural models have been analysed; the first one is 
characterised by proposing precast and prestressed girders and topping slabs to form the 
floor system, and the other one is characterised by proposing cast in-situ reinforced 
concrete beams and slabs which has lead to monolithic formation with columns. The 
structural analysis has been carried out for the second system using matrix analysis of 
structures which is carried out by SAP 90 Computer Program. Calculation of wind loads 
and equivalent seismic forces were based on British Code, Eurocode 8, and the Jordan 
Code. Load combinations were based on the ACI-318 recommendations. Furthermore, 
dynamic analysis was also carried out using spectral as well as modal analysis. Based on 
the results of the analyses, the structural elements were designed according to the 
BS8110. The study showed that the second model has increased the seismic resistance of 
the structure which in turn mitigates and highly reduces expected structural damage 
which may result from the occurrence of earthquakes in the region.  
Keywords: Analysis, Design, Dynamic, Earthquakes, High-Rise Buildings, Reinforced 
Concrete, Response, Seismic, Spectral, Stability.  
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University of Jordan. He graduated from prominent universities; BSc. (Cairo University); 
MSc (Stanford University), PhD (Purdue University). He has 26 years of intensive 
experience in academic and professional fields. He is a fellow of ASCE, and a member of 
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INTRODUCTION  
At the outset of the construction of a $70 Million project of 16-story hospital building 
which had been designed ten years ago, the method of construction for the floor systems 
was based on using precast and prestressed concrete girders and topping slabs. Such 
girders are considered as simply supported and thus benifits of monolithic formation with 
columns is not realised. Due to the importance of the hospital and to cope with the 
recommendations outlined in various international codes of practice for having a seismic 
resistant building, it was decided to evaluate this design as well as to redesign the 
building using cast in-situ construction for floor systems. Apart from the construction 
cost for both schemes, the primary objectives were to achieve stability, safety and seismic 
resistance of the structure during and after completion of construction. The structural 
models based on the corresponding method of construction were identical in every 
respect in terms of geometry, column dimensions and loads, but they differ in modeling 
the floor beams. The floor areas of this building are about 70,000 m2 of which the volume 



of concrete is about 90,000 m3 and the amount of steel reinforcement is about 5,000 tons. 
Reinforced concrete works cost 25% of the project value.  

Fig. 1 shows the plan of the structure which consists of four wings, four end 
connectors and one central connector forming a crucifix shape. The wings are separated 
from the connectors by expansion joints. Connectors are formed from cores of shear 
walls which are stiffened by floor slabs. The wings are formed of frames. Each wing in 
the longitudinal-direction consists of two exterior frames consisting of beams and 
columns forming 12 bays of 3.6 m each. In the transversal direction, the wing is one bay 
of 14.4 m comprised of columns and floors formed of the precast prestressed girders 
resting on the longitudinal beams; such girders are supporting the floor topping slabs. The 
girders are spaced 90 cm from each other. The plan shows interior columns for the 
ground floor only, and they are spaced 7.2 metres from each other.  

The comparative study for both models focused heavily on the behavior of the wing in 
the transverse direction under the action of seismic forces. Of particular concern is the 
lack of ductility of the structural connection between the slab system and the supporting 
columns as well as the lack of frame action. The proper connection and detailing of the 
expansion joints were also considered.  

After intensive deliberations among the client, designer, university experts and the 
contractor, it was decided to replace the floor system of precast prestressed girders and 
topping slab by cast in-situ reinforced concrete beams and waffle slab. The beams are 
spaced 3.6 m from each other. This decision required alterations to design of the 
structure.  

DESIGN CRITERIA  
The designs are carried out utilising the following general design criteria:  
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Figure 1. Plan of the Structure; dimensions are in meters.  

Dead Loads  
In addition to the self-weight, the following loads were considered:  

Floor finish=125 kg/m2; HVAC loads=75 kg/m2; Partitions=400 kg/m2;  
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Radioactive lead thick walls=570 kg/m2.  

Live Load  
Floors=300 kg/m2; Public spaces=500 kg/m2; Storage and machine rooms=500 kg/m2  

Horizontal Loads  
The horizontal loads are related to wind forces or the equivalent seismic forces. Wind 
forces are calculated in accordance with the provisions of Part 2 of CP3, for a base wind 
speed of 120 km/hour [1]. Equivalent seismic forces are estimated in accordance with the 
provisions of the National Jordan Code for Loads and Earthquake Effects [2].  

Material Properties  
fc=300 kg/cm2; fy=4100 kg/cm2 for high tensile steel; fy=2500 kg/cm2 for mild steel.  

The steel reinforcement is in compliance with BS 4449.  

Codes and Standards  
All reinforced concrete elements have been designed in accordance with the 
recommendations of British Standard BS 1110. The ACI Code [3] is employed to define 
load combinations. The Eurocode 8 is used in spectral analysis considering the existing 
soil properties of the site. The National Building Code [2] was used to define the applied 
horizontal acceleration.  

ANALYSIS AND DESIGN  
Due to the symmetry of the structure and considering the pattern of expansion joints 
between the wings and the shear wall connectors, only one-quarter of the structure was 
modeled as shown in Fig. 1. The wing, W, was modeled as a 3-D frame which consists of 
beam and column elements. The end connector, EC, and the central connector, CC, 
consist of closed shear walls and horizontal beam-slab system at the level of each floor. 
They have been modeled by an equivalent 3-D frame that has the same structural 
characteristics of stiffness.  
zv203  
Response Spectrum  
For the seismic analysis, the response spectrum of the Eurocode 8 has been considered. 
Of particular importance is the provision for the local soil characteristics as well as the 
energy dissipation capacity of the structure through its more or less ductile behavior. The 
applied acceleration is directly related to the seismicity zone where the structure is 
located depending on the intensity of the earthquake. The intensity factor, as defined by 
the Jordan Code, is equal to 0.5 for the same zone. The intensity of damage according to 
Merchalli scale is 7 and the corresponding applied horizontal acceleration is 0.05g. The 
test results of the soil investigation have classified the supporting medium beneath the 
foundations of the building as type B in accordance with Eurocode 8.  

Dynamic Modal Analysis  
The dynamic modal analysis was carried out for the first and the second systems using 
SAP 90 computer program. Only the first five modes of vibration were considered in 
which they represent over 90% of the entire mass of the structure. Results of modal 
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analysis are shown in Table 1. Furthermore, the first five modes of vibration for the 
frame (Wing) are shown in Fig. 2. Maximum spectral displacements for the transverse 
and longitudinal seismic actions are shown in Table 2. Results in terms of seismic shears 
and bending moments acting on the exterior frame column at different levels are given in 
Table 3 
.  
Table 1. Characteristics of Modal Analysis: Period and Participating Mass for Transverse 
Direction.  

End Connector Wing  End Connector-Wing-
Central Connector  

Type of 
Design  

Mode of 
Vibration  

Period, 
sec.  

Mass 
%  

Period, 
sec.  

Mass 
%  

Period, sec.  Mass %  

1  1.205  48.054 12.188 64.558 1.494  64.604  

2  6.208  21.516 2.608  16.040 0.306  17.716  

3  0.083  13.137 1.066  5.855 0.117  6.396  

4  0.045  6.199 0.576  3.157 0.061  3.373  

First  

5  0.026  2.788 0.364  2.085 0.037  2.242  

1  1.205  48.054 1.683  82.207 1.296  65.821  

2  0.208  21.516 0.589  7.152 0.291  16.778  

3  0.083  13.134 0.385  1.089 0.115  6.228  

4  0.045  6.199 0.332  0.221 0.060  3.321  

Second  

5  0.026  2.788 0.315  0.030 0.037  2.220  
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Figure 2. The First Five Modes of Vibration in the Transverse Direction of the Wing.  
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Table 2. Maximum Displacements  

Spectral Displacements, mm  Static Displacements, mm  Type of 
Design  

Part of 
Structure  

Longitudinal 
Direction  

Longitudinal 
Direction  

Transverse 
Direction  

Transverse 
Direction  

End 
Connector 

41  41  47  67  

Wing  67  67  82  388  First  

Central 
Connector 

61  61  61  61  

End 
Connector 

41  41  47  67  

Wing  61  61  54  74  Second  

Central 
Connector 

45  45  40  40  

 
Table 3. Column Forces due to Seismic Actions.  

Longitudinal Seismic 
Forces  

Transverse Seismic 
Forces  

Type of 
Design  

Level of Exterior 
Column  

Shear, 
kN  

Moment kN-
metre  

Shear, 
kN  

Moment, kN-
metre  

  Ground floor  259.62 704.11  18.40  154.06  

First  7th floor  178.55 351.28  0.67  8.31  

  Roof  13.32  28.66  12.57  37.02  

  Ground floor  75.20  249.91  2.65  95.21  

Second  7th floor  50.31  99.77  68.47  135.08  

  Roof  3.51  8.12  16.28  71.72  

Static Analysis and Design  
The structural model incorporates the material properties, geometry, loads, and 
dimensions of each constituent element of the structure. The model is assumed to be 
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linear and elastic. The computations are carried out by STATIK-2 computer program, 
version 1.51 which is based on the matrix method of structural analysis.  

For the second design, typical results for vertical and shear forces, and bending 
moments at selected joints of the external columns of the wing in the transverse direction 
of the wing is given in Table 4. Maximum displacements are given in Table 2.  

Having determined the design ultimate strength for each beam, column, or core 
elements based on the maximum load combinations, the corresponding reinforced 
concrete sections were designed. The second design is compared with the first one. Of 
particular concern is the column reinforcement as shown in Table 5.  

 
Table 4. Forces on Selected Joints of the External Column in the Transverse Direction 
Based on Static Analysis for the Second Type.  

Level of Column  Vertical Forces, kN Shear Force, kN Bending Moment, kN-metre  

Ground Floor  7442.36  90.37  579.84  

Seventh Floor  2724.92  59.58  128.22  

Roof  127.43  5.76  51.62  

 
Table 5. Column Reinforcement  

Floor Level  Old. As, cm2  New As, cm2   
Ground Floor  120  243  2.02  

First Floor  96  200  1.97  

Second Floor  96  173  1.80  

Fourth Floor  96  110  1.15  

 
DISCUSSION  
The results of the dynamic study for both designs showed that both structural models 
have similar behavior in the longitudinal direction. Due to the existence of expansion 
joints between the wing and the adjacent connectors, the behavior in the transverse 
direction of the wing is the dominant and governing in terms of serviceability 
requirements. In the first design, the wing behaves as a vertical built-in cantilever. As 
shown in Table 1, the fundamental period of the first mode is slightly over 12 seconds. 
Practically this behavior is not acceptable and such period falls far beyond the maximum 
practical value which is 2.5 seconds [5]. This wing behavior is mainly due to the 
existence of precast prestressed concrete beams which are simply supported or hinged at 
both ends with supporting beams and/or columns. The wing behavior in the second 
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design is acceptable where the fundamental period is about 1.7 seconds. It is the same 
reasoning for wing behavior in terms of displacements as shown in Table 2.  

The width of expansion joint between the wing and the adjacent shear wall connectors 
is 20mm according to the first design. The dynamic analysis in the longitudinal direction 
showed that the relative movement for the wing and the end connector is 108 mm and 
102mm for the first and second design, respectively (Table 3.) Similarly, the relative 
movement between the wing and the central connector is 128mm and 106mm for the first 
and the second design, respectively. Based on that, the width of expansion joint as 
designed [20mm] is obviously not sufficient. Consequently, strong impact between the 
wings and connectors will originate causing large stresses which are not zv207 only very 
difficult to evaluate but that would alter the structural behavior to a great extent which is 
not acceptable.  

In the second design, expansion joints are sized to be 120mm in accordance with the 
results of dynamic displacements shown in Table 2. It should be noted that for lower 
levels, such relative values will be smaller than the maximum values at the roof level.  

In the transverse direction, the lateral displacement of the wing at the roof level is very 
large (3082mm) compared to the corresponding value for the second design (76mm). 
Construction of the structure according to the first design may lead to a possible 
structural collapse during the occurrence of an earthquake.  

The reinforcement of columns at lower levels was increased to correspond to the 
analytical results of the second design. Such column reinforcement at higher levels was 
decreased accordingly. Comparison between the two designs for only columns of lower 
levels is clearly shown in Table 5.  

Although it was concluded that the second design is superior over the first one, two 
points have been considered to improve the overall structural behavior. The first point is 
the selection of proper width of expansion joints which is about 12 cm to avoid rocking 
or hammering between the wing and the connectors during an earthquake occurrence in 
the longitudinal direction. The orientation of the expansion joints was recommended not 
to be a straight line. It was recommended to be in the form of a shear key joint. The 
second point is characterised by contribution of the connectors to resist lateral forces in 
the transverse direction of the wing by means of the new orientation of the shear key 
expansion joints where dowel reinforcement between the connectors and the wings are 
provided at each floor level. Furthermore, a vertical isolation is introduced between the 
wing and connectors at the shear key joints to absorb impact during the occurrence of 
dynamic forces in the transverse direction of the wing. The isolation consists of two steel 
plates sandwiched by neoprene pads.  

 

CONCLUSIONS  

1.   

The proposed method of construction by casting in-situ concrete for floor system 
which consists of reinforced concrete beams and waffle slabs forming monolithic 
formation with columns is superior than the first system which consists of simply 
support precast prestressed girders and topping slabs.  

2.   The second design showed a realistic behavior in terms of dynamic or static lateral 
displacements compared with the first one. Such behavior is due to monolithic 
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formation between floor beams and columns.  

3.   
The second design offered the practical as well as the feasible sizing of expansion 
joints which conforms to the results of dynamic displacements in the longitudinal 
direction.  

4.   
It is anticipated that the redesigned structure will possess a substantial increase of 
seismic resistance which in turn mitigates and highly reduces expected structural 
damages during the possible occurrence of earthquakes in the region.  
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ABSTRACT. Concrete as a construction material dominated the 20th Century with its 
application ranging from ultra highrise buildings to structures in the deep oceans. 
Throughout this period the fundamental structural characteristic on which the design has 
been based is the compressive strength of concrete. The tensile strength of concrete is 
largely ignored in design, yet, it is evident that the structural behaviour of most concrete 
structures is governed by the tensile strength of the material. The failure of most of the 
concrete structures is led by the weakness of the material in tension. Conventional 
shallow beams, deep beams or panel walls in which the diagonal tension leads to failure 
are some of the examples. In highrise concrete shearwall structures the diagonal splitting 
in tension of the coupling beams governs the overall mode of failure and its ultimate 
strength under static lateral load.  

In this paper the entire basis of the current concept of design of concrete structures is 
put into perspective. Recognising the characteristics of concrete in the context of 
structural behaviour is more fundamental to design. Improving the tensile strength 
characteristics of concrete may well set the scene for research in the next Century.  
Keywords: Concrete, Tensile strength, Structural behaviour, Design, Characteristics.  
Dr Nutan K Subedi is a senior lecturer in civil engineering at the University of Dundee, 
Scotland, UK. His main research interests are in the field analysis and design of concrete 
structures which include deep beams, panel structures, tall buildings, shearwalls, and 
concrete elements under hydrostatic pressure effects.  

INTRODUCTION  
The application of concrete in construction dates back to 500 BC [1] when Ancient 
Egyptians and Greeks used sand and lime mortar mixed with broken stone in buildings. 
Concrete as a durable material was developed by Romans when pozzolanic cement using 
a mix of volcanic ash and lime gave stronger material suitable for arches and domes. The 
decline of the Roman Empire brought a halt to concrete development. The next 
significant milestone and revival of interest in concrete was the construction of 
Eddystone lighthouse in 1756 when John Smeaton used a cement capable of setting 
underwater. The mix chosen was a cement mortar of lime and pozzolana, similar to what 
the Romans had used. The first patent on Portland cement was taken out by Joseph 
Aspdin, a builder from Leeds, in 1824. This was the culmination of the wider use of 
concrete as a structural material both in Europe and North America. The development of 
reinforced concrete as a structural material was more gradual through the mid-19th 
Century and onwards.  



Concrete as a basic construction material has dominated the 20th Century with its 
application ranging from ultra highrise buildings [2] to offshore structures [3] in the deep 
oceans (Figure 1). Other novel applications of concrete may be found in ships hulls [4] 
and containment structures [5] for nuclear power plants (Figure 2).  

Throughout the development of concrete the fundamental structural characteristic on 
which the design has been based is the compressive strength of concrete. The tensile 
strength of concrete is largely ignored in design. However, it is evident that the structural 
behaviour of most concrete structures is governed by the tensile strength of the material. 
The failure of most of the concrete structures is led by the weakness of the material in 
tension.  

It is important to recognise the characteristics of concrete in the context of structural 
behaviour which is fundamental in the design of concrete structures. This paper examines 
the current concept of design of concrete structures and points out the importance of the 
tensile strength characteristics of concrete in the context of overall behaviour. Improving 
the tensile strength characteristics of concrete could not only enhance the load carrying 
capacity of structures but it could also lead to more economic and efficient form of 
construction.  

STRUCTURAL BEHAVIOUR AND FAILURE MODES  
Prestressed Concrete Beams  
In prestressed concrete beams one of the mechanisms of failure in shear is the formation 
of diagonal splitting cracks in the web as shown in Figure 3. The diagonal splitting crack 
is caused by a tensile stress, σt, in biaxial compression—tension state of stress. The 
resistance of the section in such situation is calculated by limiting the tensile stress in 
concrete to 0.24 √fcu according to BS 8110 [6]. In Table 1, the tensile stresses for 
different grades of concrete and the percentage of concrete strength they zv211  
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Figure 1 Application of Concrete (a) tall building (b) offshore gravity platform  
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Figure 3 Prestressed concrete beam: diagonal tension crack  
 
represent are shown. The limiting tensile stress ftc=fcu/21 is derived from the 
recommendations in Reference [7] with the 0.67 factor removed for concrete under 
biaxial tension—compression state of stress.  
 
Table 1 Concrete grades and tensile stresses in N/mm2  

fcu  25  30  35  40  45  50  55  60  

0.24 √fcu  1.20  1.31  1.42  1.52  1.61  1.70  1.78  1.86  

% of fcu  4.8  4.4  4.1  3.8  3.6  3.4  3.2  3.1  

fcu/21  1.19  1.43  1.67  1.90  2.14  2.38  2.62  2.86  

% of fcu    4.76    

Table 1 shows that the BS 8110 recommendation of 0.24 √fcu gives tensile stress reading 
as a percentage of concrete strength as the strength of concrete increases. The tensile 
stress based on Reference [7] suggests a fixed percentage (4.76) of concrete strength.  
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Figure 4 Deep beam example  

Deep Beams  
In deep beams with moderate amount of main bars, the diagonal splitting is a common 
mode of failure [8]. The failure is initiated by a diagonal crack which forms in the web 
part of the shear span as shown in Figure 4. The shear span is primarily subjected to shear 
stress resulting into biaxial tension—compression state of stress similar to the prestressed 
concrete beam. The splitting action is initiated by the weakness of concrete in tension 
which eventually leads to a mechanism resulting into complete failure of the beam.  

In the case of deep beams, the ultimate strength of the beam is sensitive to the tensile 
strength of concrete (in biaxial tension—compression state of stress). The ultimate 
strength analysis of deep beams carried out using, ftc−fcu/21 i.e., 4.76% of fcu (Table 1) 
has proved to be satisfactory [8, 9]. At the same time, it also highlights that the mode of 
failure and the ultimate strength of deep beams are governed by the tensile strength 
characteristics of the concrete.  

Coupled Shear Walls of Tall Buildings  
The mode of failure and the ultimate strength of coupled shear walls with single and 
multiple bands of openings and subjected to a lateral load are greatly influenced by the 
behaviour of their coupling beams [10, 11]. A mode of failure which is often zv215 
observed is the crushing of the compression wall characterised by the diagonal splitting 
of the coupling beams as shown in Figure 5. Here again, the diagonal splitting of the 
beams is caused by the biaxial tension—compression stresses in the beams resulting from 
the shear force. The main parameter on which the splitting action of the beam depends is 
the tensile strength of the concrete.  
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Figure 5 Coupled Shear wall: failure characterised by the diagonal splitting of coupling 
beams 
  
The instances of structural behaviour in which the tensile strength of concrete, either in 
uniaxial or in biaxial state, plays a major part occur in many other structures. In all such 
situations, even a small increase in the tensile strength characteristics of concrete would 
have a large beneficial effect to the structure.  
 
CURRENT STATE OF DESIGN  
The current concept of design of concrete structures is based on either ignoring or 
allowing a nominal value for the tensile stress of concrete. Here, the recommendations of 
BS 8110 and EC2 [12] are examined.  

BS 8110 Provisions  
(a) In the calculation of curvatures a nominal value for the tensile strength of concrete of 
1 N/mm2 is assumed.  

(b) The main consideration of flexural tensile stress is incorporated in Chapter Four: 
Design and detailing: prestressed concrete.  

Radical concrete technology     214



For class 1 members, at serviceability limit state, no tensile stress is allowed. At 
transfer a stress of 1 N/mm2 is allowed in the section.  

For class 2 members, both at serviceability and at transfer, tensile stresses of 0.45 √fcu 
and 0.36 √fcu are allowed for pre-tensioned and post-tensioned cases respectively. For 
grade 60 concrete, the values are 3.5 and 2.8 N/mm2 (Table 4.1 BS 8110) representing 
5.8 and 4.6% respectively for pre-tensioned and post-tensioned members.  

For class 3 hypothetical stresses are suggested.  
(c) In shear resistance calculations the allowable stresses arising from diagonal tension 

is limited to 0.24 √fcu as shown in Table 1.  

EC2 Provisions  
(a) The tensile strength of concrete is taken into account in the expression for design 
shear resistance for members which is applicable to both reinforced and prestressed 
concrete members. The design strength for members without shear reinforcement is given 
by  

 
in which, τRd is the basic design shear strength, =0.25 fctk 0.05/γc. Using γc=1.5, the values 
are  

Concrete:  C20/25  C30/37  C40/50  C50/60  

τRd:  0.26  0.34  0.41  0.48  

(b) Serviceability limit state: Prestressed concrete  
Serviceability stresses are checked in section assuming either the uncracked or the 

fully cracked conditions under characteristic loads. The limiting tensile stresses, fctm, for 
uncracked conditions are given in Table 2.  

 
Table 2 Concrete strengths and tensile stresses in N/mm2: EC2  

Strength class  C20/25  C25/30  C35/45  C40/50  C45/55  C50/60  

fck  20  25  35  40  45  50  

fctm*  2.2  2.6  3.2  3.5  3.8  4.1  

% of fck  11.0  10.4  9.1  8.8  8.4  8.2  

fctk 0.05  1.5  1.8  2.2  2.5  2.7  2.9  

fctk 0.95  2.9  3.3  4.2  4.6  4.9  5.3  

*fctm=0.30 fck
2/3  

Three points are noted with regard to EC2 recommendations  
(i) As in BS 8110 the mean value of the tensile strength reduces as a percentage of 

concrete strength as the strength of the concrete increases.  
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(ii) EC2 recommendations of mean tensile strengths are higher compared to BS 8110.  
(iii) For τrD the tensile strength is taken from the lower range of the values i.e., fctk 0.05 

(5%-fractile).  

 
Figure 6 Stress-strain relationships for concrete for non-linear analysis (a) BS 8110 (b) 
EC2  

Provisions for Non-linear Analysis  
The tensile strength characteristics of concrete are important considerations in the 
nonlinear analysis., such as Finite Element method, of concrete elements and structures. 
Most non-linear programs require the input of the concrete uniaxial tensile strength as a 
proportion of the uniaxial compressive strength.  

BS 8110 suggests that, for non-critical sections or overall analysis, the stress-strain 
relationship be assumed as shown in Figure 6(a). The constitutive relationship is 
appropriate for the compressive action in the concrete. For the tensile action of the 
material BS 8110 recommends a maximum value of 1 N/mm2. Likewise, for non-critical 
sections EC2 suggests the stress-strain relationship for the compressive action as shown 
in Figure 6(b). For the tensile stress properties EC2 suggests the mean values of fctm 
(Table 2).  

For the analysis of critical sections both BS 8110 and EC2 recommend zero tensile 
strength.  

The current state of design show that there is considerable difference between BS 
8110 and EC2 with regard to recommendations for the tensile strength of concrete. In 
general, BS 8110 is conservative compared to EC2 and there is inconsistency in the 
approach.  

DESIGN PARAMETERS  
Research in the past two decades has mainly been focused on improving the quality of 
concrete with respect to compressive strength and durability parameters. Much time and 
effort have also been devoted on research into cement replacement materials. As a result, 
there is a large selection of concrete available today in the market for general and special 
applications.  

It is, however, clear the one of the most important characteristics of concrete, from the 
structural engineering point of view, is the tensile strength. There appears to have been no 

Radical concrete technology     216
pj

w
st

k|
40

20
64

|1
43

55
60

54
4



research effort directed towards improving the tensile strength. Concrete will be much 
more an efficient material for structural use if the tensile strength could be improved from 
the current approximately 10% of its Cube Strength to say 50% in a consistent manner.  

Very high strength concretes without simultaneous improvement in its tensile strength 
characteristics will have restricted applications in structures. Evidence from the current 
recommendations in BS 8110 and EC2 suggests the as the compressive strength increases 
the tensile strength is proportionately decreased. As the compressive strength increases, 
the concrete becomes less and less reliable with regard to its tensile strength. Although 
the steel reinforcement is supposed to compensate for the lack of tensile strength of 
concrete, in reality, reinforcement cannot fulfil this role fully unless the structure is 
reinforced with very closely spaced reinforcement almost like a mat.  

FUTURE RESEARCH DIRECTIONS  
The current research activities appear to have leaped far ahead with regard to improving 
the quality of concrete in so far as compressive strength is concerned. If the versatility of 
the material is to be improved then attention must be paid to improving its tensile 
strength too. A normal concrete with moderate compressive strength but improved tensile 
strength is much preferred than a concrete with very high compressive strength but 
negligible tensile strength.  

Research in the next century may focus its attention on improving the tensile strength 
of concrete. With the basic constituent materials of concrete as they are known today 
three possible routes might be followed.  

(a) Concrete with better binding characteristics  
Such a concrete will have the properties of drawing the constituent materials closer than 
the normal concrete resulting into denser and better adherence property. Although, at 
present, it is difficult to imagine what chemical agents or additives would provide such a 
property to a concrete, but, it is envisaged that it should be possible in due course.  

(b) Casting and curing of concrete in vacuum  
A normal concrete cast and cured in normal atmospheric pressure if tested under higher 
pressure surrounding will exhibit higher tensile strength. The additional surrounding 
pressure will act as prestressing and therefore a larger force will be required to pull it 
apart.  

(c) Concrete with metal links  
Metal wire structures in the form of regular tetrahedron slightly larger than the aggregate 
size could act as linkage in the concrete. The metal wire structures will not only provide 
additional tensile strength due to its presence, but, it will also act as mechanical interlocks 
for the aggregates forming a continuous medium (Figure 7).  

It is considered that concrete which forms more than 50% of all the construction 
materials today could be recognised as a true versatile material only if its other important 
characteristic i.e., tensile strength could be improved. This could be a real challenge to 
the concerned engineers and scientists in the next century.  
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Figure 7 Concrete with metal links  
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ABSTRACT. The construction of arch bridges has become uncommon lately, although it 
is clear that the compressive bearing capacity of cheap building materials is generally 
very high. The main reason for this is definitely the high price of shuttering system that is 
in present use. The system presented in this paper demonstrates a new relationship 
between the price of shuttering and the structure itself. The basic element is a very thin 
prestressed, post arch-shaped plate, made of polymer modified SFRC. Such elements are 
used as shuttering systems during the first stage of construction while later they become a 
part of a general bearing system. This brings about entirely new possibilities for the 
applications of arch constructions, especially regarding the actual known characteristics 
of high performance concrete.  
Keywords: Arch constructions, Prestressed concrete, Steel fibre reinforced concrete 
(SFRC), Polymer modified concrete (PMC), High performance concrete (HPC).  
Mr Jadran Korla is a Major Research Assistant in Concrete Technology, Institute for 
Research in Materials and Applications. He specialises in applications for high 
performance concretes.  
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INTRODUCTION  
Arch appear very rarely in todays construction practises. The reason behind this is the 
high price of the more commonly used shuttering systems. Even for small span bridges 
over wild rivers or motorways, the technology for the construction of such arches is quite 
often too expensive.  

In recent years, with new data regarding the characteristics of such high performance 
concretes [1], as SFRC and PMC respectively [2], [3], the possibilities for producing very 
long and thin prestressed plates have become more and more realistic It was believed that 
the shape characteristics of such plates enabled post-shaping procedures to be performed 
in the early stages of the concrete hardening process without any practical danger of 
undesired cracking in the tensile zone.  

First trials confirmed such possibilities and demonstrated that, depending on the 
thickness of the prestressed plate, it is possible to apply post-shaping procedures almost 
up to any normally usable radius.  

Few arch bridges of up to 40 m span have been constructed using this technology with 
much success in Slovenia (Fig. 1 and Fig. 2) [4]  



 
Figure 1 Soča Bridge  

 
Figure 2 Vrhpolje Bridge  

Radical concrete technology     220



BASIC IDEA  
As previously described, the basic element is a 100 to 150 cm wide, extremely thin (2 to 
6 cm, depending on final arch radius), flat and very long prestressed plate made of 
polymer modified steel fibre reinforced concrete (Fig. 3). The length of the plate is 
determined from the transportation system or the bearing capacity of on site placing 
equipment (Fig. 4 and Fig. 5).  

 
Figure 3 Shows the first phase of the system-producing of flat prestressed polymer 
modified SFRC plate with needed conventional steel reinforced placed in  
The range of prestressing depends on the tensile stresses that appear after post-shaping 
(final radius). The quality of placement of the SFRC shoud be apropriate through entire 
element so the stress distribution after post-shaping could reach an equal level.  

 
Figure 4 Transport of elements  
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Figure 5 Placement of the first element on site  

 
Figure 6 Shows the second phase of the system-post shaping of basic element using 
pre-shaped basis and ballast  
 
1—SFRC plate; 2—stirrups; 3—ballast  
The post-shaping takes place during the early stages of concrete hardening (2 to 5 days 
after placing of concrete). The procedure should be rather slow (1 to 3 hours).  
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Figure 7 Shows the third phase of the system—the fixing of final shape  

 
1—SFRC plate; 2—stirrup; 3—ballast; 4—shape-fixing steel bar or profile  

Fixing of the final shape is done by welding the steel bar or profile (4) to each of the 
stirrups (2). After removal of the ballast (3), the steel bar (4) is under compressive stress. 
Additional conventional steel needed is emplaced on site.  

Elements prepared in such way (Fig. 8) are transported and placed into their final 
position where phase 4 is taking place (Fig. 9)  

After emplacement of the post-shaped elements (1)—(Fig. 9) and fixing the joints 
(2)—(Fig 9), the further construction of the upper bridge is possible using any known 
system.  

A very convenient system, used in the case of 40 m Soča bridge in Slovenia, utilizes 
transverse placements of extruded hole concrete slabs spanning a Vierendel bearing 
system after emplacement of the first concrete between them (Fig. 10).  

 
Figure 8 Elements prepared in the factory  
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Figure 9 Shows the fourth phase of the system-placing of the basic post-shaped 
elements and fixing of the joints  
 
1—basic post-shaped element  
2—joints to be fixed on site  
3—bridge structure to be built later  
The raising of the upper structure of the bridge must follow the statical system to avoid 
the appearance of extreme stresses, especially in the middle of the arch. During the final 
stage of construction the bottom surface of the arch may be additionally protected against 
corosion if needed.  

 
Figure 10 Soča Bridge after placements of whole concrete slabs and the first 
concrete between them  
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STATICAL SYSTEM  
The statical system of the 40 m span Soča arch bridge in Slovenia is shown.  

Prestressing and Placing of PM SFRC  
The plates used as lost panelling that remains as a component of the main bearing system 
are made of polymere modified (PM) steel fibre reinforced concrete (SFRC) with 
compressive strength of 70 to 80 MPa adhesionally prestressed with 7 Ø 4,2 mm 
prestressing steel (Fig. 8).  

The prestressing forces (N1) cause the following compressive stresses (σN) in the 
concrete cross-section (F):  

N1=120 kN  
loses 25%, 7×7 Ø 4,2 mm prestressing steel cables 
N=7×0,75×120 kN=630 kN  
F=562,5 cm2  
σN=11,2 MPa  

Post-shaping of PM SFRC Plate  
Post-shaping (Fig. 6, 8), at the final shape of the arch, causes the following stresses in PM 
SFRC plate:  

 
Placing of Concrete of General Bearing Arch  
After the placement of concrete for the general bearing arch in the PM SFRC post-shaped 
element, the following stresses appear:  
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The stresses appearing at this point are a critical phase of the system. All further stresses 
are beared by the concrete of the general bearing arch which, at this point, is under zero 
stress and still has all of its available bearing capacity.  

By all means, the stresses during the critical phase which appear in bottom edge of the 
PM SFRC plate (25,4 MPa) are not bearable with conventional concrete, according to 
specifications. It must also to be taken in account that the actual behaviour of PM SFRC 
could cause even greater stresses due to diminished creep of high strength SFRC as well 
as the possible appearance of unexpected stresses due to transportation, manipulation, 
assembly etc…  

CHARACTERISTICS OF PM SFRC  
The PM SFRC of 40m span Soča arch bridge is shown.  

The tehnology presented in this paper demands some characteristics of concrete which 
are not attainable by conventional concrete:  

•    relatively high compressive strenghts (70–80 MPa) combined with relatively low 
elastic modulus (25–35 GPa),  

•    high toughness of concrete (PM SFRC),  

•    the safe acceptance of high compressive stresses during early stages of hardening,  

•    the capability to accept relevant additional tensile stresses even after the appearance of 
the first crack (transport, manipulation, montage).  

These demands have been reached in the case of the 40 m Soča arch bridge in Slovenia 
using concrete with following main ingredients:  

•    Portland cement (45 MPa)  

•    Aggregate 0/8 mm (crushed calcium carbonate of good quality)  
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•    Silica fume (8% of cement weight)  

•    Poymere (5% of cement weight)  

•    Superplasticizer (1,5% of cement weight)  

•    Air entraining agent (0,1% of cement weight)  

•    Steel fibres JV 50/30 (0,5 vol %)  

CONCLUSIONS  
Until now, the presented tecnhology was used primarily for the smaller arch structures 
spanning up to 40 m span. According to recent experience, it is believed that appropriate 
modifications and further research will enable us to widen its use.  

In addition to its acceptable price, one of the most important characteristics of this 
technology is that the exploatation surface of the element (inner surface of the arch) is 
always under strong compressive stress what practically exclude the possibility of crack 
appearance and therefore should provide relevant durability of the structure.  

Further development, as we see it, should be directed towords diminishing the final 
radius as much as posible and facilitating the production of sections for underground 
structures for which the speed of construction is of particular importance.  

REFERENCES  
1. RILEM 3C Coordinating Committee for Concrete Technology. Durability of High 

Performance Concrete. Proceedings of the International RILEM Workshop, Vienna, 
1994, Edited by H.Sommer  

2. Zajc A. and Korla J.: Freeze-thaw Resistance With and Without De-icing Salts of 
Polymer Cement Concrete, Proceedings of ICPIC VIII International Congress on 
Polymers in Concrete, Oostende, 1995, pp 245–250  

3. Šušteršič J.: Toughness of Polymer Cement Fibre Reinforced Concrete. Proceedings 
of ICPIC VIII International Congress on Polymers in Concrete, Oostende, 1995, pp 
649–654  

4. Korla J., Magajne D Ločne premostitve s prednapetimi tankostenskimi 
mikroarmiranimi betonskimi elementi kot izgubljenimi opaži Slovenski kolokvij o 
betonih: Sanacije betonskih objektov, IRMA, 1995, pp 57–60  

Ultra structures     227



SEISMIC CAPACITY ASSESSMENT OF CHUNG-SA 
BRIDGE AFTER SCOURING BY TYPHOONS OF 1994 

Y-F Li 
Join Engineering Consultants 

I C Chen 
Taiwan Area National Freeway Bureau  

Taiwan 
 
 

Radical Concrete Technology. Edited by R K Dhir and P C Hewlett. Published in 1996 
by E & FN Spon, 2–6 Boundary Row, London SE1 8HN, UK. ISBN 0 419 21480 1.  
ABSTRACT. In July and August of 1994, Taiwan was invaded by several aggressive 
typhoons. Those typhoons brought heavy floods, and the floods scoured the piles of 
Chung-Sa Bridge, so that the piles at spans No. 15–17 and No. 35–39 were exposed. The 
Taiwan Area National Freeway Bureau (TANFB) took the strengthening action 
immediately by putting gabions around the exposed piles to strengthen the stiffness of the 
exposed piles. This paper focuses on the seismic capacity evaluation of the strengthened 
Chung-Sa Bridge by means of in-situ ambient vibration measurements and finite-element 
simulation. Our research shows that the maximum allowable scouring depth of piles at 
Chung-Sa Bridge is 6.8 m in the site condition at spans No. 35–39, after strengthening the 
exposed piles by putting gabions around the exposed piles. The condition of the 
strengthened Chung-Sa Bridge is still on the safe side in accordance with the 
requirements of the “Seismic Design Specification for Highway Bridges” of Taiwan.  
Keywords: Bridge, In-Situ ambient vibration measurement, Natural Frequency, Pile 
Scouring, Seismic  
Dr Yeou-Fong Li is a Project Section Leader of Bridge Inspection and Evaluation 
Division of JOIN Engineering Consultants. His majors are focus on structural dynamics, 
spectrum analysis and in-situ ambient vibration measurement.  
Mr I-Chang Chen is Director of Planning and Design Department of Taiwan Area 
National Freeway Bureau. He is in charge of the maintenance and widening projects of 
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INTRODUCTION  
Chung-Sa Bridge is located on the border of Yun-Lin and Chang-Hua provinces and is 
across the Jer-Shui River. It is one of the most important bridges located on Chung-Shan 
Freeway in the middle area of Taiwan. It was built in 1978 with a total length 2,344.94m 
and 67 spans. Each span is 35m in length. The south and north bound bridges are 
separated. The superstructure includes 5 simply supported precast prestressed I-section 
girders at a span with cast-in-place concrete slabs on top; the substructure comprises a 
dual-column bent and friction piles. There are 24 friction piles under a pile cap, and the 
elevation of pile caps is 29.2m. The length of each pile is 24 meters (See Fig. 1).  



 
Figure 1. Elevation section of Chung-Sa Bridge  
The waterway level of the Jer-Shui River was originally higher than the elevation of the 
pile caps of Chung-Sa Bridge. Due to huge amounts of aggregates and sands of the Jer-
Shui River having been removed to supply the needs of construction because of the 
excellent quality of the aggregates along the banks, the waterway level of the Jer-Shui 
River is more lower than the elevation of pile caps and some piles are severely exposed. 
Therefore, TANFB decided to take strengthening action to ensure the safety of Chung-Sa 
Bridge in 1994. Steel sheet piles are used to stop and change the direction of water flow, 
so the exposed piles can be protected from scouring continually and can be strengthened 
smoothly. Unfortunately, 6 aggressive typhoons zv233 invaded Taiwan in the summer of 
1994. Those typhoons brought a lot of flood water to the Jer-Shui River on which Chung-
Sa Bridge is built; the floods destroyed part of the strengthening facilities of Chung-Sa 
Bridge and scoured the piles of Chung-Sa bridge heavily, so that the piles at spans No. 
15–17 and No. 35–39 were severely exposed. The maximum scouring depth was about 8 
m from the original design river bed level; and the maximum exposed length of pile was 
much higher than the allowable scouring depth of the original design, which is about 
4.5m. In consequence, TANFB took strengthening action immediately, including filling 
the river bed around the exposed piles to the elevation of 25.4m with gabions, placing 
concrete anchor blocks downstream of the bridge, putting four layers of 60 cm high 
gabions around the exposed piles from the elevation of 25.4 m to 27.8m (see Fig. 2) to 
strengthen the stiffness of the piles, and grouting concrete into the gabions on the 
upstream side to prevent the gabions from being damaged by flood. Once, the vehicle 
speed was limited up to 70 km/hr to protect the piles against the impact loading due to 
vehicles travelling at high speed on the bridge.  
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Figure 2. Pile strengthening sketch  
Because Taiwan is located in the earthquake zone of the circumferential Pacific Ocean, 
TANFB would like to know whether or not Chung-Sa Bridge can resist an earthquake 
attack after the strengthening work. Therefore, JOIN Engineering Consultants organized 
a team to assess the seismic capacity of Chung-Sa Bridge. We used on-site ambient 
vibration measurements to find the natural frequencies of the Chung-Sa Bridge and then 
used the results to verify the exactness of the finite-element model. In the meantime, we 
used SAP90 to proceed the modal analysis and calculate the dynamic response of the 
structural members of Chung-Sa Bridge under the predefined earthquake force which is 
given by the design code of Taiwan. We have checked the pile and pier members, and we 
have proved those members are safe when the predefined earthquake force is applied on 
the bridge strengthened by gabions. Then, we used the model to find the maximum 
scouring depth of Chung-Sa Bridge. Knowing the maximum scouring depth, we 
recommend to install a monitoring and warning system on the bridge, so TANFB can 
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take proper action within a very short time to ensure the safety of the drivers on Chung-
Shan Freeway.  

IN-SITU AMBIENT TEST AND ANALYSIS RESULTS  
The in-situ ambient test uses very sensitive instruments to record the structure dynamic 
response induced by wind, micro-vibrations of ground and other interruption. Then 
according to the recorded response, the natural frequencies (or fundamental periods) and 
the fundamental mode shape of structures can be found. In the following, the in-site 
ambient test process and analysis result of Chung-Sa brideg are introduced.  

Analysis results  
The fundamental period and mode shape of the bridge can be found by using fast Fourier 
transformation to transfer the time domain data, which is recorded by sensors, to 
frequency domain. Table 1 shows the fundamental period of piers at spans No. 35–41 
obtained from the in-site ambient test.  

In-situ ambient test  
The in-situ ambient test was performed in the north bound bridge by JOIN Engineering 
Consultants with the assistance of the Center of Bridge Engineering Research of National 
Central University on October 5 and 6, 1994. On the first day, the responses of the piers 
at spans No. 35–38 were measured. Then, on the second day, the tests included 
measuring the pier responses at spans No. 39–41, the response of ground motion, the 
responses of the piers at spans No. 36 and at span No. 37 at the same time and the mode 
shape of bridge decks which are continuous at the interval of 3 spans. Tests were done 
twice for each layout of the sensors, and the duration of record data is about 2 minutes. 
For some specific piers, in the first test, six sensors were installed on the locations of the 
pile cap, cap beam and bridge deck slab separately in the longitudinal and transverse 
directions, and the responses in both directions were recorded at the same time. The 
procedures in the second test are the same with those in the first test except that the 
sensors put on the bridge deck were moved 17.5 m toward the north.  
zv235  
Table 1. Fundamental periods of the piers  

Pier 
No.  

Longitudinal Fundamental 
Period (sec)  

Transverse Fundamental 
Period (sec)  

Vertical Fundamental 
Period (sec)  

35  0.524  0.373  0.248  

36  0.476  0.412  0.250  

37  0.485  0.398  0.243  

38  0.495  0.425  0.235  

39  0.500  0.407  0.240  
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40  0.488  0.389  0.237  

41  0.495  0.366  0.238  

ANALYTIC MODEL AND ANALYSIS RESULTS OF CHUNG-SA 
BRIDGE  
In order to reflect the real behaviors of the bridge, some properties of the bridge must be 
taken into considerations in building up the finite-element analysis model, such as 
geometrical arrangement of all structural elements, the distribution of mass, cross section 
properties of elements, material properties, and the fixed-end position of the piles.  

In this paper, we use in-situ ambient test to find the natural frequencies of Chung-Sa 
Bridge and then use the results to correct the fixed-end positions of piles and verify the 
exactness of the finite-element model. Moreover, we use the verified bridge structure 
model, which is built up with SAP90, to proceed the static analysis and spectrum analysis 
of the bridge, and to check the strength and seismic capacities of Chung-Sa Bridge. The 
stress distribution of all structural elements can be obtained from the SAP90, and the 
seismic capacities of the piles were evaluated by the LPILE program which is designed to 
give the user the capability to solve problems related to the selection of different types of 
piles for a variety of purposes.  

Analytic model  
The superstructure of Chung-Sa Bridge includes 5 simply supported precast prestressed I-
section girders with cast-in-place concrete slabs on top of a span. Diaphragms are 
constructed between girders to resist the torsions induced by zv236 unsymmetric loading 
and to maintain the stability of the superstructure. The deck expansion joints, which are 
finger plate type, are provided at the interval of every three spans. Restrainers are 
installed between expansion joints to prevent the superstructure from falling down when 
earthquakes happen. Moreover, bearings and earthquake stops are set up to transfer shear 
force and to resist the horizontal force induced by earthquake. The substructure of 
Chung-Sa Bridge is composed of a dual-column bent and frictional piles. There are 24 
frictional piles, 4 rows in the transverse direction and 6 columns in the longitudinal 
direction under a pier foundation. In building up the finite-element model of Chung-Sa 
Bridge, these inventory information of Chung-Sa Bridge can be divided into four parts 
and be summarized as follows:  
(a) Simulation of geometric configuration  
The region between two expansion joints can be considered as a vibration unit; thus, the 
bridge can be separated into many vibration units and each vibration unit has 3 spans. 
Fig. 3 shows the finite-element simulation of a vibration unit. Three dimensional beam-
column elements are used in the finite-element mesh. The superstructure at each span is 
modelled by 4 elements and each pier is modelled by 3 elements.  
(b) Distribution of mass  
For simplicity, the distribution of mass is regarded as lump mass. It must be noticed that 
whether some important mode shapes can be found in this kind of simulation. In general, 
3 lump masses for each span is enough. Besides, each node has only 3 translational 
degrees of freedom, and the rotational degrees of freedom can be ignored.  
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(c) Cross-section properties  
The real area of the cross section is used. The value of moment of inertia, I, is calculated 
from the real cross section, but J is a estimated value in some complex cross sections.  
(d) Simulation of pile  
The piles are modelled by beam-column elements. And the interaction between soil and 
piles is modelled as a spring system.  

Modal analysis  
Modal analysis is performed in the analytic finite-element model to find the natural 
frequencies and mode shapes of Chung-Sa Bridge; then, compare the calculated natural 
frequencies and mode shapes with those obtained from in-site ambient test to zv237  

 
Figure 3. Analytic model of Chung-Sa Bridge  
verify the exactness of the analytic finite model. After verifying the exactness of the 
analytic model, the seismic capacities of Chung-Sa Bridge can be evaluated by means of 
static analysis and dynamic spectrum analysis in the verified model.  

Modal analyses of the analytic model are separated into two cases. In the first case, the 
piles are in the condition of being scoured by flood but strengthened by gabions; in the 
second case, the piles are assumed in the condition of maximum allowable scouring 
depth. The calculated natural frequencies of case 1 are very close to those obtained from 
in-site ambient test; see table 2. The first mode shape is in the longitudinal direction (see 
Fig. 4), and the second mode shape is in the transverse direction (see Fig. 5). The 
relationships of the fundamental period of Chung-Sa Bridge with the scouring depth and 
fixed end depth of piles are shown in Fig. 6.  
Table 2. Comparison of the fundamental periods obtained from in-site ambient tests and 
those obtained from the analytic model for Chung-Sa Bridge  

  Direction  Fundamental Period (sec) Span 
No. 35–37  

Measured Position 
(Analytic Mode)  

Ambient Test Longitudinal 0.500  Cap Beam  
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 Transverse 0.400  Cap Beam  

Longitudinal 0.506  First Mode  Analytic 
Model  

Transverse 0.401  Second Mode  

Design seismic force and seismic capacity assessment of piers  
(a) Design seismic force  

At present, the design seismic forces are decided according to the “Seismic Design 
Specification for Highway Bridges” of Taiwan. Both in static analysis and in dynamic 
spectrum analysis, the combination effect of dead load, transverse seismic force and 
longitudinal seismic force on the bridge must be considered and they are shown as 
follows:  

case 1:  
 

(1)  
case 2:  

 
(2)  
in which: DL is the dead load. EQ(T) is the transverse seismic force. And EQ(L) is the 
longitudinal seismic force.  

 
Figure 4. The first mode, in the longitudinal direction, of Chung-Sa Bridge corresponding 
to the fundamental period, T=0.506 sec  
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Figure 5. The second mode, in the transverse direction, of Chung-Sa Bridge 
corresponding to the fundamental period, T=0.401 sec  
 

 
Figure 6. The relationship of the fundamental period and the fixed-end depth of the pile; 
and the relationship of the fundamental period and the scouring depth of the pile  
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But Chung-Sa Bridge was built in 1974 and it was designed in accordance with the 
“Design Specification for Highway Bridge” of Taiwan in 1987. In the original design of 
Chung-Sa Bridge, the horizontal design seismic force is considered as  

 
(3)  
Kh is the coefficient of horizontal design seismic force. W is the dead load of the 
structure. But the design seismic force in “Seismic Design Specification for Highway 
Bridges” of Taiwan, on January 1995, is:  

 
(4)  
Zd is the coefficient of design ground acceleration, and C is the normalized site-specific 
acceleration response spectrum.  

In the static analysis, Eq.(3) is used, and the value of Kh is 0.15. On the other hand, 
Eq.(4) is used in the dynamic spectrum analysis. The original design philosophy of 
Chung-Sa Bridge is elastic design, so we cannot evaluate the ductility of the bridge. 
Hence, the value of Zd is decided as 0.06 by comparing Eq.(4) with Eq.(3). The value of 
C is in accordance with the second type ground. Modal superposition is done by means of 
CQC method (Complete Quadratic Combination method).  
(b) Seismic capacity assessment of piers  

The internal forces of piers, which were scoured by flood but strengthened by gabions, 
induced by the combinations of dead loads, transverse seismic forces and longitudinal 
seismic forces both in the static analysis and in the dynamic spectrum analysis, are shown 
in Table 3. The coordinate of x is in the longitudinal direction of the bridge, and the 
coordinate of y is in the transverse direction of the bridge. P is the notation of axial force; 
Hx and Hy are the horizontal forces in the x and y directions; Mx and My are the moments 
in the x and y directions. In the meantime, we can plot the interaction diagrams for the 
axial force(P) and moments(Mx, My) of the piers in accordance with the strengths of the 
piers. The real cross sections of the piers are shown in Fig. 7. The analyses of the piers 
are by means of the ultimate strength design method. Then, comparing the calculated 
internal forces of piers with the interaction diagram of P-M curve (Fig. 8 and Fig. 9), we 
can decide whether the piers are safe or not. The safety factor Fsm is defined as the ratio 
of Mnr, the nominal moment obtain from the P-M curve, to Mr, the calculated internal 
moment of piers. The values of Fsm are 4.5 and 2.6 separately in both longitudinal and 
transverse direction as shown in Fig. 8 and Fig. 9.  

But we must consider if resonance will occur during earthquakes due to the natural 
frequency change resulting from scouring.  
zv241  
Table 3. Combination effect of the loads applied on the pier  

Loading  Loading Combination    

Dead 
Load 
DL  

Static 
Analysis  

Spectrum 
Analysis  

Static 
Analysis  

Spectrum Analysis Static 
Analy

sis  

Spectrum 
Analysis  
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  EQ(L) EQ(T) EQ(L) EQ(T) 1.3*[DL+0.3EQ(T)+ 

1.0EQ(L)]  

1.3*[DL+0.3EQ 

(L)+1.0EQ(T)]  

P  368.3
04  

0.067  88.906 0.676 99.512 513.56  518.48  594.40  

Hx 1.829 58.525 0.161 58.015 0.552 78.52  78.01  25.41  25.72  

Hy 59.71 0.013  56.719 0.133 62.358 99.76  102.12  151.36  158.74  

Mx 23.06 0.002  136.34
6  

0.028 153.62
9  

83.16  89.93  207.23  229.71  

My 3.452 295.82
1  

0.628 304.89
1  

2.1  389.30  401.66  120.67  126.13  

UNIT: t,m  

 
Figure 7. The cross section of the pier and the locations of reinforced bars  
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Figure 8. Interaction diagram of the axial force and x-direction moment of the pier (in the 
longitudinal direction)  

 
Figure 9. Interaction diagram of the axial force and y-direction moment of the pier (in the 
transverse direction)  
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BEARING CAPACITY AND SEISMIC CAPACITY OF PILES  
Bearing capacity of piles in the vertical direction  
The boring data of the hole No. 199–1–20 on April, 1974 are shown in Fig. 10. And 
Table 4 shows the information of soil properties resulting from the boring data in Fig. 10  
Table 4. Soil properties and soil spring constants  

Sublayer 
No.  

Distance From The Top of 
The Pile (m)  

Soil 
Type  

SPT N-
Value  

Soil Spring Constant K 
(kN/m3)  

1  1.4~3.8  Gabion  5  1.0605 E04  

2  3.8~5  Sand  13  2.757 E04  

3  5~10  Sand  20  4.242 E04  

4  10~15  Silty 
Sand  

27  5.726 E04  

5  15~20  Sand  32  6.787 E04  

6  20~24  Sand  36  7.635 E04  
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Figure 10. Record data from boring tests, in April of 1974  
The calculated end-support bearing capacity of a single pile is 86.4 tons, which is much 
higher than the dead load, 31 tons, so the bearing capacity of the pile is enough But the 
end-support bearing capacity, frictional bearing capacity of piles and the Young’s 
modules of the soil are dependent on the standard penetration test value N Please note 
that the conclusion mentioned in the above is only suitable for the local area in the 
vicinity of the boring hole No. 199–1–20.  

Bearing capacity of piles in the horizontal direction  
The failure modes of vertical piles suffered by horizontal forces are dependent on the 
properties of the soils around the piles, the restrain condition at the pile heads, and the 
sizes and lengths of the piles. The failure modes of short piles are often controlled by 
shear failures of the soils around the piles, due to the lower passive earth pressures 
provided by soil than the stiffness of the short piles. On the contrary the failure modes of 
long piles are often controlled by the allowable bending moments of the piles, due to the 
flexibility of long piles.  

The influences on the bearing capacities of the vertical piles suffered by horizontal 
forces can be summarized as follows:  

1.   The passive earth pressures provided by the soils around the vertical.  

Radical concrete technology     240



2.   The allowable horizontal displacement of substructures.  

3.   The allowable bending moments of the vertical piles.  

The standard penetration test value N in the region of the piles strengthened by gabions 
should be smaller than that of sand, because the voids in the gabions were not filled by 
sands or other aggregates. By the analysis of LPILE program, it is shown that the value of 
N in the region of the piles strengthened by gabions has little influence on the horizontal 
bearing capacity of piles. For the sake of convenience, it was assumed to be 5.0. The 
analysis results of LPILE program show that the horizontal displacement on the top of the 
pile is 1.5 cm, when the pile is the application of a force, 21 tons, in the horizontal 
direction (see Fig. 11).  
(a) Pile strength assessment  
The assessment of the pile strength includes the checks of the allowable stresses of 
concrete and pre-stressed tendons. When piles are in the application of axial forces and 
bending moments at the same time, compressive and tensile stresses will be induced in 
the cross sections of the piles. (The compressive stress is regarded as positive, and the 
tensile stress is regarded as negative.) In the assessment of pile strength, we compare the 
induced stresses with the allowable stresses of concrete and pre-stressed tendons, in order 
to ensure whether the induced stresses are within the allowable region.  

The comparison of the induced internal stresses in the concrete cross sections of the 
piles with the allowable stresses of concrete is shown in Fig. 12, in the case that the piles 
are at the present state, scoured by flood but strengthened by gabions immediately. The 
results of static analysis and spectrum analysis show that the piles at the present state are 
safe. The check of concrete allowable stresses of the piles are shown in Fig. 13 and Fig. 
14, separately for the static analysis and for the spectrum analysis, in the assumption of 
various scouring depths of the piles. The maximum allowable scouring depth of the piles 
is about 6.8 m in the static analysis, and is about 9.3 m in the spectrum analysis. The 
spectrum analysis can reflect the variation of structure periods, so the induced internal 
stresses of the piles are lower.  
(b) Seismic capacity assessment of the piles  
We can find the internal forces in the cross section of each pile head by using the SAP90 
finite element model; then, use the LPILE program to calculate the horizontal 
displacement on the top of the pile and maximum bending moment of the pile, by 
inputting the horizontal forces applied on the top of the pile and the soil properties around 
the pile.  

In accordance with the analytic results for the bridge at present state under predefined 
earthquake force, which is given by the design code in Taiwan, the analytic maximum 
horizontal displacement of the piles is 0.3 cm, and the analytic internal force applied on 
the top of the pile is 4.8 tons. However, when the horizontal displacement reaches 1.5 cm, 
which is the allowable horizontal displacement specified in the design code, it is needed 
that a force, 21 tons, zv246  
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Figure 11. Relationship of the horizontal deflection of the pile and the magnitude of 
horizontal force applied on the top of the pile  

 
Figure 12. Strength assessment of the pile at the present state  
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Figure 13. Strength assessment of the pile in the condition of various scouring depths 
(static analysis)  
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Figure 14. The strength assessment of the pile in the condition of various scouring depths 
(dynamic spectrum analysis)  
zv248 applies on the position of pile head. Hence, the safe factor of the horizontal 
displacement of the pile is 5.0, and the safe factor of the horizontal force is 4.4. The 
displacements of pile heads in the condition of various scouring depth are shown in Fig. 
15. The maximum scouring depth is 7.8 m obtained in the static analysis, and is 8.6 m in 
the spectrum analysis.  

Liquefaction of soil  
When the saturated loose sands are vibrated by earthquake or other kinds of motion, the 
effective stresses of the saturated loose sands will disappear, due to the significant 
increase of pore water pressure. This phenomena is called liquefaction of soil. 
Liquefaction often induces settlements and inclinations of the structures, resulting in 
severe damage to the structures.  

 
Figure 15. Relationship of the horizontal displacement of the pile cap and the scouring 
depth  
The liquefaction potential of the soil in the area around Chung-Sa Bridge had been 
researched by JOIN Engineering Consultants in the case of the “Seismic and Liquefaction 
Potential Assessment in the Section of Yun-Lin and Chia-Yih of High Speed Railway”. 
This report shows that there is much probability of occurring soil liquefaction in the area 
2 km downstream from Chung-Sa Bridge, which the high speed railway will pass 
through. This report also shows that the variation of soil properties around Chung-Sa 
Bridge is insignificant, so the possible damage to Chung-Sa Bridge resulting from soil 
liquefaction should be noticed.  
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CONCLUSIONS  
From the experimental results of in-situ ambient tests, finite-element simulations 
(including static analysis and dynamic spectrum analysis) and the bearing capacity 
assessment of the piles of Chung-Sa Bridge, the following conclusions can be reached:  

(1)   

Assuming there is no interaction between horizontal and vertical forces, the piles at 
present state, which are scoured by flood but strengthened by gabions immediately, 
have enough vertical bearing capacities to resist dead loads. But the end support 
bearing capacities, and frictional bearing capacities of the piles are greatly dependent 
on the standard penetration test value N.  

(2)   
According to the seismic capacity assessment of the piers, the piers of Chung-Sa 
Bridge are safe at their present state. The safety factor is 4.5 in the longitudinal 
direction, and 2.6 in the transverse direction.  

(3)   

In accordance with the seismic capacity evaluation of the piles, it is shown that when 
the displacement on the top of the pile reaches 1.5 cm, which is the allowable 
horizontal displacement on the top of the pile specified by the design code in 
Taiwan, it needs a force 21 tons horizontally applied on the top of the pile. But the 
displacement on the top of the pile is 0.3 cm and the horizontal force applied on the 
top of the pile is only 4.8 tons, when the bridge is applied by predefined earthquake 
force, which is given by the design code in Taiwan. Hence, the safety factors are 5.0 
and 4.4 separately for the horizontal displacement and for the horizontal applied 
force. From the displacement control assessment, the maximum allowable scouring 
depth is 7.8 m in the static analysis, and is 8.6 m in the spectrum analysis.  

(4)   
In the pile strength assessment, it is shown that the piles are safe too, and the 
maximum allowable scouring depths are 6.8 m and 9.3 m separately in the static 
analysis and in the spectrum analysis.  

(5)   Comparing the conclusions of (3) and (4) mentioned above, the maximum allowable 
scouring depth is conservatively considered as 6.8 m from the pile cap.  

(6)   
Due to the natural frequency change of Chung-Sa Bridge resulting from scouring, 
there is the probability of resonance when Chung-Sa Bridge is attacked by 
earthquakes.  

(7)   

According to the report, “Seismic and Liquefaction Potential Assessment in the 
Section of Yun-Lin and Chia-Yih of High Speed Railway”, made by JOIN 
Engineering Consultants, the probability of liquefaction the occurring at the area 
around Chung-Sa Bridge is great. Therefore, the liquefaction problem must also be 
taken into consideration in the seismic capacity assessment of Chung-Sa Bridge.  
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ABSTRACT. In this report, the concept of concrete floating airport and its practical 
design criteria will be investigated. Main emphasis will be also in the analytical model of 
floating structure of which structural oscillation is affected by the wave characteristics as 
elastic panel and is considered to give affects on the structural dimensioning quite 
extensively. While usual analytical method treats the floating body as a rigid one, the 
influences of rigidity to displacement and bending moment are very large. Treating it as 
elastic panel, this method can tell more details of the structure and lead us to more 
reasonable design.  
Keywords: Concrete Floating Airport, Wave Characteristics, Structural Oscillation, 
Influences of Rigidity, Elastic Panel  
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INTRODUCTION  
Floating type airports which would be built by unifying large plates components either 
build by steal or concrete are drawing attention in Japan due to the difficulty of finding 
good in land location since high density of the population and noise, and pollution 
problem always comes up as hindrance. Therefore there are several on going construction 
project of airports in the offshore of main island of Honshu by reclaiming a new land of 
the size of several hundred to thousands of hectares, with a depth of about 20 to 30m 
under the sea level.  

Due to the huge construction cost of reclaiming as well as environmental hazards, an 
idea of constructing those airports by floating structures is becoming more a matter of 



consideration. However, we have to solve several engineering problem as well as 
enviromental ones, if we proceed to make it real.  

In this paper, the general conceptual problem as well as some specific engineering 
problem will be surveyed, and new finding which is important to design will be 
presented.  

THE ADVANTAGE OF CONCRETE FLOATING AIRPORTS  
Why Do We Need Offshore Construction?  
If it is possible to get a large land for an airport near the city, of course it is better to use 
that land. But now in Japan as well as in other countries, there may not be an enough 
location to build an airport near a large city. So many countries have developed sea shore, 
and there already exist several reclaimed airports. The advantages of constructing airports 
on the sea are the followings.  

1) It is easy to get a space for an airport and to expand a runway.  
2) As it is surrounded by the sea not by the residential area, the noise pollution doesn’t 

occur, and the security can be kept easily.  
3) It doesn’t become a factor of traffic congestion.  

Why Floating Structure is Useful?  
As mentioned above, some airports were constructed by reclaiming, but on the deeper sea 
shore (more than 20m depth of water) where we are planning to develop in future, this 
type of construction may not be suitable due to huge construction cost of reclaiming. At 
present, though a floating airport dose not exist, there are some large floating bridges 
which are on the lakes in America and on the west coast of Norway. So in the future, the 
concept of constructiong floating airport is not unrealistic. The advantages of floating 
airports are the followings.  

1) The floating structures influence environmental hazards less than reclaimed ones.  
zv253  

2) It can be constructed on weak soil and is not concerned with the depth of water. 
Therefore when the depth of water is high, it is more economical to construct a floating 
airport.  

3) Floating offshore structure will not have settlment problem which was one of the 
primary problems of the construction of Kansai reclaimed offshore airport.  

4) We can adopt pre-cast methods, so the fabrication of floating body on the sea 
becomes easy and construction period becomes much shorter.  

5) The floating breakwaters can reduce the wave-height. Hence the very strong waves 
don’t attack directly to the air port structures.  

6) It is not much effected by earthquake and liquefaction.  
The floating airports have above advantages, but the influences of waves, seaquake, 

mooring, and winds etc. are very complex. This effects have to be clarified by analysis as 
well as by experiment.  

Advantage of Concrete over Steel  
There are two types of floating body, one is pontoon type, and the other is semi-
submersible type as shown in Figure 1. For the latter type, the superstructure is better to 
be light weight, so the steel is considered to be suitable for this type [1]. However in 
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order to build an airport, a large amount of material is necessary, so we propose the 
former type of airport made of concrete which is a very available material. The 
advantages of the airport made of concrete compared with that of steel are the followings.  

1) Construction cost maybe much lower for concrete  
2) For the steel airports, maintenance cost of corrosion protection and coating is high 

while these are low for concrete.  
3) Concrete is a good dampening material for vibration and noise  
4) When an airport is damaged, concrete can also be repaired easily.  
5) The influences of temperature is small.  

 
Figure 1 Types of Floating Body  

FUNDAMENTAL ISSUES IN DESIGNING CONCRETE 
FLOATING STRUCTURES  
In the following, some specific issues to be clarified in constructing floating airports will 
be explained.  

Numerical Modeling  
We treat a floating concrete body as an elastic beam, so that the bending oscillation can 
be considered, and it’s motion is assumed to be a simple harmonic with the incident wave 
frequency ω. External forces considered in this analysis are the followings.  

1) Loads due to incident and scattered wave.  
2) Hydrostatic pressure due to a change of vertical displacement.  
3) Mooring forces by elastic springs.  
We apply the hybrid element method introduced by Mei et al [2]. Firstly, we divide 

water region into two parts with a fictitions vertical boundary SR which surrounds the 
floating body nearby (Figure 2). The velocity potential which is exterior to SR is then 
represented analytically by the eigenfunction expansion and is matched with the inner 
region represented by the finite element analysis at SR.  

In order to get good results, we must divide the water region into fine mesh. So the 
key problem faced in solving this type of problem is the need of high degrees of freedom. 
Noticing that the freedoms of beam (displacement) are not related to those of water 
(velocity potencial), we can adopt incompatible nodes between the beam elements and 
water elements (Figure 2). Thus we can reduce the degrees of freedom without dividing 
water into coarse mesh.  
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Figure 2 Meshes Used in This Analysis  

Influences of Rigidity to Vertical Displasement and Bending Moment  
It is obvious that the properties of oscillation of the floating bodies are related to the 
rigidity. So, to investigate the influence of rigidity is very important for the design. The 
section proposed in the conception of pre-stressed concrete floating airports[3] is shown 
in Figure 3. Its width is 60m and moment of inertia of area I is about 2500m4. Young’s 
modulus E of concrete is 2.1*106 kN/m2, so the unit width flexural rigidity EI becomes 
8.1*109 kNm2. To investigate the influences of rigidity, we simulate 3 types of free body 
which rigidities EI are 8.1*107 (Type 1), 8.1*109 (Type 2) and 8.1*1011 (Type 3) kNm2. 
The results are shown in Figure 4 (maximum vertical displacement at each point) and 
Figure 5 (maximum bending moment at each point). Dimensions of floating body and 
properties of incident wave are shown in Table 1.  
Table 1. Analysis Model  

Dimensions of the Floating Body  Properties of the Incident Wave  

Length  Height  Draft  Height  Period  Length  Depth  

2100m  12.0m  7.0m  4.6m  9.6s  115m  20.0m  
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Figure 3 Section of the Floating Body  
According to Figure 4 and Figure 5, the rigidity influences the vertical displacement and 
bending moment very much. The higher the rigidity is, the smaller the vertical 
displacement becomes. But the bending moment becomes quite large. As shown by the 
analytical results above, the rigidity is a very important influence factor, it’s unreasonable 
for the usual analytical methods to treat the floating body as rigid, by contrast this method 
can tell more details of the structure and lead us to more reasonable design.  
 

 
Figure 4 Vertical Displacement  

 
Figure 5 Bending Moment  
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Influence of Hinges  
For constructing large floating structures, we may introduce hinges between each blocks. 
So it’s necessary to investigate the influence of hinges. We prepare 3 simple models of 
those structures as shown in Figure 6. The hashed parts as shown in the Figure 6 which 
has low rigidity can be consideres as hinges. The results are shown in Figure 7 and Figure 
8.  

 
Figure 6 Simple Models of Structures which is Introduced Higes  
 

 
Figure 7 Vertical Displacement  
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Figure 8 Bending Moment  
 
We can see that the location of hinges influences vertical displacement and bending 
moment very much. If we use hinges, bending moment becomes small, but vertical 
displacement at the wave front side becomes quite large.  

The relation between wave height and stress is shown in Figure 9. In Case 1, the stress 
extend 20 N/mm2 when the wave height becomes about 3m. So we need to introduce 
hinges or take some countermeasure to decrease the stress.  

Above results are one of the typical out come of the developed analytical method. 
With the accumulation of those detailed data, we think the construction of a floating 
airport by precast concrete panels will become possible.  
zv258  

 
Figure 9 Wave Height and Stress  
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CONCLUSIONS  

1.   The oscillation analysis method which treats floating structure as a flexible body was 
proposed.  

2.   
The rigidity influences the vertical displacement and bending moment very much. 
The higher the rigidity, the smaller the vertical displacement. But the bending 
moment becomes quite large.  

3.   The location of hinges influences the vertical displacement and bending moment 
considerably. For design, it’s important to chose the location of hinges carefully.  
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ABSTRACT. The solution is based on the indirect foundation by using reinforced 
concrete or steel piles which are specially constructed. All the existing theoretical 
solutions show that the new proposed way of indirect foundation allows:  

- to abate the frequency of free vibrations of a building from 2 to 10 times,  
- to abate the transmission of amplitudes of soil vibrations to the construction of a 

building considerably and even reduce to negligible quantities,  
- to eliminate the influence of slipping and creeping,  
- to execute quick and effective vertical rectification of a building.  
The advantages of indirect foundation will have an effect on safety and comfort of the 

buildings placed on seismic and paraseismic grounts. A practical application of the 
proposed solutions of indirect foundation of buildings requires a testing model which 
would verify theoretical assumption.  
Keywords: active seismic grounds. Building protection, piles which are not completely 
plunged into the ground.  
Dr eng. Mikołaj Kłapoć assistant professor at the Civil Engineering Department of the 
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INTRODUCTION  
The buildings, which are raised on seismic grouns, are designed with a certain definite 
reserve of structure rigidity or certain structure elements, which make it possible to 
accept the additional loads, which are resulted from seismic influences. This is one of the 
main methods of building protection against the paraseismic influences [6]. In scientific 
research and in engineering there appear solutions to protect buildings against the seismic 
influences by the application of corresponding damping insulations or special shape 
selection and structural solutions of the objects. The theoretical considerations 
concerning the applications of antiseismic insulations tend in the direction of total object 
insulation against the accesion of seismic or shocking wave by insulatine either the 
foundation from the building [2] or individual object elements [1]. The other proposed 
solutions are e.g. buildings on reinforced concrete shaft with special spacing of particular 



storeys, which are supported with a console on a shaft [3], the buildings with steel 
structure with additionally applied braces on eccentricities [7], or buildings with carrying 
walls with special structure [4]. The mentioned structural solutions are characterised by 
great material consumption or unsatisfactory protection against simultaneous reactions of 
shock and ground deformations. The method of indirect foundation is presented in this 
paper. It is reserved by a patent [5], which will enable practically complete elimination of 
deformation influences and ground vibrations.  

DESCRIPTION OF A FOUNDATION METHOD  
The solution relies on application of an indirect foundation of buildings on bearing piles, 
which are not fully plunged in the ground (Figure 1). The bearing pile is plunged in the 
ground, so that its higher section stands out over the ground level. The foundation part (2) 
of the building is made on pile complex (1). Each pile ends with the head (3), on which 
the foundation part of the building is realized with the help of the steel tube (7), which is 
embedded in the concrete of the pile head by using the steel mandrel (8), which is placed 
inside the tube (7) and is anchoraged in the foundation part. Such articulated connection 
enables unbounded vertical displacement and rotation of the foundation part of the 
building in relation to the heads of the foundation piles.  

 
Figure 1 Scheme (diagram) of proposed solution  
 
For the vertical rectification of the building there are the hydraulic lifts (5), which are 
supported on the head consoles and compensationing plates (6). The space between the 
ground and the foundation part of the building can be used for garages, household 
quarters. The presented method of indirect foundation makes possible full elimination of 
all disadvantages, connected with utylizing the buildings, which are raised on mining and 
seismic grounds. Rapid and efficient vertical rectification is possible. This eliminates the 
influence of terrain inclination, excreeping and increeping the ground. Moreover, the 
presented method enables a very good reduction of paraseismic and seismic concussions 
on building structure by the confinement of vibration propagation on the building.  
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ESTIMATION OF INFLUENCE FOR PROPOSED FOUNDATION 
ON DYNAMIC LOADS OF BUILDING STRUCTURE  
For the definition of free vibration frequency of a building, which is founded on piles, the 
statical scheme showed on Figure 2 was adopted.  

 
Figure 2 Schematic diagram of investigated structure  
On the basis of a principle for parallel and series connections, the following formula for 
free vibration frequency is recived  

 
with  

np—complete number of piles,  

 
fb—free vibration frequency of direct founded building e.g. per PN-65/B-02170:  

fb=50/H kHz,  
Mb—complete building mass,  
H—building height,  
EJp—flexural rigidity of a single pile,  
l—„computational” length of a single pile.  

zv262  
For estimation of quantity of paraseismic and seismic influences on loads of building 

structure the amplification coefficient was applied  

 
with  

 
fw1—force frequency.  
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Figure 3 Dependence of free vibration frequency on pile parameters  
The calculation results for two buildings were presented in Figure 3 and 4: the one with 
the height of 15m and the mass 4821 tons and the second with the height 30m and the 
mass 12000 tons. For both cases the foundation on 60 piles was accepted. The 
dependence of vibration frequency fron pile length and diameter was presented in Figure 
3. In Figure 4 the dependence of amplification coefficient fron pile length and diameter, 
for building with the height 15m and 30m was presented respectively.  

 
Figure 4 Depedence of amplification coefficient on pile parameters  
zv263  
The presented minimize results of calculations prove, that it is possible to minimalize the 
paraseismic and seismic influences by the appropriate selection of pile rigidities and 
lengths. In some cases the influence of reactions on building structure cannot even be 
taken into account. Extreme quantities of amplification coefficient oscillate for a building 
with the height 15m from 38% to 2%, and for a building with the height of 30m from 
12% to 0,2%.  
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CONCLUSIONS  
The realized calculations, concerning the influence of the proposed foundation on 
dynamic loads of the building structure, indicate that this influence is significant and 
profitable because:  

1.   free vibration frequency of a building is considerably reduced. In the considered cases 
it is reduced from 2 to 10 times,  

2.   
the transmission of vibration amplitudes on building structure is considerably reduced 
(38%–0,2%), which influences very advantageously on the safety of the object.  

The proposed method of the foundation eliminates the influence of excreepmg and 
increeping of the ground and enables vertical rectification of the building.  
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ABSTRACT. The paper considers one of the approaches to the evaluation of seismic 
resistance of spatial shell structures for seismic areas. Evaluation of seismic resistance of 
some types of spatial shell structures has been done experimentally to define by spectral 
analysis the amount of energy being transmitted to structures under the action of dynamic 
motion. Up-to-date physical procedures and proper handling of oscillograms have been 
used when evaluating the dynamic forces acting on thin shell structures during occuring 
earthquakes. The approach allowed to explain the “phenomenon of selectivity” when 
such systems as shells are more responsive to such constituents of vibrations the 
frequency of which is closer to their own frequency.  
Keywords: Shells, Spatial structure, Frequences of natural oscillations of structures, 
Frequences of soil vibrations, Convolution of spectra, Pseudovelocity.  
A.S.Zhiv is a Doctor of Technical Sciences, Professor at Vladimir State Technical 
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The paper presents the authors’ observations of the behaviour of reinforced concrete 
spatial structures erected in seismic zones of Kazakhstan. Prismatic, thin-slab shell 
structures, cylindrical, spherical and hyperbolic shells of heavy and lightweight concrete 
have been calculated for seismic resistance and the calculations have been supported by 
experimental results. Some spatial structures were designed of reinforced and cast-in-
place concrete.  

In the shell design great significance has been attached to the numerical evaluation of 
forces and displacements originating in reinforced concrete shell structures of different 
spans under seismic loading characteristic of earthquakes of magnitude of 9 (in 
accordance with 12-point scale adopted in Russia). Such seismic conditions were typical 
for most of the construction sites in the design area.  

Experimental investigations conducted on models have shown that at the seismic 
magnitude of 9 one might not expect great increase both of section dimensions of shell 
with spans up to 30m and the amount of reinforcement. It probably accounts for the fact 
that under seismic conditions the test shell structures were not subjected to oscillations of 
critical velocities.  

It may be suggested that with the increase of the size of shell spans amplitudes of their 
forced oscillations resulting from vertical displacements of the base under earthquake 



conditions would fit the displacements from the action of static useful loads. It is 
reasonable to assume such state to be the ultimate one for the given structure. We took as 
our example square on plan sloping shells of positive Guassian curvature and calculated 
deflections and amplitudes of different spans under permanently acting static useful loads 
4 kN/m2 and simulated seismic loading of 9. The test results analysis showed that at the 
accepted boundary conditions the maximum shell spans should be restricted to 36–40m 
when erected under the considered seismic conditions (Fig. 1).  

The data have been obtained by considering only low-frequency oscillations. 
However, experimental investigations on models and full-size structures point to the 
appearance of some additional spectra of oscillations depending on the rigidity of the 
supporting contour, thus suggesting the installation of dampers in shells.  

The supporting contours of shells (bowstring arches or girders) damp oscillations in 
themselves as they respond only to low-frequency oscillations as dampers. The use of the 
damping properties of the supporting contour provides a possibility to reduce the amount 
of energy being transmitted to a structure under the dynamic motion. The strain energy 
method has been applied to the evaluation of seis-zv267  

 
Figure 1 Dependence of amplitudes Wd and deflections Wst on the increase of shell 
spans  
 
mic resistance of structures subjected to oscillations. The method implies the evaluation 
of the amount of energy transmitted to structures during earthquakes and the amount of 
potential energy structures can absorb without severe damage.  

The amount of energy E transmitted to a structure at the earthquake has been defined 
by the formula:  

 
where, mn=reduced masses  

Yn=distribution coefficients in spectral analysis (abstract numbers)  
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V (ωn)=pseudovelocity  
The potential energy of the elastic system with several degrees of freedom performing 

oscillations without severe damage has been defined by the formula:  

 
where, ωn=frequencies of natural oscillations  

q (t)=generalized coordinate corresponding to the main n-mode of oscillations  
zv268  

Using the data obtained by instrumental recording when con ducting micro-seismic 
zoning of different construction sites, the pseudovelocity spectra of three spatial 
structures and their energeitics have been calculated. The considered structures were the 
sloping shell of positive curvature, the prismatic thin-slab shell and the hyperbolic 
paraboloid shell measuring 18×18m, 12×24m and 18×18, accordingly. The structures 
were constructed in different seismic areas of Kazakhstan.  

The results of the calculations are presented in Fig. 2 and the Table.  
The data analysis shows that higher amplitudes of oscillations can not greatly 

influence the pseudovelocity value and consequently, the amount of energy transmitted to 
a structure at the dynamic motion. Taking into consideration the actual rigidity of the 
supporting contour (the shaded section) the values of pseudovelocity come close to the 
critical values, thus pointing to the necessity of damping oscillations in large-span shells 
erected in seismic zones.  

In the simplified calculations of structures for seismic loading the motion of 
foundation soils is viewed as conventional and following the Harmonic (sinusoidal) Law.  

In fact the process of movement of foundation soils can be thought of as the result of 
the imposition of finate or non-finate numbers of harmonic (sinusoidal) components (by 
expansion into a Fourier series).  

The experimental data obtained with the help of seismometers installed on the shells 
erected in different seismic zones of Kazakhstan show that with the wide range of soil 
vibrations vertical oscillations of shells initiated by microseisms are consistent with 
harmonic oscillations or close to them, and thereby are different from soil vibrations. 
Investigations of microseisms allowed to arrive at the conclusion that the registered 
surface waves to which the natural vibrations of the soil layers refer, do not depend on 
the processes in the source of vibrations but are determined by the physical properties of 
soils and their bedding conditions in the upper layers (Fig. 3).  

The experimental data analysis shows that the lower frequences of shell oscillations 
were close to one of the frequences of the microseism spectra observed. The similar 
phenomenon is called the convolution of spectra and is widely known in the field of 
physics /2/.  

As the seismic motion transmitted to structures is accidental let us consider an effect it 
has on the structures under investigation.  
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Figure 2 Pseudovelocity spectra of structures: (a) 18×18m positive Gaussian curvature, 
(b) 12×24m prismatic thin-slab shell and (c) 18×18m hyperbolic shell  
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Table 1 Shell energetics  

Structure  Upper earthquake energy limit 
m/2×106  

Ultimate energy of structure 
m/2×106  

18×18m sloping shell  19.406  37.9  

12×12m prismatic thin-slab 
shell  

31.624  105  

18×18m hyperbolic 
paraboloid shell  

13.085  68.02  

 
Figure 3 Vertical displacements according to microseism records  
1–18×18m sloping shell of positive curvature  
2–18×18m hyperbolic shell  
3–12×24 m prismatic thin-slab shell  
Let the pulse to be seen in the presented oscillograms (Fig. 3) be called the output pulse 
of the system, the input pulse being seen in the oscillogram or accelerogram of the soil 
registered by seismometers. Any structure has its own spectrum of natural oscillations 
which can be called the impulse response of the system. Using this line of reasoning it 
follows that any input pulse changes its shape at the output. Therefore, if we know the 
impulse response of the system we can calculate the output pulse as well using the 
convolution of spectra. In actual practice the reverse is possible: if given the output pulse 
and the input pulse is determined and thus the level of the dynamic impact on the system 
is defined.  
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With the microseisms recordings presented in Fig. 3 the convolution of spectra has 
been calculated for a number of structures. The calculations made it clear that 
microseisms with the frequency of oscillations of 5 Hz proved to have the most steady-
state amplitudes and were responded by the shells the lower frequency oscillations of 
which were close to this value.  

The earthquakes registered in these seismically active regions lent support to the 
validity of the proposed approach. The authors believe that the approach provides an 
opportunity to think seismically when doing a seismic design and to design safe shell 
structures capable of with-standing earthquakes of magnitudes characteristic of the design 
region.  
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ABSTRACT. The use of controlled permeability formwork (CPF) systems is one of the 
options to improve the quality of the near surface concrete. The structural materials 
research group at Queen’s University of Belfast has investigated one such system, the 
Zemdrain formwork liner, in the past and results have been reported elsewhere. The main 
objective of the work reported in this paper was to compare the performance of Zemdrain 
formwork liner with two other types available in the market and study the effect of the 
reuse of these liners. Air permeability, water absorption, pull-off tensile strength and 
abrasion resistance were used to compare their performance. In general, the different 
systems resulted in a significant improvement in the near surface properties of concrete, 
however their relative benefits varied. Although the reuse of the fabric liners resulted in a 
reduction in their performance, there was still a significant enhancement in properties 
relative to a normal cast concrete surface.  
Keywords: Controlled permeability formwork, concrete durability, permeability, 
sorptivity, surface strength, abrasion resistance.  
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INTRODUCTION  
The near surface concrete provides the first line of defence to the ingress of deleterious 
substances and, hence, to the durability of structural concrete. As a consequence, it is the 
permeation characteristics of this layer of concrete which control the rate of deterioration. 
It is commonly recognised that by reducing the water-cement ratio of the near surface 
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layer, the durability properties can be improved. This can be achieved by using a 
Controlled Permeability Formwork (CPF) system.  

The first use of some form of controlled permeability formwork was reported in 1950 
where softboard liners were used on the inside of formwork panels. The permeable liner 
soaked up excess air and water from the concrete surface, however this practice was 
abandoned due to problems arising when stripping the formwork. The Japanese have 
since developed a permeable textile formwork liner [1] (RC. Cloth is one such liner), 
which can be attached to the vertical or inclined surface of conventional formwork. The 
liner allows surplus air and water to percolate through it, while preventing the escape of 
cementitious particles, thus lowering the water-cement ratio and increasing the strength. 
Parallel research carried out by Du Pont has resulted in the development of a similar, but 
less expensive, polypropylene liner known as “Zemdrain”. The principle of operation is 
similar to that of the Japanese liner, both systems have been shown, through site and 
laboratory investigation, to produce a highly durable near surface concrete [1, 2].  

This paper presents the results obtained from two investigations into the performance 
and reusability of CPF systems. The surface durability was assessed in terms of air 
permeability, sorptivity, water permeability, surface tensile strength and abrasion 
resistance of the near surface concrete.  

EXPERIMENTAL PROGRAMME  
Test variables  
Four types of concrete surfaces were made with the following types of form works:  

(i)   Conventional formwork (Normal plywood formwork)  

(ii)   Zemdrain lined formwork  

(iii)   RC Cloth lined formwork  

(iv)   Softboard lined formwork  

The work was carried out in two series. The first investigated the effectiveness of the 
three CPF systems by comparing them with the conventional formwork system. A total of 
six specimens of 950×300×150mm size were cast with a w/c of 0.65 and this gave a total 
of twelve test surfaces. This allowed each of the four test surfaces to be assessed on the 
basis of the different specimens.  

The second series of the work was to study the effect of the reuse of the formwork 
liners. Hence, four specimens of 700×300×150mm were cast with a w/c of 0.55. This 
resulted in eight test surfaces; three with the Zemdrain liner, three with the RC cloth 
liner, one with the Softboard and the last with the conventional formwork. The Zemdrain 
and RC Cloth were reused twice to achieve the three test surfaces for each of these two 
liners.  

A mix ratio of 1:1.65:3 between ordinary portland cement, zone 3 sand and 10mm 
basaltic aggregate were used in both test series.  

Preparation of Test Specimens  
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The formwork liners were attached to the formwork in accordance with standard 
practices. In the case of the Zemdrain liner, it was stretched and nailed onto the timber 
formwork in compliance with the manufacturer’s specifications as described in reference 
3. The RC cloth consists of two layers, a permeable layer and a drainage layer. The 
permeable layer is made up of a white polyester woven fabric and this allows water and 
air to escape from the near surface concrete. The drainage layer is a blue polythene 
knitted fabric and allows the air and water, that has passed the first layer, to drain away. 
Both the layers are attached together to conventional formwork with drainage holes 
(6mm diameter). In order to eliminate problems during the release of the softboard lined 
formwork, a permeable fabric sheet was tacked to the conventional formwork using panel 
pins. The other surfaces of the mould were lightly oiled prior to casting.  

All specimens were removed from the mould 24 hours after casting and placed in a 
controlled environment at 20°C an 55% RH for 14 days. They were then transferred to an 
environmental cabinet at 40°C and 20% RH and there they remained until they were 28 
days of age. The 40°C drying was expected to have produced a reasonably low moisture 
content in the near surface concrete. The specimens were then placed in the controlled 
environment at 20°C and 55% RH for the duration of the testing programme.  

TEST METHODS  
The following tests, all of which are related to concrete durability, were applied to the 
test specimens:  

Permeation Tests using the ‘Autoclam’  
The air permeability, water permeability and sorptivity tests were carried out at three 
locations along the depth of the specimens using the ‘Autoclam’ [4]. A detailed 
description of the Autoclam permeability system can be obtained in reference 5. For test 
series 1 the air permeability test was carried out on the 28th and 47th day after casting. 
The water permeability and sorptivity tests were carried out on the 48th day after casting. 
For test series 2 the air permeability test was carried out on the 28th day and the 
sorptivity test was carried out on the 29th day after casting.  

Surface Tensile Strength  
The surface tensile strength was determined by carrying out the pull-off test [6] on the 
48th day (Test series 1) and 29th day (Test series 2) after casting. Steel disks of diameter 
50mm were bonded to the concrete surface by means of an epoxy resin adhesive. Then by 
applying an increasing tensile load via a hydraulic jack, the disk was pulled off the test 
surface and the force applied to cause the failure was recorded and the corresponding 
tensile strength calculated.  

Abrasion Resistance  
For test series 2, when the test specimens were 100 days old the abrasion resistance was 
measured by employing an apparatus developed at Queen’s [7]. The depth of abrasion at 
8 different locations on the test surface was measured and an average value determined in 
order to assess the abrasion resistance.  

PRESENTATION AND DISCUSSION OF RESULTS  
Comparison of CPF liners  
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Surface Finishes: The cast surfaces were inspected immediately upon striking the 
formwork 24 hours after casting. The surface cast against the normal formwork face was 
light grey in appearance and had an extensive coverage of blowholes. The Zemdrain 
formwork face showed an unblemished surface free from any blowholes or other defects 
and was slightly darker in appearance. The surface produced using the RC. cloth was 
very similar to that obtained from Zemdrain, but more textured resembling the textile 
fabric of the liner. The surface obtained by casting against the softboard system was also 
blowhole free, but a layer of fine particles was evident, which when removed revealed a 
rough indented finish. This may be attributed to the excessive absorption of water by the 
softboard, thus leaving insufficient water for full hydration of the cement particles near to 
the surface. The absence of blowholes in concretes produced with the CPF systems is due 
to the removal of the excess air and water in concrete by the formwork liners during the 
vibration of fresh concrete.  
Bleed Water: The volume of bleed water collected in test series 1 increased steadily for 
the first 20 minutes and tapered off after 100 minutes (Figure. 1). There was no 
significant difference between Zemdrain and RC cloth in removing bleed water. No bleed 
water drained off from the softboard system as the thick softboard layer absorbed all the 
excess water.  

 
Figure 1. Average volume of water removed by formwork liners  
Permeation tests with the Autoclam: The air permeability indices obtained from the three 
CPF formwork faces are substantially lower than that obtained from concrete cast against 
conventional formwork (Figure 2). The softboard system showed a reduction in the range 
of 3 to 5 times and the RC cloth and Zemdrain liners gave reductions ranging between 6 
and 9 times that of the conventional formwork surfaces. This trend in performance was 
observed for both the 28th day and 47th day tests, however the 47th day results showed a 
further 10% reduction in air permeability relative to the 28th day results.  

The concrete surfaces made using the CPF systems produced sorptivity indices on an 
average 85% better than that of the conventional formwork (Figure 3). The Zemdrain 
zv277 liner performed on an average 20% better than the other two systems. The same 
trend of results was found for the water permeability tests.  
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Figure 2. Influence of various CPF liners on Air Permeability  

 
Figure 3. Influence of various CPF liners on Sorptivity  
Surface Strength: From the results presented in Figure 4 the CPF systems resulted in 
significantly higher surface strength than the conventional formwork (average for all CPF 
systems 40%). The minor variations for the CPF faces can probably be put down to 
variations in mixes from specimen to specimen.  

Effect of the reuse of CPF liners  
Figures 5 to 8 report the effect of the reuse of Zemdrain and RC cloth in comparison to 
the conventional formwork for concrete with a w/c of 0.55. With respect to permeation 
properties there is no significant difference between Zemdrain and RC cloth and the 
effect of the reuse is seen to be to increase the permeation properties. However, this 
increase is modest compared to the reduction achieved by the use of these liners. The 
softboard did not perform as well as the other two at this w/c, however the actual air 
permeability value is much less than that obtained for the 0.65 w/c concrete made with 
softboard lined formwork.  
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Figure 4. Influence of various CPF liners on Surface Strength  

 
Figure 5. Influence of the reuse of Zemdrain & RC Cloth on Air Permeability  

 
Figure 6. Influence of the reuse of Zemdrain & RC Cloth on Sorptivity  
The pull-off tensile strengths in Figure 7 illustrate that the reuse of Zemdrain and RC 
cloth reduced the surface strength of 8%. However, there was still an increase in surface 
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strength by 18%. On average the single use of CPF systems resulted in an increase in 
surface strength by 40%, which is similar to the results in the first test series.  

 
Figure 7. Influence of the reuse of Zemdrain & RC Cloth on Surface Strength  
Compared to conventional formwork, the softboard system gave a 50% reduction and the 
other two systems gave an average of 90% reduction in abrasion depth (Figure 8). The 
depth of abrasion increased significantly when Zemdrain and RC cloth were reused. A 
second reuse resulted in a decrease in abrasion resistance of some 50% of the original 
value, however there was still an improvement of 65% compared to the conventional 
formwork.  

 
Figure 8. Influence of the reuse of Zemdrain & RC Cloth on Abrasion Resistance  

CONCLUSIONS  
On the basis of results presented in this paper, the following conclusions have been 
drawn:  

1.   

The use of a controlled permeability formwork system improves the durability 
characteristics of concrete significantly. At a high water-cement ratio, there is no 
significant difference between the use of Zemdrain, RC cloth and the zv280 softboard 
with a fabric liner. However, the performance of softboard is not as good as the other 
two at a medium water-cement ratio concrete. Zemdrain was found to be slightly 
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better than RC cloth in reducing the permeation properties and improving both the 
surface strength and the abrasion resistance.  

2.   

The reuse of both Zemdrain and RC cloth resulted in reduction in the improvement in 
the properties normally obtained by using these liners. However, these reductions in 
performance are relatively modest. It may be noted that these formwork liners were 
used carefully in the laboratory and such care in handling may not be possible on site. 
Therefore, the effectiveness of reusing of these formwork liners may depend on site 
practices and workmanship. There is also a risk that the liner could be reused to such 
an extent that no significant benefits are achieved and this would be difficult to 
control on site.  
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ABSTRACT. Durability of concrete is perhaps one of the great problems to be 
confronted by engineers. Not only in terms of the performance of the material, but in 
terms of weathering. Durability of the material is of limited value without durability of 
appearance.  

Durability of concrete is therefore predominantly a surface issue. Environmental 
mechanisms act on the surface of the concrete affecting both appearance and 
performance. The permeability of the concrete is indirectly determined by the water 
cement ratio and the appearance by surface porosity and the presence of blowholes.  

Controlled permeability formwork (CPF) improves every aspect of concrete durability 
by removing excess air and water from the concrete/formwork interface. CPF also 
prevents the formation of a surface laitence. The technical benefits of CPF are now 
widely accepted and this paper will review the main benefits, whilst detailing some 
benefits which are not always appreciated.  
Keywords: Controlled Permeability Formwork (CPF), Durability, Water/cement ratio, 
Curing, Appearance, Surface contamination, Economics  
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INTRODUCTION  
The lack of durability of appearance of concrete structures is readily apparent. The 
surface quality of concrete surfaces after several years exposure to the environment 
shows rapid deterioration.  

A growing appreciation of the deleterious effects of carbonation, chloride ingress and 
exfoliation caused by freezing and thawing have caused the concrete industry to take the 
question of durability seriously. The quality of cover zone concrete is critical, as this 
provides the first line of defence to the reinforcing steel and can easily be more important 
to long term durability than the bulk structural properties of the concrete.  

As we become more concerned about the quality of our potable water supplies, any 
potential contamination of water from the concrete must be of concern. Leaching of 
hazardous materials from the concrete has been researched, but presence of residues of 
release and curing agents in the concrete surface has all but been ignored. New research 
is showing that we do so at our peril.  



CONTROLLED PERMEABILITY FORMWORK  
The Need  
A technique is needed which addresses the four main areas of concern  

•    durability of appearance  

•    durability of material  

•    effective curing  

•    surface contamination  

Until the advent of CPF, solutions were sought to each of these areas of concern 
separately. Coatings have been the main method of improving appearance, but their 
indeterminate life and variable performance have made their use problematical. The most 
work has gone into durability of material with the use of blended cements and 
admixtures. These products generally improve the bulk properties of the concrete but not 
those of the outer portion of the cover zone, generally recognised as the most important 
area. Correct curing practice is still not applied on most sites.  

The use of release agents on the surface of formwork to enable its easy removal has 
several drawbacks. The agent retards the surface reaction giving a poorer quality 
concrete, but more importantly residues of release agents have been shown to penetrate 
up to 5mm into the concrete surface [1]. These bio-degradable products do not degrade in 
the concrete and provide a nutrient source for the micro-organism growth.  

CPF has shown that in each of these four areas, it offers real benefits.  

The Concept  
The use of CPF can ensure that the concrete in the cover zone, particularly the outer 
20mm, has optimum density and consistency.  

A controlled permeability formliner (CPF) is engineered to resist concrete pressure but 
with a multitude of micro pores so that it acts as a filter which retains the fines of the 
concrete mix, but allows the trapped air and the excess water to pass through it and 
escape.  

The form liner is placed over conventional formwork so that during the concrete 
compaction (vibration) the trapped air and excess water from the concrete mix, which 
moves towards the concrete surface, is evacuated through the CPF, as shown in Figure 1. 
Indeed, the water leaching out will continue afterwards and, depending on the case, can 
continue for up to 2–3 hours.  

As a result the concrete surface is free of blowholes and has a very closed structure as 
the water/cement ratio near the concrete surface is significantly lowered (instead of 
becoming higher), Figure 1. This gives a quantum improvement in most concrete 
properties measured near the surface.  

Release agents are not needed with the liner which helps avoid possible contamination 
of the concrete surface. This makes CPF particularly attractive for environmental 
problems or special applications such as reservoirs for drinking water and food silos.  
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The Benefits  
The effects of CPF on concrete properties have been tested in numerous research 
laboratories, universities and specialised institutes throughout Europe and also in North 
America and the Middle East.  

The tests involved a range of concrete grades from C25 to C65, with water/cement 
ratios ranging from 0.40 to 0.65, with different cements and blends: PC (Portland 
Cement), GGBS (Ground Granulated Blastfurnace Slag), PFA (Pulverised Fuel Ash). 
Different slumps (50 to 210mm), the addition of admixtures (plasticizers, super 
plasticizers, retarders water proofers and air entrainment) and the addition of silica fume 
have also been assessed. Work has been done on vertical and inclined slabs using 
different curing techniques and the effects of hot-dry and hot-wet conditions have been 
examined.  

In all cases significant improvements were experienced on all the properties affected 
by the quality of the concrete surface. The improvement observed varied from concrete to 
concrete and also depended on the test considered, the design w/c, the type of cement 
used and on the casting conditions.  

 
Figure 1. Basic concept of CPF  
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Figure 2. The effect of formwork type and curing on 2 hour cumulative I.S.A.T [7]  
 
As a general rule, it was found that the more critical the conditions (cement type, 
inclination, slump, curing) and the more critical the test, the more improvement could be 
observed. The sensitivity of surface properties to poor curing conditions, which is typical 
for concretes with slow hydration, was very much reduced.  

The largest improvement was observed in the increase in tensile strength near the 
surface, which is not surprising as both water/cement ratio and the release oil used on 
regular shutters (especially if used in excess), have a negative effect on this parameter 
Surprisingly, also a quantum improvement was observed on a high grade concrete 
(w/c=0.4, C65 with air entrainment and 5% silica fume). For a very critical test (salt 
freeze-thaw cycling) the amount of scaled material after 56 salt freeze-thaw cycles, was 
reduced by over 95% [2].  

Describing all the results of the above tests goes beyond the intent of the present 
paper, so we will just summarise the overall results obtained in the given tests in Table 1, 
and later we will expand on some other aspects and on results obtained using different 
cement blends.  

End Use Benefits  
The improved concrete properties obtained with CPF make it particularly suitable for use 
in those cases where critical environmental conditions make it difficult to achieve the 
required life expectancy using more traditional techniques. Consideration will now be 
given to a number of application areas and how CPF is of benefit will be examined.  

Bridges And Transport Projects  
Durability is of major concern to highway authorities throughout the world and the UK is 
no exception. A major study [3] commissioned by the Department of Transport in the 
UK, studied 200 bridges to assess their durability characteristics. The results were quite 
disturbing and subsequently advice notes have been issued regarding durability, which 
have highlighted two major damage causing mechanisms.  
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•    
salty water from de-icing salts being splashed onto bridge abutments, piers, parapets 
and deck soffits. This spray also contaminates the soil adjacent to carriageways 
causing chloride attack to concrete sub-structures.  

•    poor curing.  

The reduced permeability and absorption characteristics of CPF cast concrete help to 
significantly increase the time to activation of steel corrosion, by factors of 2 to 10 [4]. 
Figure 2 shows the benefits in terms of the reduced absorption characteristics for three 
strength grades and the effects of wet curing. Table 2 shows the improvements in the 
effective chloride diffusion coefficients. It is evident that CPF used in combination with 
blended cements can give the optimum protection against the ingress of chlorides.  
 
Table 1. Summary of test results  

Test Considered  Average  (Range)  

Surface hardness (Hammer—Schmidt)  +21.7  (10–43)%  

Surface breaking strength  +165  (27–522)%  

Surface abrasion resistance  +32.6  (31–34)%  

Water absorption (2hrs cumulated ISAT*)  −81.4  (47–93)%  

Water penetration depth  −55.00  (31–89)%  

Water sorptivity  −52.30  (20–84)%  

Water permeability coefficient  −85.00  (61–99)%  

Autoclam pressure decay test(Q.U.B.)  

air permeability  −69.9  (41–99)%  

water permeability  −65.6  (58–81)%  

Oxygen diffusion coefficient  −25.5%    

Chloride diffusion  −57.60  (25–90)%  

Salt freeze-thaw erosion  −79.70  (36–99)%  

Carbonation, accelerated(CO2) chamber  −71.60  (39–99)%  

Carbonation, normal exposure  −82.60  (80–87)%  
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Surface porosity (0–4 mm depth)  −46%    

   

Table 2. Efffective chloride diffusion test results [4]  

      Surface Chloride (% 
conc)  

Effective Diffusion Coefficient 
(m2s×10−12)  

Mix  Formwork Cure   40°C  20°C*  

IMP  Wet 0.16  10.00  2.50  

IMP  None 0.18  8.88  2.22  

CPF  Wet 0.28  3.02  0.76  

OPC  

CPF  None 0.27  3.04  0.76  

IMP  Wet 0.16  9.99  2.50  

IMP  None 0.24  5.62  1.40  

CPF  Wet 0.18  2.05  0.51  

OPC/PFA  

CPF  None 0.15  4.00  1.00  

IMP  Wet 0.19  10.56  2.64  

IMP  None 0.20  8.05  2.01  

CPF  Wet 0.11  1.75  0.44  

OPC/50%GGBS 

CPF  None 0.12  2.48  0.62  

IMP  Wet 0.18  5.03  1.26  

IMP  None 0.24  5.62  1.40  

CPF  Wet 0.11  1.85  0.46  

OPC/70%GGBS 

CPF  None 0.11  1.80  0.45  

OPC/AEA  IMP  Wet 0.20  3.47  0.87  
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IMP  None 0.15  4.49  1.12  

CPF  Wet 0.19  1.37  0.34  

 

CPF  None 0.22  1.29  0.32  

*Assuming Arrhenius relationship applies and dividing measured value at 40°C by 4  

Marine Structures  
Coastal structures have to withstand the erosive forces of the sea, both from abrasion, 
continuous cycles of wetting and drying and the chloride rich environment. The splash 
zone is regarded as being the most severe with regard to the accumulation of surface 
chlorides. This is due to the wetting and drying cycles which result in a progressive build 
up of chloride by a process of wetting with seawater, evaporation and salt crystallisation. 
In some areas, freeze/thaw action can aggravate the problem. This phenomenon occurs 
world-wide, but the rate of failure of concrete in the harsher environments like the 
Middle East is more rapid than in milder climates. The benefits of CPF in hot-wet and 
hot-dry climates have been previously published [5]. On going tests on in-situ structures 
in the U.A.E., see Figure 3 are already showing that after 3 years exposure in the splash 
zone, that the benefits of CPF are very evident. The same benefits can be anticipated in 
the UK, although over a longer time period. The benefits of early age curing by the CPF 
liner are also significant.  

Wastewater Structures  
The safe treatment of all kinds of wastewater is of major public concern. As we treat 
more and more aggressive elements the quality of the surface concrete is very important. 
As well as having no blowholes, a dense impermeable surface which is resistant to wear 
and abrasion and to aggressive gases and effluents is required. Figure 2 shows how the 
absorption of the surface is reduced by using CPF, whilst Figure 4 shows the 
improvements in abrasion resistance for a 0.45 and 0.65 W/C mix, showing that the use 
of CPF with a weaker mix gives better properties than the stronger mix cast 
conventionally. In exposed areas the freeze/thaw characteristics of concrete are very 
important, the use of CPF avoids any problems, Figure 5.  

Potable Water  
Water is our most precious asset and the quality of our drinking water supplies is of 
major public concern. The integrity, durability and impermeability of structures 
containing water are therefore essential.  

Conventionally cast concrete tends to produce a low denisity porous surface with 
numerous blowholes, and contaminated with residues of release agents. CPF liners do not 
require release agents so no surface contamination occurs, helping to avoid the possible 
occurrence of micro-organisms growth. The reduced porosity of CPF surfaces, Figure 6 
and improved abrasion resistance and surface strength [6] make the CPF surface ideal for 
this application. In those circumstances where it is necessary to coat concrete the use of 
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CPF can be of major benefit. The surface produced does not require grit blasting or a 
faring coat and provides the best possible base for most coating types.  

Non-structural cracks as well as being unsightly can be a significant problem. 
Although not the whole answer, the use of CPF overcomes many of the problems which 
lead to crack formation.  

 
Figure 3. Chloride at given depth (%Cl/cement)  
 

 
Figure 4. Effect of CPF on abrasion resistance [6]  
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Figure 5. Effect of CPF on frost resistance after 25 F/T cycles [4]  
 

 
Figure 6. Pore Distribution (surface)  
 

ECONOMIC & ENVIRONMENTAL CONSIDERATIONS  
CPF systems have been used on over 100 UK projects and considerably more worldwide. 
The concrete produced has consistently benefited from improved appearance, durability 
and curing, irrespective of grade, mixes and admixtures. On all of these contracts the 
perceived extra cost of using CPF has been considered insignificant by clients whose 
main interest is the whole life cost of their structures.  

Under most circumstances using CPF adds to the initial construction costs, but 
contractors can make savings by using lower grade plywood, avoiding the use of release 
and curing agents and with reduced cleaning and maintenance of formwork. The most 
significant savings are in producing an as struck surface to which cosmetic repairs are not 
required. On a motorway pier replacement contract these savings were so significant that 
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CPF was used at no extra cost to the client. Surface impregnation with silanes is 
expensive and hazardous and the use of CPF is a better, more economical solution. For 
coating contracts savings (£15/m2 on one reservoir contract) were made when the grit 
blasting and faring coat operations were deemed unnecessary.  

The main savings are over the longer term with reduced maintenance and increased 
structural life. As always these benefits are difficult to quantify, but, as any remedial 
work will involve disruption of service and extremely costly repairs, the benfits to all 
structures will be considerable. From an environmental point of view, the use of CPF is 
very beneficial. By making the maximum use of the initial construction and ensuring 
longer life structures, repairs may not be necessary and scarce resources will be 
preserved.  

CONCLUSIONS  
The arguments presented in this paper demonstrate that the use of CPF gives a quantum 
improvement in the surface properties of concrete. This is the only technique which can 
give durability of appearance and performance to a structure in one operation. CPF can 
give concrete back its reputation for quality.  

This can only be achieved if the industry wishes to do so, as it involves a change in 
attitude and practices. This is going to happen despite the conservatism of the 
construction industry, if for no other reason, than that in the past nobody could be blamed 
if they used commonly accepted practices resulting in poor quality concrete: in future it 
will be very difficult to justify ignoring techniques like CPF and to continue producing 
vulnerable concrete.  

Despite the attempts to improve the environment it is obvious that with an increasing 
population that the quality of air rain and water is not improving and the environment 
will continue to be aggressive to concrete. So the case for the use of CPF will increase 
with time.  

This site proven technology for producing longer life concrete is here today. If 
engineers do not specify and use “Controlled Permeability Formwork”, then their client’s 
first maintenance bill will not be long in coming.  
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ABSTRACT: We are currently studying high performance concrete (HPC). We believe 
that the most important aspects of HPC to develop are its flowability and its compaction 
ability. For this purpose, an advanced superplasticizer (ADSP) to attain excellent 
flowability and segregation resistance is required. We have developed a polycarboxylate 
based ADSP containing cross-linked polymer, SP-A.  

Flowability and segregation can be explained by DLVO therory and steric effect 
theory as well as depletion effect, Tom’s effect and tribology effect.  
Keywords: High performance concrete (HPC). Advanced superplasticizer (ADSP), 
Polycarboxylate, Cross-linked polymer, Depletion effect, Tom’s effect, Tribology effect  
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INTRODUCTION  
With recent concrete technology, new design and placement methods have been 
developed to cope with the increase in the variety of concrete structures and their scale, 
as well as to improve strength, durability, and high flowability of concrete. In addition, 
attracting laborers to job sites is becoming difficult due to increases in the number of 
projects carried out under special environments and the changes in Japanese social 
structure. Conditions surrounding the concrete business are becoming severe. Therefore 
greater diversification and improvement in concrete performance and technology leading 
towads high performance concrete (HPC) are needed. Given these conditions, chemical 
admixtures for concrete have taken a greater role in the progress of concrete technology. 
In particular, the influence of advanced superplasticizers (air entraining and high-range 
water reducing agents and plant added superplasticizers, ADSP) has been significant.  

HPC is defined by three criteria: strength, durability and flowability. We believe that 
the most important aspects of HPC to develop are its flowability and its compaction 



ability. For the purpose, an ADSP to attain excellent flowability and segregation 
resistance is required. We have developed a poycarboxylate-based ADSP containing 
cross-linked polymer, SP-A. The first ADSPs were introduced into Japan in 1987 and 
were called the 4th generation of admixtures, after AE agents, AE water reducing agents, 
and superplasticizers. ADSPs exhibit high water reduction and good slump retention.  

The General Project by the Ministry of Construction called The Technology 
Development of Ultra-Light and Ultra-High Rise Reinforced Concrete Buildings, (the so-
called New RC) has taken a great role in the development of ADSP. By using ADSP, the 
production of concrete with a unit water weight of 160 kg/m3 or 165 kg/m3 and with a 
lesser slump change over time became possible despite a 22% water/cement ratio.  

Thus, ADSP have had a significant role in providing concrete with durability 
following their introduction into the Japanese market in 1987.  

THE PURPOSE OF ADSP  
There are three typical purposes of ADSPs: as a measure to reduce the unit water weight 
of ordinary concrete; to produce high strength concrete; and to produce high flowable 
concrete.  

TYPES OF ADSP  
The ADSP on the market at present are roughly classified, for convenience, into four 
types based on their principal water reducing component, in other words, the main 
component which disperses cement particles. This classification is further subdivided 
based on slump retentive components.  

Chemical structure of ADSP currently on the market  
At present, the member companies of the Chemical Admixture Association have 
marketed various types of ADSP. These admixtures can be roughly divided into four 
types based on their main component: 1) naphthalene based, 2) melamine based, 3) 
polycarboxylate based, and 4) amino sulfonate based admixtures. The presumed chemical 
structures of the main components are given in Figure 1.  

Naphthalene based  
Beta-naphthalene sulfonate formaldehyde condensate (BNS) is commonly called 
naphthalene sulfonate, polyalkylaryl sulfonate, or alkylnaphthalene sulfonate. Action 
derivative polymer, reactive polymer, or modified lignin (secondary components 
exhibiting slump retention) are added to naphthalene-based ADSP.  

Melamine based  
Melamine sulfonate formaldehyde condensate (M S) is commonly called melamine, 
modified methylol melamine, or sulfonated melamine. In addition, slump retentive 
components as well as MS are added to melamine-based ADSP.  

Polycarboxylate based  
Various polycarboxylate-based water reducing agents have been developed, from which 
ADSP have been produced and marketed. Polycarboxylate-based water reducing agents 
are classified into two types: olefin-maleate based and acrylate-acrylic ester based. 
Polycarboxylate-based ADSPs with new functions can be developed because unlike BNS 
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and MS, the chemical structure of polycarboxylate-based water reducing agents can 
accept side chains exhibiting new fuctions by grafting and copolymerization. New 
functions can be added by controlling the chemical structures and their molecular weights 
[1].  

Aminosulfonate based  
Aromatic amino sulfonate-based polymer compounds are said to be three dimensional 
condensates.  

Standards for ADSP in Japan  
Quality standards for ADSP are stipulated in the “Guidelines and Explanatory Notes on 
the Mix Proportion. Production, and Placement for Air Entraining High-range Water 
Reducing Agents (draft)” Attachment 1 JASS 5T-403 (Quality Standards for Air 
Entraining High-range Water Reducing Agents for Concrete) published by the Japan 
Architect Society in June 1992. JASS 5T-403 is a collection of quality specifications and 
test methods [2]. Approximately one year later, the Japan Society of Civil Engineers  
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Figure 1 Chemical structure of ADSP  
zv295 produced “The Guidelines for the Placement of Concrete Using Air Entraining and 
High-Range Water Reducing Agents (draft)”, and published “The Guidelines for 
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Concrete Placement Using Air Entraining and High-Range Water Reducing Agents” in 
Concrete Library No. 74 in July; 1993. In these guidelines, an ADSP was defined as an 
admixture that is added into a mixer with other materials when concrete is mixed and that 
exhibits air entrainment, higher water reduction than an AE water reducing agent, and 
good slump retention [3]. These quality specifications for this ADSP have been certified 
by the Japan Industrial Standards (JIS A 6204) in March, 1995.  

Besides these standards authorized by academic societies, there are also the following: 
“Quality Standards for Air Entraining High-Range Water Reducing Agents (draft)” by 
the Honshu-Shikoku Bridge Authority; “A Criterion for Air Entraining High-Range 
Water Reducing Agents for High Strength Concrete” by the Housing and Urban 
Development Corp.; and “The Criterion for Air Entraining High-Range Water Reducing 
Agents for High Strength Concrete” by the New RC of the Construction Ministry.  

FLUIDIZING MECHANISMS OF ADSP  
Dispersion theory  
In order to improve the water reducing effect in concrete, the dispersibility of cement 
particles should be increased and the dispersibility should remain stable. It is said that the 
dispersion stability of inorganic particles is due to electrical repulsion and the steric effect 
of adsorbed surfactants [4]. The basis of the dispersion stability of cement particles is the 
same as that of inorganic particles, although the surface conditions of the particles is 
changed by hydration.  

DLVO theory  
The explanation of dispersion stability in terms of electronic repulsion according to the 
DLVO theory by Derjaguin. Landau, Verwey, and Overbeek is well known. The 
dispersion stability of particles is determined based on the curve shape of the total 
potential energy (VT) made up of the electrostatic repulsion force (VR) obtained when 
two particles approach and the London-van der Waals’ attraction (VA). When the distance 
between two particles corresponds to the point on the curve where VT is at a maximum 
(Vmax), the two particles are dispersed. As Vmax increases, the dispersibility is increased 
and exhibits a close co-relationship with the zeta potential [4].  

Steric effect theory  
Dispersion stability due to the steric effect can be explained by the entropy effect theory 
proposed by Mackor. The total potential energy VT between two particles is given by 
VT=VA+VR

S. VA is the van der Waal’s attractive potential energy and VR
S is the steric 

repulsive potential energy calculated as an entropy term from the structure zv296 and 
conformation of adsorbed surfactant on the particles. The dispersion stability is 
maintained by this steric repulsive force. Fisher and Ottwill conclude this theory as the 
osmotic pressure effects [4].  

The water reducing effect on cement components such as concrete and mortar is 
obtained by increasing the dispersion of cement particles. Water reducing agents 
(dispersing agents) can be roughly divided into 2 types: 1. water reducing agents which 
increase the zeta potential of cement particle surfaces and increase the electrical repulsive 
force: and 2. those which increase the repulsive force by sterically expanding the 
adsorption layer on the surface of the cement particles.  
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BNS- and M S- based water reducing agents are adsorbed on the surface of cement 
particles in rod-shaped chains and in several layers. The cement particles are dispersed 
due to the strong repulsion caused by the negative ions of the sulfonic group in the 
chemical structure of the agents. The size of this electronic repulsive force can be 
estimated by measuring the zeta potential of the cement particle surface. The 
dispersibility and water reduction can also be estimated [5]. With polycarboxylate-based 
water reducing agents, the water reducing effect is obtained by dispersing the cement 
particles through two factors: 1. the electrical repulsive force due to negatively charged 
ions of the carboxylic groups in the chemical structure of the agents: and 2. the steric 
effects of the main and/or side chains (graft chains). Therefore, polycarboxylate-based 
water reducing agents can obtain equal water reduction at quite small dosages compared 
with BNS- or MS-based agents that obtain dispersion only through electrical repulsion 
[1].  

Amino sulfonate-based water reducing agents can reduce water content by steric and 
electrical repulsion due to the sulfonate group in their chemical structure, the wetting 
effect due to hydroxyl group (−OH), and the steric effect due to their three-dimensional 
structure. Aminosulfonate-based water reducing agents can obtain equal water reduction 
at a mean dosage between that of BNS and polycarboxylates.  

Flowability enhancement and segregation resistance  
To enhance the flowability and segregation resistance of concrete, the following four 
effects are important: depletion effect, depletion cogulating effect, Tom’s effect, and 
tribology effect in addition to DLVO theory and steric effect theory.  

Depletion effect  
DLVO thory or steric effect theory states that since a polymer dispersing agent adsorbs to 
cement particles and disperses them, there must be a depletion effect that occurs when a 
non-adsorbing polymer with a molecular weight in the tens of thousands ingresses 
between particles and disperses them due to volume repulsion [6]. (Figure 2)  

Depletion coagulating effect  
With the depletion effect, a polymer with a molecular weight from hundreds of thousands 
to millions cannot ingress between the cement particles and so the particles become 
coagulated, which provides segregation resistance. (Figure 3)  

Tom’ effect  
Since linear polymers line up along the direction of concrete flow, friction resistance 
decreases [7]. (Figure 4)  

Tribology effect  
Low molecular weight compounds having lubrication properties reduce the friction 
resistance between particles [8]. (Figure 5)  

Dispersibility retention  
Dispersibility retention of BNS-based agents  

The zeta potential of polycarboxylate just after mixing is approximately half of BNS. 
In the event that BNS and polycarboxylate are added until they exhibit similar water 

Comparative study of formwork liners     291



reduction, the zeta potential of polycarboxylate-based agents is roughly half that of BNS. 
It is assumed that steric repulsive forces are greatly affected by the graft side chains. BNS 
shows high zeta potential just after measurement, but this greatly declines over time. The 
change in zeta potential over time affects the dispersibility retention in concrete. As BNS 
is adsorbed to cement particles in layers, these adsorption layers are immediately covered 
with cement hydrates. Therefore, electrical repulsive force is lost and dispersing retention 
disappears. Because BNS-based water reducing agents have a small effect on maintaining 
the dispersion stability of cement particles, a BNS-based ADSP is added with an action 
derivative polymer, reactive polymer, or modified lignin. etc. as a slump retentive 
component which retains dispersibility.  

Dispersibility retention of polycarboxylate-based agent  
With polycarboxylate ether-based ADSP, cement particles are dispersed by the negative 
ions of their carboxyl groups. This dispersing effect is maintained by the side chains 
which exhibit steric extension. The even distribution of these side chains greatly 
contributes to the dispersion of cement particles.  

Slump retention of polycarboxylate-based cross-linked polymers  
Based on these basic study, partially cross-linked acrylate polymer (acrylate 3) was 
synthesized from a copolymer of acrylic acid and polyethlene glycol monoalkyl ether 
acrylate (acrylate 2). The change in zeta potential and molecular weight distribution 
measured by GPC analysis proves chemically that cross-linked polymer in an alkali 
zv298  

 
Figure 2 Depletion effect  

 
Figure 3 Depletion coagulation effect  
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Figure 4 Tom’s effect  

 
Figure 5 Tribology effect  
 environment is hydrolyzed and converted into a water reducing acrylate polymer which 
retains dispersibility [1, 9, 10].  

Each step of the slump retention of polycarboxylate containing cross-linked polymer is 
as follows.  

a)   Cement particles coagulate.  

b)   

When polycarboxylate containing cross-linked polymer is added at this stage, 
polycarboxylate possessing steric side chains adsorbs onto the cement particles. Due 
to the electrical repulsive force of the negative ions in the carboxyl groups and the 
steric repulsive force of the side chains, the cement particles are dispersed.  

c)   

After a definite time, as hydrates is deposited, part of the polycarboxylate adsorbed 
onto the surface of cement particles is covered with hydrates.  

However, since the water reducing agent possesses steric side chains, most of the 
remainder of the side chains is still uncovered. The protruding side chains maintain 
dispersibility.  

In addition, from this stage onwards, the polycarboxylate cross-linked polymer is 
gradually converted into polycarboxylate exhibiting gradually dispersibility, and the 
cement particles are further dispersed. Thereby, the slump of the concrete remains for 
a long time.  

PROPERTIES AND APPLICATIONS OF HPC USING ADSP SP-A  
During the last few years, our ADSP SP-A has been developed, and applied at various 
job sites such as the Trans-Tokyo Bay project, Akashi Suspension Bridge project and so 
on.  
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CONCLUSIONS  
As a result of intense research aimed at the development of an advanced superplasticizer 
with high dispersibility, long-termdispersion stability, excellent flowability and 
segregation resistance, we have developed a polycarboxylate-based ADSP containing 
cross-linked polymer, SP-A.  

Based on our findings, we hypothesized the differences in fluidizing mechanism for 
the different types of chemical structures and functional groups. The new ADSP is being 
used at several big construction projects.  
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ABSTRACT. Lignosulphonates originating from the pulp and paper industry are well 
known raw materials for the production of water-reducing admixtures for concrete. 
Traditional sulphite and kraft pulping processes which are noted for their contribution to 
air and water pollution can now be replaced by more environmentally friendly 
technologies. One of them, the ALCELL® organosolv pulping process, has minimal 
impact on the environment and produces a pure lignin as one of the co-products to the 
pulp. A modified sulphomethylolated ALCELL® lignin was found to be an efficient 
water-reducing admixture for concrete. It was evaluated according to CSA Standard 
CAN3-A266.6-M85 in both non-air-entrained and air-entrained concrete. The 
workability, unit weight, air content and setting time of the fresh concrete as well as 
compressive strength, length change, spacing factor and durability of hardened concrete 
were determined. After 1500 cycles in the automated freeze-thaw apparatus the durability 
specimens were placed at a natural marine exposure station for further monitoring. The 
results of this study indicated that the new ALCELL® lignin-based admixture meets the 
requirements of CSA Standard CAN3-A266.6-M85 and can be classified as a Type SPR-
superplasticizing admixture with set-retarding characteristics. Even with a spacing factor 
of 0.79 mm it was found that superplasticized concrete was resistant to freezing and 
thawing.  
Keywords: Air-entrainment, Air-void spacing factor, Compressive Strength, Durability, 
High range water-reducing admixture, Length change, Setting time, Slump loss, 
Superplasticizer.  
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INTRODUCTION  



One of the traditional resources for the manufacture of water-reducing admixtures for 
concrete are the waste products from the pulp and paper industry, namely lignin and its 
derivatives. Until recently, sulphite pulping was the major source of lignosulphonates 
which after extended modification were used as normal range water-reducing and 
retarding admixtures for concrete. Researchers reported [1, 2, 3] several attempts to 
enhance the lignosulphonates so that they would meet the requirements of a 
superplasticizer (high range water-reducing admixture). To date no purely 
lignosulphonate-based concrete superplasticizer has been placed on the market.  

An important component in the development trends of pulping technologies is the 
environmental aspect. Due to increasing environmental demands during the last three 
decades the traditional sulphite pulping is gradually being replaced by a more 
environmentally friendly sulphate (kraft) pulping process. The current dominant position 
of kraft pulping is likely to change in the near future. A potential replacement for 
sulphate pulping is a sulphur-free organosolv pulping process, which has been long 
known but only recently taken to commercial scale production [4]. In Canada a 
proprietary organosolv pulping method known as the ALCELL® process was developed 
and the first commercial pulp mill based on this technology should be completed by 1997 
[5]. The currently operated pre-commercial plant has proved that this process has a 
minimal impact on the environment [6]. An industrial implementation of this pulping 
technology would clearly constitute a substantial environmental benefit. Among several 
interesting and marketable co-products, the ALCELL® process generates a significant 
amount of pure lignin, quite distinct from either lignosulphonates or kraft lignin. 
Successful marketing of ALCELL® lignin and other co-products enhances the economic 
feasibility of the process.  

The modified methylsulphonated ALCELL® lignin was found very suitable for the 
preparation of water-reducing admixtures [7]. The relationship between chemical 
characteristics and performance of ALCELL® lignin-based admixtures was also studied 
and reported by the authors elsewhere [8]. Consequently the new ALCELL® lignin-based 
superplasticizer was developed and tested in concrete. In this research a series of 
laboratory tests on both non-air-entrained (NA) and air-entrained (AE) concrete was 
conducted according to the CSA standard CAN3-A266.6-M85 “Superplasticizing 
Admixtures for Concrete”. The tests were run simultaneously on a reference concrete 
(REF), concrete with the newly developed ALCELL® lignin-based superplasticizer (AL) 
and concrete with commercial naphthalene-based superplasticizer (CS). The results of a 
substantial part of the testing program are presented and discussed in this paper.  

EXPERIMENTAL PROGRAM  
The entire experimental program was designed in accordance with CSA Standard CAN3-
A266.6-M85. For the most part, the program is also in accordance with ASTM Standard 
C 494–92 “Chemical Admixtures for Concrete”. The individual parts of the program 
were performed in accordance with specific CSA and ASTM Standards.  

Materials  
Ordinary portland cement (OPC) CSA-A5 Type 10 (ASTM C 150, Type I) and potable 
water were used. Blagdon coarse aggregate (size 5 to 25 mm) and Zealand fine aggregate 
(size 0 zv303 to 5mm) were graded according to CAN3-A266.6-M85. Two high range 
water reducing (superplasticizing) admixtures were incorporated in some of the mixes: 
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Experimental ALCELL® lignin-based superplasticizer (AL) and commercial 
naphthalene-based Superplasticizer (CS). A commercial vinsol resin-based air-entraining 
agent (AEA) was used.  

Concrete Mix Proportions  
Two basic mix proportions were used, one for the non-air-entrained (NA) concrete and 
one for the air-entrained (AE) concrete. Both proportions were designed using ACI 
211.1–91 Standard Practice and are presented in Table 1.  
 
Table 1 Concrete mix proportions  

MIX PROPORTIONS, kg.m−3  MATERIAL  

Non-air-entrained concrete 
(NA)  

Air-entrained concrete 
(AE)  

Cement  307  307  

Water (mix without superplasticizer) 175  160  

Coarse aggregate (SSD)  1150  1128  

Fine Aggregate (SSD)  734  694  

Superplasticizer:  

R mixes (REF): None  None  None  

L mixes: AL (1300 ml/100 kg of 
cement)  

4000 ml.m−3  4000 ml.m−3  

C mixes: CS (1000 ml/100 kg of 
cement)  

3100 ml.m−3  3100 ml.m−3  

Air-entraining agent (AEA):  

R mixes: (47 ml/100 kg of cement)  None  145 ml.m−3  

L mixes: (118 ml/100 kg of cement) None  362 ml.m−3  

C mixes: (47 ml/100 kg of cement)  None  145 ml.m−3  

Note: The actual amounts of water and air-entraining agent were adjusted for each mix in 
order to maintain the slump and air content of the fresh concrete within the limits 
recommended by CSA Standard CAN3-A266.6-M85.  

Mixing of Concrete  
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All concrete mixes were produced using an Eirich EA21 laboratory concrete pan mixer 
with a capacity of 100 litres. A series of 65 litre batches of NA and 75 litre batches of AE 
concrete mixes were prepared. Each series included three mixes: one reference (REF) and 
one with each superplasticizer (AL and CS), all mixed on the same day. The mixing 
procedure was in accordance with CSA Standard CAN3-A266.6-M85. The 10 minute 
procedure included a major mixing period of 4 minutes, a major rest period of 3 minutes, 
a remixing period of 1 minute and final rest period of 2 minutes.  

Testing of Fresh Concrete  
Workability was determined by measuring the slump in accordance with Test Methods 
CAN/CSA-A23.2–5C and ASTM C 143–90a. Initial and final slump were determined 5 
and zv304 25 minutes after the termination of the mixing procedure, respectively. 
Between the measurements the concrete was covered with plastic sheeting and remained 
undisturbed. From the two slump values the slump retention (slump loss) was calculated.  
Unit weight (density) of compacted fresh concrete was determined by measuring the 
mass of known volume of concrete in accordance with CAN/CSA-A23.2–6C and ASTM 
C 138–92. The volume of a cylindrical metal container was 14 litres.  
Air content was determined by three different methods: pressure method (CAN/CSA-
A23.2–4C and ASTM C 231–91b), volumetric method (CAN/CSA-A23.2–7C and 
ASTM C 173–78) and gravimetric method (ASTM C 138–92).  
Time of setting was determined by measuring the penetration resistance on mortar 
extracted from the concrete mixture in accordance with ASTM C 403–92. Times of initial 
and final set were determined from the plot of penetration resistance versus elapsed time 
as the times when penetration resistance equals 3.5 MPa (500 psi) and 27.6 MPa (4000 
psi), respectively.  

Testing of Hardened Concrete  
Compressive strength was tested using cylindrical specimens (150×300mm) prepared in 
accordance with CAN/CSA-A23.2–3C and ASTM C 192–90a. The testing was 
performed on a Riehle 300,000 Ibs hydraulic testing machine in accordance with 
CAN/CSA-A23.2–9C and ASTM C 39–86. Prior to testing all specimens were capped 
with sulphur mortar in accordance with ASTM C 617–87. The specimens were tested at 
ages of 1, 3, 7, 28, 180 and 1000 days.  
Length change was tested using concrete prisms (76×76×406mm) with measuring studs 
prepared in accordance with CAN/CSA-A23.2–3C and ASTM C 192–90a. The length 
changes were measured on a comparator equipped with a Mitutoyo IDF-150E Digimatic 
Indicator. The testing was done in accordance with CAN/CSA-A23.2–14A and ASTM C 
157–91. The moist curing period was 14 days (including 2 days in the moulds) followed 
by a 14 day drying period. The initial length was measured at the time of demoulding (2 
days). The length change relative to the initial length was measured at ages of 4, 7, 14 
and 28 days and was expressed as a per cent based on the specimen gauge length.  
Air-void spacing factor and other air-void system parameters were specified by 
microscopical determination using a Point-Count Device meeting the requirements of 
ASTM C 457–90 and a Stereoscopic Microscope model A0580 by American Optical 
Corp. The modified point-count method in accordance with ASTM C 457–90 was used. 
The concrete samples were prepared from a longitudinal slice taken from the centre of a 
150×300mm test cylinder.  
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Durability factor was calculated from relative dynamic modulus of elasticity changes in 
concrete prisms (76×102×406mm) exposed to repeated cycles of freezing and thawing. 
The specimens were first placed in automatic freezing and thawing equipment Logan H-
3185 and exposed to 1500 cycles in accordance with ASTM C 666–92. Then the 
specimens were removed from the equipment, transferred to a natural marine exposure 
station and at mid-tide level exposed to another 200 cycles of freezing and thawing over 
about 2 years. During the procedure, relative dynamic modulus of elasticity was 
periodically determined via measurement of fundamental transverse frequency by impact 
resonance tests in accordance with ASTM C 215–91. The Hand-Held FFT Signal 
Analyzer SA-77 by Rion Co., Ltd. was used for the frequency measurements.  

RESULTS AND DISCUSSION  
Workability and Slump Retention  
The results of the slump measurements and calculated slump retention are shown in 
Table 2. The graphical representation of the average values of slump retention is given in 
Figure 1. In all cases the slump retention is well above the CSA Standard minimum of 
50%. In both non-air-entrained and air-entrained concrete the experimental admixture 
contributes to a higher slump retention (lower slump loss) than the commercial one. This 
pattern is more pronounced in the non-air-entrained concrete.  
Table 2 Properties of fresh concrete  

SLUMP, 
mm  

AIR CONTENT, 
%  

SET. TIME, 
h:min  

MIX 
CODE  

WATER 
kg.m−3  

W/C 

5 
min 

25 
min 

SLUMP 
RET. % 

DENSITY 
kg.m−3  

Press. Vol. Grav. Initial  Final 

NAR1  180  0.59 90 75 83  2382  2.5 2.0 1.5 3:50 5:05  

NAL1  156  0.51 95 70 74  2404  3.0 2.5 2.3 6:20 7:30  

NAC1  156  0.50 90 55 61  2408  2.5 2.5 2.1 3:40 5:00  

NAR2  179  0.59 95 80 84  2379  2.5 2.0 1.9 4:10 5:15  

NAL2  156  0.51 100 80 80  2409  3.0 2.5 2.3 6:40 7:55  

NAC2  157  0.51 100 75 75  2406  2.5 2.5 2.0 4:00 5:10  

NAR3  180  0.59 85 60 71  2381  3.0 2.0 1.7 3:50 5:10  

NAL3  157  0.51 90 65 72  2411  3.0 3.0 2.0 6:50 8:20  

NAC3  157  0.51 95 60 63  2404  3.0 2.5 2.3 4:15 5:45  

AER1  171  0.56 90 80 89  2288  5.5 5.5 5.9 3:55 6:10  
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AEL1  146  0.48 90 60 67  2310  5.5 5.0 5.7 6:40 8:10  

AEC1  148  0.48 100 65 65  2274  6.5 5.5 5.8 3:45 4:50  

AER2  167  0.56 80 60 75  2253  7.0 6.0 7.2 3:50 4:55  

AEL2  147  0.47 85 50 59  2324  5.0 6.0 6.2 6:45 8:05  

AEC2  147  0.47 95 60 63  2317  5.5 6.5 6.1 3:40 4:45  

AER3  170  0.56 90 60 67  2275  6.5 6.0 6.2 4:00 5:15  

AEL3  147  0.47 90 55 61  2336  5.5 5.0 5.4 6:35 7:50  

AEC3  147  0.47 95 55 58  2339  5.5 5.0 5.3 3:40 5:00  

Air Content Measurements  
The values of the air-content measurements are summarized in Table 2. ASTM and CSA 
Standards require using only the pressure method, however three different methods of 
measuring the air-content were used to enable comparisons to be made. As the results 
show, all three methods give similar air-content values. In the case of the non-air-
entrained concrete all air content values are within CSA Standard requirements, i.e. under 
3.5% and within ±0.5% difference from the air content of the reference concrete. For the 
air-entrained concrete the standard recommended ±0.5% difference from the reference 
concrete value is exceeded zv306 (mainly because of the synergic effect of 
superplasticizer and air-entraining agent), but the air-content range of 5 to 7% was 
maintained.  

 
Fig. 1 Slump retention of non-air-entrained (a) and air-entrained (b) concrete  
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Fig. 2 Setting time of non-air-entrained (a) and air-entrained (b) concrete  

Setting Time Evaluation  
The results of the setting time determination also are given in Table 2. The average 
values of penetration resistance versus elapsed time obtained for non-air-entrained and 
air-entrained concrete are shown in Figure 2. From the presented results it is obvious that 
the commercial superplasticizer accelerates both initial and final setting by 5 to 15 
minutes, while the experimental admixture retards both setting times by 150 to 180 
minutes.  

Strength and Dimensional Stability  
The values of compressive strength and length change are presented in Table 3 and 4. 
The average values of the compressive strength and length change versus time are plotted 
in zv307 Figure 3 and 4, respectively. The compressive strength development was 
measured over a period of 1000 days. During this time period all superplasticized 
concrete specimen had a compressive strength of more than 120% of the reference 
concrete values on any given day. The percent of the length change after 28 days 
determined the dimensional stability in terms of drying shrinkage after a drying period of 
14 days. The differences between the drying shrinkage of the reference concrete and 
superplasticized concrete are in all cases below the 0.010% maximum.  
 
Table 3 Properties of hardened non-air-entrained concrete  

  COMPRESSIVE STRENGTH, 
MPa  

LENGTH CHANGE  

7 days  14 days  28 days  MIX 
CODE  

1 
day  

3 
days 

7 
days 

28 
days 

180 
days 

1000 
days 

Initial 
L,mm  

L,mm ∆L,% L,mm ∆L,% L,mm ∆L,% 

NAR1  21.0 26.4 29.7 33.6 39.1 43.1 7.912  7.877 0.008 7.895 0.005 7.823 0.026 

NAL1  26.0 31.0 33.4 39.0 48.1 50.2 8.302  8.316 0.003 8.291 0.003 8.191 0.032 
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NAC1  26.8 32,4 34.7 42.2 48.3 50.6 8.154  8.119 0.008 8.141 0.004 8.049 0.030 

NAR2  19.0 23.7 26.7 32.3 34.1 35.2 8.208  8.176 0.008 8.192 0.005 8.110 0.028 

NAL2  24.8 30.4 34.2 40.2 45.0 45.8 7.958  7.922 0.009 7.945 0.004 7.842 0.033 

NAC2  26.1 32.0 34.1 42.6 47.7 49.7 7.873  7.796 0.010 7.814 0.007 7.729 0.031 

NAR3  20.7 25.7 27.5 34.5 37.7 39.2 7.071  7.077 0.001 7.077 0.002 6.997 0.027 

NAL3  28.5 33.0 36.0 40.0 44.6 50.2 8.023  8.032 0.002 8.029 0.002 7.918 0.030 

NAC3  28.3 33.6 35.4 41.5 45.9 48.3 8.010  8.024 0.003 8.017 0.002 7.900 0.032 

 
Table 4 Properties of hardened air-entrained concrete  

  COMPRESSIVE STRENGTH, 
MPa  

LENGTH 
CHANGE  

DURABILITY 
FACTOR, %  

28 days  Cycles  MIX 
CODE  

1 
day  

3 
days 

7 
days 

28 
days 

180 
days 

1000 
days 

Initial 
L,mm 

L,mm ∆L, 
%  

300 600 1500 1700 

RDF, % 
300 

Cycles  

AER1  16.2 20.4 21.2 27.7 32.0 34.0 8.283 8.179 0.030 99 97 94 93 — 

AEL1  22.2 27.7 30.6 35.3 40.2 40.5 8.417 8.305 0.032 98 98 93 91 99  

AEC1  22.2 26.9 29.7 35.4 39.8 41.3 8.329 8.238 0.026 100 99 96 96 101  

AER2  18.2 21.9 27.7 29.8 34.2 35.1 8.189 8.085 0.030 100 100 97 96 — 

AEL2  27.6 33.4 35.8 39.1 49.2 51.1 7.666 7.554 0.032 99 99 98 97 99  

AEC2  25.8 31.5 36.0 38.9 45.8 47.8 8.278 8.160 0.034 99 99 97 97 99  

AER3  18.9 22.0 26.4 30.8 33.2 34.7 7.541 7.426 0.033 99 98 95 94 — 

AEL3  26.4 33.7 35.5 40.5 48.0 48.7 8.176 8.054 0.035 97 86 76 75 98  

AEC3  25.9 32.2 35.8 39.7 46.1 48.3 8.237 8.117 0.034 99 99 96 96 100  
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Fig. 3 Compressive strength of non-air-entrained concrete (a) and air-entrained concrete 
(b)  

 
Fig. 4 Length change of non-air-entrained concrete (a) and air-entrained concrete (b) 
  

Air-Void System and Durability  
The air-void system parameters of several air-entrained concrete samples were 
determined and are presented in Table 5 together with related values of selected 
durability factors. The complete listing of durability factors is given in Table 4. The 
graphical representation of the average values of relative dynamic modulus of elasticity 
during the period of 1700 cycles is shown in Figure 5. The spacing factor values are in 
the range of 0.20 to 0.80 mm, i.e. in all cases above the generally recommended 
maximum value of 0.20 mm (e.g. ACI 201.2R-92 Guide to Durable Concrete). 
Nevertheless, the durability factor of all tested samples after 300 cycles is more than 
97%, and after 1700 cycles only 1 sample has a durability factor below 80 %. Therefore 
all tested concretes are considered to be durable in terms of CSA and ASTM Standard 
requirements. The results imply either that the recommended spacing factor limit of 0.20 
mm is unnecessarily low, or that 300 cycles of freezing and thawing is not enough to 
guarantee a durable concrete.  
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Table 5 Air-void system parameters and durability factors of air-entrained concrete  

AIR CONTENT, % DURABILITY 
FACTOR, %  

MIX 
CODE  Fresh 

concrete 
Hardened 
concrete 

NUMBER 
OF VOIDS 
PER mm  

SPECIFIC 
SURFACE, 
mm2/mm3  

SPACING 
FACTOR, 

mm  
300 

cycles 
1500 

*1 
cycles 

1700 
cycles 

AER1  5.6  4.4  0.281  25.47  0.2058  99  94  93  

AEL1  5.4  3.3  0.081  9.86  0.6572  98  93  91  

AEL2  5.7  3.8  0.068  7.25  0.7931  99  98  97  

AEC2  6.0  3.0  0.100  13.24  0.4685  99  97  97  

*1 The number of cycles after which the samples were removed from freeze-thaw 
apparatus and placed at the natural marine exposure station.  

 
Table 6 Overview of the test results with the ALCELL® lignin based admixture and 
physical requirements of CSA CAN3-A266.6-M85 and ASTM C 494–92 Standards  

RESULTS WITH 
ALCELL® LIGNIN BASED 

ADMIXTURE  

PHYSICAL 
REQUIREMENTS FOR 

CONCRETE ADMIXTURE  
CONCRETE PROPERTY  

Non-Air-
Entrained 
Concrete  

Air-
Entrained 
Concrete  

CSA/CAN3-
A266.6-M85 

Type SPR  

ASTM C 
494–92 
Type G  

Water content, % of 
reference  

87  87  max. 88  max. 88  

Slump retention, %  76  63  min. 50  not required 

Time of initial set 
retardation, h:min  

2:40  2:45  1:00 to 3:00  1:00 to 3:30 

Time of final set 
retardation, h:min  

2:45  2:35  not required  max. 3:30  

Compressive strength, % of 
ref.x1.05(CSA)/% of 
ref.(ASTM)  
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1 day  137/131  150/143  min. 130  min. 125  

3 days  131/125  155/148  min. 130  min. 125  

7 days  143/136  142/135  min. 125  min. 115  

28 days  124/119  137/130  min. 120  min. 110  

180 days (6 months)  130/124  145/138  min. 100  min. 100  

365 days (1 year)  N/A  N/A  min. 100  min. 100  

1000 days  130/124  142/135  not required  not required 

Flexural strength, % of 
reference 3, 7 and 28 days  

N/A  N/A  not required  min. 110, 
100 and 100 

119  106  max. 135  max. 135  Length change (shrinkage) 
*1, % of ref. or increase over 
reference  0.005  0.002  max. 0.010  max. 0.010  

Relative durability factor *2, not required 109/99      

% of ref. x1.1(CSA)/% of 
ref.(ASTM)  

    min. 100  min. 80  

Air-void spacing factor *2, 
mm  

not required 0.73  max. 0.23  not required 

*1 When length change of reference concrete is 0.030% or greater % of reference limit 
applies; increase over reference limit applies when length change of reference is less than 
0.030%.  

*2 Applicable only when tested in air-entrained concrete. According to CSA Standard 
either the air-void spacing factor or the relative durability may be used to determine 
acceptability.  

N/A—Not Available  
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Fig. 5 Resistance of concrete to freezing and thawing cycles  

EVALUATION ACCORDING TO THE STANDARD 
REQUIREMENTS  
Three sets of both non-air-entrained (NA) and air entrained (AE) concrete that include 
both reference and superplasticized concretes were evaluated for the Type SPR- 
Superplasticizing Admixture with Set-Retarding Characteristics according to the CSA 
Standard CAN3-A266.6-M85. Concurrently, the evaluation for the Type G—Water 
Reducing, High Range and Retarding admixture according to ASTM C 494–92 was 
conducted. Average values obtained for the concrete with the ALCELL® lignin admixture 
are presented in Table 6. The results show that except for the higher value of air-void 
spacing factor (optional test according to CSA) and flexural strength results (test required 
only by ASTM but not done) all properties are within the required limits of both CAN3-
A266.6-M85 and ASTM C 494–92. Testing also confirmed that the commercial 
superplasticizer meets the CSA Standard requirements of a superplasticizer with normal 
setting characteristics.  

CONCLUDING REMARKS  
The testing results confirmed that the new ALCELL® lignin concrete admixture can be 
classified as a superplasticizing admixture with set-retarding characteristics—type SPR 
according to CSA Standard CAN3-A266.6-M85 or as a high range water-reducing and 
retarding admixture—type G according to ASTM Standard C 494–92 (the flexural 
strength test was not carried out).  

The only property out of recommended limits was the CSA optional parameter of air-
void spacing factor. Its value exceeded the standard recommended maximum by a 
significant amount, which should indicate low durability of concrete. Nevertheless, the 
freezing and thawing test confirmed excellent durability of concrete as the durability 
factor of all tested samples after 300 cycles was more than 97%. This discrepancy 
between the required air-void spacing factor values and durability factor values was also 
found by other investigators [9]. It indicates that either the value of the air-void spacing 
factor as an indicator of concrete durability should be reevaluated, or the freezing and 
thawing testing procedure required for durable superplasticized concrete should be 
reconsidered.  
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The authors believe that both areas have to be addressed. The recommended spacing 
factor value indicating a durable concrete should be specified individually according to 
the water-zv311 cement ratio and concrete admixtures applied. For superplasticized air-
entrained concrete with water-cement ratio less than 0.5 the recommended spacing factor 
value can be increased from 0.20mm to 0.50mm. The authors also recommend that the 
requirements on freeze-thaw resistance be increased from 300 to 600 cycles.  
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ABSTRACT. The following paper presents the result of a research aimed to the study of 
a new metallic fibre for concrete reinforcement. The principal characteristic of this fibre 
is that it is provided by a special anchorage device that improves very much the 
interaction with cementitious matrix. The tensile load substained by the fibre is 
transferred to matrix by a wedge effect induced by the particular shape of the anchorage 
reducing the consequent pullout displacements. So fibre can be loaded till it stretches 
without great displacements take place and this enhances concrete strength and reduces 
crack width and propagation. Different tests have been performed; at the end of the paper 
is presented a diagram that has been obtained as an average of different tests executed to 
compare the new fibres with the conventional deformed fibres.  
Keywords: Deformed fibre, Fibre-matrix interaction, Anchorage device, Stress 
distribution, Flexural behaviour, Crack width.  
Professor Lucio Della Sala is professor of Structural Engineering at University of 
Basilicata, Italy. His principal interest is the study of masonry ancient buildings and their 
restoration. He also is interested in general problems concerning composite materials.  
Dr Rosario Cerone is a civil engineer whose main research subject is the study of the 
behaviour of steel fibre reinforced concrete. In particular, he is concerned with numerical 
modelling of fibre reinforced cementitious composites and with the study of new 
technologies for the enhancement of steel fibre reinforced concrete performances.  

INTRODUCTION  
As well known, deformed steel fibres result effective to prevent brittle failure of concrete 
and to improve its toughness but not always they allow to control fracture width if not 
used in great amount. In fact, for fibre amount less then 1 percent by volume, when the 
crack limit of concrete is reached, are induced great displacements that in some cases 
could not be accepted.  



 
Figure 1 Flexural behaviour of steel fibre reinforced concrete  
 
In figure 1 is presented a load versus displacement diagram obtained by a flexural test of 
a 15×15×60 cm concrete beam reinforced with conventional hooked ends fibres in 
amount of 0.5 percent by volume. Can be observed that when the fissuration limit of 
concrete is reached, the crack width w overcomes the limits imposed by design codes (see 
Italian Code) making not possible to overcome this limit in exercise conditions. In 
general, this is due to the fact that fibres induce in the matrix some stress concentrations 
which plasticize it locally around the fibre inducing a reduction of the stiffness of fibre-
matrix system.  

 
Figure 2 Stress concentrations in the matrix near fibre bends  
 
This aspect determines some restrictions to the stress level of the fibres because in the 
exercise conditions it is necessary to limit the deformations of the composite in the range 
imposed by design codes. Besides, the reduced stiffness of fibre-matrix system does not 
allow a full integration between the fibres and the ordinary steel bar reinforcement. For 
this reason, generally, solicitations within the composite are calculated mantaining an 
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adequate safety margin from the fissuration limit state reducing the overall efficiency of 
the fibres.  

 
Figure 3 Comparison between conventional fibres (H) and new fibres (*)  
 
It follows that crack width control makes surely possible a better usage of fibres because 
the upper limit of solicitation becomes the one corresponding to the limit state of crack 
opening.  

DESCRIPTION OF THE NEW FIBRE  
Keeping this priciple in mind, had been studied various modalities of stress transfer from 
fibre to matrix and, at the end, had been achieved a solution which seems to give very 
good and interesting results.  

Beforehand, must be stated that all the valutations concern only the technical aspect of 
the problem, not the economical ones, but had been estimated that the new fibre could be 
manufactured at costs comparable with the current ones.  

The metal fibre for concrete reinforcement that is now presented is obtained by a piece 
of metal wire, preferably of steel, to the whose ends are present two metal elements 
formed and dimensioned to improve fibre anchorage to the cementitious matrix. In a 
preferred embodiment, the anchorage device has approximately a fusiform shape; it is 
constituted by an expansion near fibre ends that realizes a wedge effect which inhibits 
fibre pullout. The particular shape of the anchorage device is, besides, especially 
convenient because it determines a field of compression stresses around the wire that 
improves the shear resistance of the interface between the anchorage device and the wire 
itself.  

The anchorage device can be realized in different ways both during the wire drawing 
process and by hot application of a metal covering around the wire; in the second case 
could be used different kinds of metal provided that they could be effectively fixed to the 
wire forming the body of the fibre. The shape must be designed in an opportune way in 
function of the stress level of the fibre. In particular, its dimension in the fibre axis 
direction must ensure a good bonding with the body while its transversal dimension must 
give a frontal section sufficient to avoid pullout. For this purposes the lenght of the 
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anchorage device must be included between 1 and 6 diameters of the wire while its cross 
section must have an extention between 2 and 20 times the cross section of the wire.  

 
Figure 4 View of the new fibre  

 
Figure 5 Stress transfer between fibre and matrix  
 
Fibre may have a straight or slightly curve longitudinal profile; in the second case the 
bending radius must exceed 100 times the wire diameter. Figure 6 shows a longitudinal 
section of the fibre; the overall length L, measured along its axis, can assume values 
icluded in the range of 10–80 millimeters; wire diameter changes between 0.3 and 1.2 
millimeters.  

The length L and the diameter d are chosen in function of the particular technical 
requirement in such a way that the aspect ratio L/d of the fibre is included between 25 
and 100.  

Comparative study of formwork liners     311
pj

w
st

k|
40

20
64

|1
43

55
60

59
9



 
Figure 6 Longitudinal profile of the fibre  
 
Figure 7 shows the particular of the anchorage device; d is the diameter of the wire. The 
maximum thickness must be calculated in such a way to confer a maximum frontal 
section 3 equal to 2–20 times the cross section of the wire (1.5–4.5 times d). The lenght λ 
of the anchorage device varyies between 1 and 6 times d, the lenght e of the final part of 
the fibre measures 0–5 times d and the distance t between the end of the fibre and the 
maximum section 3 measures 0–8 times d.  

 
Figure 7 Detail of the anchorage device  
 
Figure 8 shows different transversal sections of the anchorage device.  
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Figure 8 Transversal sections of the anchorage device  
 

MECHANICAL CHARACTERISTICS  
The fibre according to the invention shows a more high pullout resistance with respect of 
the deformed ones obtained by the same wire, this is due to the fact that the bonding with 
the matrix is ensured by the joint of the anchorage device with the matrix itself.  

The improvement of mechanical performances may be relevant because fibre-matrix 
interaction is positively modified under different aspects. Principally, fibres according to 
the invention are characterized by the following factors:  

-
    

a reduced anchorage length;  

-
    

a more homogeneous stress field in the matrix;  

-
    

compression stresses are diffused in a greater volume of matrix and this reduces the 
effects of stress concentrations and plasticizations;  

-
    

plastic deformations do not reduce fibre efficiency in terms of ultimate pullout 
resistance.  

Three substantial advantages, confirmed by the experimental evidences, may be found.  
First of all, the reduction of the anchorage length allows a greater degree of usage of 

the fibre. In fact this length varies between 1 and 6 diameters while the one of the 
conventional deformed fibres lies between 10 and 15 diameters. This determines an 
increase in the effective lenght and, thus, in the effective aspect ratio.  

The second advantage is due to the fact that fibres could be solicitated up to the tensile 
strength of the wire and so the material is fully utilized.  

The third advantage, as just said, consists in a reduction of tensional concentrations in 
the matrix; this allows a considerable reduction of fibre displacements necessary to its 
full activation making possible a very good control of fracture width. This fact has 
considerable implications especially in the case of structural elements subjected to 
flexural loads. In fact, when the fissuration limit state is reached, if fibres are well 
proportioned, also in small amounts, they are able to substain the overall solicitation 
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without great displacements take place. This makes possible to use in the exercise 
conditions the fibre reinforced concrete over the above mentioned limit. This means that 
the calculation of load bearing capacity of bended elements can be performed mantaining 
an adequate safety margin from an assigned crack opening limit state.  

It must be added that the fibre according to the invention gives another advantage 
during mixing and placing because its simple shape avoids entanglement and balling. 
This confers a very good workability of the fresh mix and allows a good and uniform 
distribution of the reinforcing elements within the matrix.  

PREFERRED EMBODIMENT  
The new fibre may be realized in the shapes and dimensions previously defined using 
different kinds of materials. In a preferred embodiment can be used drawn steel wire 900 
MPa tensile strength for the fibre body and zinc for the anchorage device. This 
combination of materials seems to be particularly useful in that, as well known, zinc 
bonding with steel is very good. In fact the melting temperature of the zinc does not 
determine substancial variations to steel structure and properties; besides, zinc atoms 
diffuse in the steel structure forming with iron a heavy hardness alloy.  

For this combinations of materials the production process of the bimetallic fibre must 
foresee an adequate passivation treatment in alkaline environment to reduce the effect of 
chemical reactions of the metals, especially of zinc, with the concrete and thus with the 
purpose to improve fibre efficiency. The amount of zinc used to form the ancorage 
devices of a single fibre is comparable with the one used for conventional hot zinc 
plating.  

Obviously, the unit cost of the presented fibre may be higher than the one of a 
conventional deformed drawn wire fibre, but it must be pointed out that the increasing of 
the effective lenght and of the exercise strength may determine an improvement of the 
overall efficiency. In particular may be allowed a reduction of the dimensions of the 
structural elements and/or fibre amount. This makes them proposable; besides exist 
always the advantages that result from the containing of crack width.  

FIRST TEST RESULTS  
Figures 9 and 10 refer to diferent laboratory tests performed with the aim to compare the 
flexural behaviour of different kinds of deformed fibres. Must be specifyied that all 
comparison made are not intended to confront simply the performaces of the presented 
fibre with the existing fibres. In fact the improvement of concrete properties is quite 
different consisting for deformed fibres in a great increase in toughness while for the 
presented bimetallic fibre in a better control of crack width.  

The fibres according to the invention used in these tests have been prepared using 
drawn steel wire 0.5mm in diameter 1100 MPa tensile strength. The anchorage has been 
realized in zinc in the shape described in the previous figures; the dimensions , λ, e had 
been set to 1.15mm, 1.9mm and 0.3mm respectively while fibre length had been fixed 
equal to 27mm.  

Flexural tests have been performed on small beams 40×40×160mm. These dimensions 
had been assumed to reduce the number of fibres used in each test. However, the results 
obtained can be compared with the corresponding of normal test beams if is calculated 
the maximum crack width in function of the mid span deflection. Assuming that after the 
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crack limit is reached the beam is divided in two rigid parts, the crack amplitude w 
corresponding to an assigned displacement δ can be estimated by the following 
expression  

 
in which h and l represent respectively the thickness of the beam and the span length.  

To avoid the influence of random distribution of the fibres, the reinforcing elements 
had been placed in an assigned position on P.V.C. frames fixed in the mid span of the 
beam; some fibres had been placed with an inclination from the beam axis. The details of 
fibre position are shown in figure 9.  

 
Figure 9 Test configuration  
 
The number of fibres had been calculated so that a fibre amount of 0.5% by volume had 
been reproduced in the mid span section. Dimensions s, p, l had been set respectively 
equal to 8mm, 7mm and 150mm.  

Figure 10 represents the average load versus deflection diagrams obtained by 2 series 
composed each of 3 specimens. The initial elastic stage had been normalized to the case 
of absence of the plastic frame. The curve (*) is related to the fibres according to the 
invention while the curve (H) is related to conventional hooked ends fibres. It can be seen 
that (*) fibres make possible a better crack width control. In fact when the fissuration 
limit is reached, mantaining the crack load constant, in the case (*) are zv321 induced 
displacements less than 0.2mm while in the case (H) are registered displacements greater 
than 0.4mm. These displacements induce a crack width w, according the previous 
formula, of about the same order of magnitude and so in the second case the crack load 
becomes an upper limit of exercise solicitation because over this force crack propagates 
in width with an high gradient.  

Instead in the case (*) it is possible to overload the specimen over the fissuration limit 
having still a considerable safety margin from global failure either in terms of 
displacements or in terms of strength.  
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Figure 10 Comparison between hooked ends fibres and new fibres  

CONCLUSIONS  
As said before, the new fibre in here presented determines some important advantages 
with respect of the conventional deformed fibres. The most significative enhancements 
can be quantified from the previous figure. In fact, can be derived that the new fibre 
determine, on an average for the dimensions before specified, an improvement in ultimate 
flexural load of about 25% and a reduction of displacements and crack width higher than 
60%. This could have important implications in practice because it could allow a 
reduction of the dimensions of the structural elements and a better integration with 
ordinary reinforcing bars.  

Obviously this considerations could be carried out if the costs of productions are 
comparable with the ones of the conventional fibres in such a way to make them 
proposable on the market.  
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ABSTRACT. The widespread production and use of high strength concrete (HSC) with 
its superior properties is in fact a revolutionary stage of the concrete technology. 
Furthermore, when steel fibres are incorporated in HSC, much more improvements and 
numerous benefits can be achieved. To-date, the exploitation of these benefits has been 
somewhat restricted in some areas of applications in which concrete is subjected to 
tension, shear, or flexure. This paper presents the results of 28 mixtures prepared with 
HSC with and without steel fibres [fc=82–117 MPa]. The attention is paid to the 
significant effect of steel fibres in increasing the splitting tensile strength of HSC. The 
gain of splitting strength due to the incorporation of steel fibres has been investigated. 
The validity of the existing relations for measuring the splitting strength of steel fibre 
high strength concrete is checked. In addition, an empirical expression has been proposed 
to predict the splitting strength of high strength concrete containing steel fibres. The 
predicted splitting strength values using the proposed equation show a close agreement 
with both the own test data as well as the data compiled from literature.  
Keywords: High Strength Concrete, Steel Fibres, Splitting Strength, Tensile Strength, 
Composites.  
Dr Mahmoud Imam is an assistant Professor in the Civil Engineering Department, 
Mansoura University, Egypt. In 1995, he got his Ph.D. from the Civil Engineering 
Department, Catholic University of Leuven, Belgium. His main research interests include 
high strength concrete, steel fibres, shear and diagonal tension in reinforced concrete 
structures.  

INTRODUCTION  
High Strength Concrete (HSC) with its exceptional performance characteristics is one of 
the most visible results of a continuous research for excellence in concrete technology. 
The benefits of HSC are now fully apparent and more than compensate for the increased 
costs of raw materials and quality control. Furthermore, when steel fibres are 
incorporated in HSC, much more improvements and numerous benefits can be achieved. 
Now, the question is, why would we want to add fibres to HSC? The simple answer is 
that HSC is a brittle material, with low tensile strength and strain capacities[1]. The role 
of fibres is to alter the behaviour of the composite once the matrix has cracked, by 
bridging across these cracks and so providing some post-cracking ductility. In addition, 
fibres may increase the strength of the composite by transforming loads and stresses 
across the cracked matrix.  

When fibres are wisely used, they can help us to produce concrete with increased 
tensile strength and strain capacities, fatigue and impact resistance, energy absorption, 
crack resistance, and durability. However, fibres give us the opportunity to utilize the 
concrete for a variety of applications such as pavements (highways, roads, parking areas, 



runways, and bridge decks), industrial floors, shear failure zones in structures, shotcrete, 
repair of concrete structures, and lining of tunnels.  

The question then arises: do fibres truly increase the tensile strength of HSC? The 
answer of this question is emphasized in the work presented herein. In this paper, 
experimental data about splitting tensile strength (fsp) of 18 different HSC-mixes as well 
as 10 mixes of Steel Fibre High Strength Concrete (SF-HSC) are reported. Based on 
these data, an empirical expression has been proposed for predicting fsp of SF-HSC. The 
main objectives of this investigation are:  

1   To determine whether or not the existing relationships between compressive and 
tensile strengths are applicable and valid for SF-HSC.  

2   To propose a new expression for predicting the splitting tensile strength of SF-HSC.  

3   To clearly show the role of steel fibres in increasing the tensile strength of HSC.  

EXPERIMENTAL DETAILS  
Mix Proportioning  
Twenty eight different HSC mixes with and without steel fibres were investigated. The 
cylinder compressive strength of concrete mixes ranged from 82.0 to 117.4 MPa. When 
proportioning HSC mixes, the basic considerations are the selection of a combination of 
materials that will produce a high quality concrete with the desired workability, strength 
and durability. These objectives are more difficult to attain for HSC since optimum 
performance from each material is required. The mix proportioning method adopted in 
this study as well as the concrete composition for the different mixes are reported 
elsewhere [2].  

Materials  
The cement used was portland cement type CEM I, with 28-days compressive strength 
≥52.5 MPa according to European Standard NBN B12–001. The fine aggregate was a 0/5 
natural river sand with a fineness modulus of 2.6. The coarse aggregates were zv325  

 
Figure 1 Used steel fibres.  
 
natural river gravel and stone (porphyry). Two sizes (4/14 and 4/16) of gravel, and three 
sizes (2/7, 7/10, and 7/14) of stone were used.  
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To achieve workable mixes with the desired quality and strength, a superplasticizer in 
the form of an aqueous solution was used with a dosage of 2.5 to 3.5 percent by weight of 
the cement and silicafume. Five different types of superplasticizer as a, b, c, d and e from 
two different manufacturers were used in this experimental program. The silicafume used 
in this study was ELKEM microsilica, with a specific surface 18.0 m2/g, and 260 g/l 
density. Hooked steel fibres (Figure 1) were used. Fibres were joined together by water-
soluble glue to insure good dispersion in the concrete. The volume fraction Vf used was 
1.0%. The fibre length, diameter, and aspect ratio were 50mm, 0.5mm, and 100 
respectively.  

Experimental Procedures  
Concrete mixes were designed, treated, and controlled under the same conditions. The 
constituents were mixed in dry state for about one minute to ensure the uniformity of the 
mix. Mixing water and superplasticizer were added gradually and simultaneously during 
mixing. For mixes without fibres, all contents were mechanically mixed for two minutes, 
while for fibrous mixes, the contents—except the fibres—were mixed first for one 
minute, adding the fibres during mixing process, and then mixed for another one minute. 
The consistency of fresh concrete for mixes without fibres was measured by the 
conventional slump test, while both slump and V.B. (consistometer; ISO 4110–1979) 
tests were used for mixes with fibres. Vibrating table was used during placing of concrete 
to ensure full compaction. To determine the engineering properties of concrete, the 
following tests and specimens were used:  

- Compression test: 150×300-mm steel cylinders (tested at 28 days)  
- Splitting test: 150×300-mm steel cylinders (tested at 28 days)  
All test specimens were demolded after 24 h and then exposed to continuous moist 

curing until testing (Fog room: 20±2°C and 95±2 percent relative humidity). The 
determination of different strengths was based on the average of 3 specimens.  

Workability  
HSC mixes exhibited very sticky characteristics, resulting in a loss of workability. 
Adding steel fibres to HSC, even in a small amount, leads to a substantial reduction in 
workability. Therefore, the use of a chemical admixture such as superplasticizer with 
appropriate dosage is of great necessity. The choice of superplasticizer type and dosage 
should be based—in addition to price—on the water reducing effect, the rate of 
workability loss, and the retardation of set. Table 1 shows that the mixes made without 
fibres had slump of 1.0 to 24.0 cm. The slump values of fibre concrete mixes ranged from 
0.0 to 7.0 cm, while the results of the V.B. test for those mixes were 21.0 to 60.0 sec. It 
was observed that slump and V.B. measurements can not be related for the same fibre 
concrete mix. Despite sometimes a low slump, most of fibre concrete mixes were quite 
placeable using vibration.  

RESULTS AND DISCUSSION  
Towards the answer of the question which has been previously posed “Do fibres increase 
the concrete tensile strength?”, it is now generally accepted that the fibres currently used 
do not significantly enhance the first-cracking stress of fibrous concrete [1]. This does not 
necessarily mean that the tensile strength of the matrix is not influenced by the presence 
of fibres. In fact, steel fibres provide a significant increase of the ultimate splitting tensile 
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strength (peak-strength). To clear this aspect, three different stages of the cracking 
process as shown in Figure 2 should be distinguished:  

 
Figure 2 Cracking process in fibrous concrete  
 
Table 1 Test results  

Mix  Slump mm  V.B. sec.  fc MPa  fsp MPa  

I- Mixes Without Fibres  

M1  140 – 82.2 6.70 

M2  190 – 82.0 5.94 

M3  185 – 100.4 6.34 

M4  80 – 92.2 6.07 

M5  240 – 111.7 6.71 

M6  230 – 98.2 7.25 

M7  120 – 105.7 7.18 
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M8  140 – 104.4 7.25 

M9  23 – 102.6 7.28 

M10  55 – 105.1 7.18 

M11  22 – 107.4 7.42 

M12  10 – 99.8 6.75 

M13  76 – 110.5 6.64 

M14  110 – 102.9 6.63 

M15  17 – 105.0 6.74 

M16  20 – 103.8 7.71 

M17  165 – 108.9 7.74 

M18  115 – 117.4 7.05 

II-Mixes With Fibres  

F1  70 26 110.1 11.42 

F2  0 56 96.6 10.23 

F3  0 41 89.9 10.31 

F4  10 21 99.0 10.50 

F5  25 23 111.4 12.00 

F6  0 46 95.2 10.77 

F7  0 47 111.4 11.33 

F8  0 55 104.2 10.65 

F9  0 60 112.6 11.23 

F10  0 45 110.0 11.30 
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Stage I: In this stage, randomly oriented microcracks exist in a concrete specimen even 
before loading. During this stage, the stress-strain curve is almost linear and the material 
may be considered as a continuous medium. The behaviour is inherent to the material and 
thus independent of geometry or boundary conditions. This stage continues until the 
initiation of the first crack which is expected to depend more on plain concrete 
parameters than on fibre parameters.  
Stage II: The microcracks tend to concentrate following the directions of the principal 
strains (Localization of microcracks). Thus, the first crack initiation is generally followed 
by stable crack propagation. Steel fibres bridge these stable cracks and limit their growth. 
As a result, the formation of a critical crack (macrocrack) is delayed and a greater peak 
stress (ultimate strength) is usually attained. The stress-strain curve in this stage is 
nonlinear and reflects the inclusion of steel fibres in concrete.  
Stage III: This stage starts with the onset of one or more critical cracks (macrocracks). 
Steel fibres are no longer capable to carry extra load and hence the strain greatly 
increases with corresponding decrease in the post-peak stress until complete failure 
occurs. A highly non-linear branch of stress-strain curve can be observed in this stage. 
Unlike stage I, stages II and III are strongly dependent on the boundary conditions and 
thus represent the structural behaviour. The behaviour of concrete in the latest two stages 
as well as the stage’s length mainly depend on fibre parameters such as type, size, and 
amount.  

This aspect of study was recently proved by researchers [1, 3, 4]. According to the test 
results reported in Table 1, the splitting strengths of 10 different SF-HSC mixes were 
ranging from 10.2 to 12.0 MPa. If the results of mixes without fibres are compared with 
zv328 those of fibrous concrete mixes (Table 1), it can be seen that the steel fibre used 
(Vf =1%) provides an increase of splitting strength of 50 to 70 percent. Predictive 
relations for splitting strength of SF-HSC are seldomly reported in literature. Narayanan 
et al [5], proposed a relationship connecting the split cylinder strength (fsp) of steel fibre 
reinforced concrete with its compressive strength (fc) as:  

 
(1)  
where:  

fsp=splitting strength in MPa  
F=fibre factor=(Lf/Df) Vf df; Lf/Df=fibre aspect ratio, Vf=fibre volume fraction  
df=bond factor=0.5 for round fibres, 0.75 for crimped fibres, and 1.0 for indented 

fibres  
As mentioned in the same reference [5], Eq. (1) has been found to give a quick and 

safe estimation of split cylinder strength of fibre concrete. Applying this equation to the 
available test results (Table 2) to ensure its validity, it results in an underestimation of the 
splitting strength of SF-HSC.  

Recently, Wafa and Ashour[6] reported test results (Table 2) and an empirical 
equation for predicting the splitting tensile strength of HSC containing steel fibres. 
According to their data, when 1.25 percent of hooked steel fibre (aspect ratio 75) is added 
to plain HSC, an increase of its splitting strength with about 59.8 percent is observed. 
Note that, the validity of the equation proposed by Wafa and Ashour is limited to the 
hooked steel fibre type, and it is expressed as:  
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(2)  
where Vf is the fibre volume fraction.  

On the basis of the strength of a composite material [ref. 7], the efficiency of fibres in 
concrete [ref. 8], the results of interface bond of fibres [ref. 4], the own test results [Table 
1], and available test results in literature [6], the following relationship for predicting 
splitting strength of SF-HSC is proposed:  

 
(3)  
where:  
α is a non dimensional constant depending on the fibre type as follows:  
α=1.0 for hooked fibres, 0.9 for deformed fibres, and 0.5 for smooth fibres.  
IF is a dimensional factor depending on fibre characteristics (Lf/Df, Vf), and concrete 

strength (fc). The value of IF can be adopted as:  

 
(4)  
zv329  
Table 2 Experimental and predicted splitting strength of fibrous HSC.  

Test Results  Fibres  Existing Equations  Proposed Equation 

Narayanan Eq. (1) Wafa Eq. (2)  Eq. (3)  fc MPa fsp MPa Vf % Lf/Df Ratio 

fsp MPa Error % fsp MPa Error % fsp MPa Error %  

I Own test results  

110.0 11.30 1.0 100 7.49 −33.7 9.10 −19.4 11.07 −2.0 

111.4 12.00 1.0 100 7.56 −37.0 9.14 −23.8 11.14 −7.2 

112.6 11.23 1.0 100 7.63 −32.1 9.17 −18.3 11.19 −0.4 

110.1 11.42 1.0 100 7.49 −34.4 9.11 −20.3 11.08 −3.0 

104.2 10.65 1.0 100 7.18 −32.5 8.94 −16.1 10.81 +1.5 

111.4 11.33 1.0 100 7.56 −33.2 9.14 −19.3 11.14 −1.7 

99.0 10.50 1.0 100 6.91 −34.2 8.79 −16.3 10.57 +0.7 

96.6 10.23 1.0 100 6.78 −33.7 8.72 −14.8 10.46 +2.2 

89.9 10.31 1.0 100 6.43 −37.6 8.52 −17.4 10.13 −1.7 
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95.2 10.77 1.0 100 6.71 −37.7 8.68 −19.4 10.39 −3.5 

Average      −34.6  −18.5  −1.5 

Stand. Dev.      2.1  2.6  2.8 

II Wafa and Ashour  

93.5 6.45 0.00 — 5.37 −16.7 5.61 −13.1 6.26 −2.9 

95.1 8.10 0.25 75 5.99 −26.0 6.41 −20.9 8.63 +6.5 

97.3 8.38 0.50 75 6.33 −24.4 7.23 −13.7 9.35 +11.5 

96.5 8.81 0.75 75 6.46 −26.7 7.96 −9.6 9.74 +10.6 

97.1 10.31 1.00 75 6.64 −35.6 8.74 −15.3 10.11 −1.9 

93.9 10.47 1.25 75 6.60 −37.0 9.39 −10.3 10.24 −2.2 

97.8 10.04 1.50 75 6.93 −31.0 10.27 +2.3 10.68 +6.4 

Average      −28.2  −11.5  +4.0 

Stand. Dev.      7.0  7.1  6.2 

Total Average     −32.0  −15.6  +0.8 

Stand. Dev.      5.6  5.9  5.2 

* The fibres used are hooked-end type.  

Table 2 shows the experimental results as well as a comparison between the values of 
splitting strength predicted by the existing equations (Eq. (1) and Eq. (2)) and the 
proposed equation [Eq. (3)]. It can be seen that the predicted values using the proposed 
equation give a close agreement with both the own test data as well as the data compiled 
from literature. The average errors of the predicted splitting strength are 32 and 15.6 
percent for both the existing equations [Eq. (1) and Eq. (2)] respectively, whereas the 
proposed equation yields an average error less than 1.0 percent (0.8%). It is worth noting 
that the first term in Eq. (3) represents the tensile strength of the matrix, while the zv330 
second term (αIF) is the contribution of steel fibres in the splitting strength of the 
composite. In other words, Eq. (3) is valid and applicable for predicting the splitting 
strength of both steel fibre high strength concrete as well as high strength concrete 
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without fibres (αIF=0). More details concerning the prediction of the splitting strength of 
HSC without fibres can be seen in Reference 9.  

CONCLUSIONS  

1   

The first-crack strength depends primarily on plain concrete characteristics rather than 
fibre parameters. After the occurrence of the first-crack, the fibres effectively work, 
carry the entire applied load, and tend to suppress the localization of microcracks into 
macrocracks and consequently the tensile strength increases.  

2   

Steel fibres provided a significant increase of splitting tensile strength. A new equation 
[Eq. (3)) is proposed to evaluate the splitting strength of Steel Fibre High Strength 
Concrete. The predicted values using the latter equation show a close agreement with 
both the own test data as well as the data compiled from literature.  
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ABSTRACT. The present article describes a project with the aim of developing a 
method to design a stable air void system in concrete by optimizing the composition of 
the aggregate among other things by carrying out a packing analysis. The composition of 
the aggregates is chosen so that the size of the cavities between the aggregates ensures an 
optimum air void system. In addition, the amount of cement paste must be less than what 
is required to fill in the cavities between the aggregates. This decifit of cement paste 
makes room for air voids.  
Keywords: Concrete mix design, Air voids, Packing of aggregates, Decifit of cement 
paste.  
Dr Mette Glavind is a consultant at the Concrete Centre, Danish Technological Institute. 
Her main working areas cover mix design of concrete, fibre reinforced concrete, 
environmental aspects and life cycle analysis of concrete.  
Mr Ib B.Jensen is Head of technical department at Unicon Concrete covering 8 ready 
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BACKGROUND  
Current practice in design of air void systems  
In standards and codes of practice it is required that a concrete has a fine air void system 
in order to be frost resistant. The air void system is normally established by addition of 
air entrainment to the concrete. In practice however, it is very difficult to establish and 
maintain the air void system during mixing and casting of the concrete.  

The effect of a specific air entrainment depends on a number of different parameters 
and the amount of the air entrainment always has to be established by testing. The 
parameters which have to be considered are among other things the type and composition 
of the aggregates, the mixing time and -method, the temperature, the water-cement ratio, 
the amount and type of fly ash and silica fume and the casting method.  

The relation between the different parameters is not known. Therefore, it is impossible 
to ensure a desired air void system without testing a number of mix designs and thereby 
choose the best one.  



Adopted hypothesis  
The adopted hypothesis in the present project is that it is possible to design a stable air 
void system in a concrete by optimization of the composition of the aggregates. The 
composition of the aggregates must be chosen so that the size of the cavities between the 
aggregates ensures an optimum air void system. In addition, the amount of cement pasta 
must be less than what is required to fill in the cavities between the aggregate. This 
decifit of cement paste makes room for air voids.  

It is expected that physically produced air voids between the aggregate skeleton are 
more difficult to break down under mechanical influence than chemically produced air 
voids. Therefore, a concrete with physically produced air voids should be more stable 
during pumping and vibration.  

THEORETICAL CONSIDERATION  
The background for the proposed hypothesis is the principle of using geometrical packing 
of aggregate for concrete mix design. The principle will be described briefly below.  

When choosing a concrete mix design it is always desirable to compose the aggregates 
as densely as possible in order to minimize the amount of cement paste necessary to fill 
in the cavities between the aggregates. Apart from an obvious economic advantage, a 
minimum amount of binder in a concrete results in less shrinkage and creep and a more 
dense and therefore probably a more durable and strong concrete. Further, a high packing 
of the aggregates ensures a good workability of the concrete.  
zv333  

The Concrete Centre, Danish Technological Institute disposes of a computer program 
to calculate the packing of aggregates. The computer program is based on a model that 
was developed in the light of the principle of packing of binary mixtures, Stovall et al. 
[1]. The basic model has been developed further and modified by incorporating an 
experimentally determined packing, Glavind et al [2]. For a multicomponent system, the 
packing can be calculated as  

 
where  

αi is the mono-disperse packing  
g (i, j) and f (i, j) are interaction functions  

is the volume fraction  
An example of a result of a packing analysis is shown at figure 1. The packing is 

shown as contour lines in %. The marked point at the figure has a packing of 84% and the 
corresponding material composition is 30% 0–8mm, 25% 2–8mm and 45% 8–16mm. 
Packing calculations and concrete mix design are treated in Glavind et al. [3].  
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Figure 1 Packing calculation of three aggregate materials  
 
When carrying out a test series at a Danish concrete factory to investigate the relation 
between packing of the aggregates and workability of the concrete it was discovered that 
for a constant volume of cement paste, different packing combinations gave different air 
void volumes, Glavind et al. [4]. These observations were the background for formulation 
of the proposed hypothesis.  

INTRODUCTORY INVESTIGATIONS  
Already in 1907 Fuller and Thompson [5] investigated the importance of the size 
distribution of the aggregates and the properties of the concrete.  

The concept of packing in connection with concrete mix design was applied as early 
as 1911 (and maybe before) by Suenson [6], and comparatively recently the packing 
concept has been applied by for instance Bache [7], Larrard et al. [8] and Just Andersen 
[9]. Powers, [10], also has to be mentioned for his extensive work with regard to concrete 
mix design on the basis of packing.  

The authors are without any knowledge of packing calculations in connection with 
design of an air void structure. The hypothesis that the air void structure is influenced by 
the aggregate composition has been confirmed by a literature screening and an analysis of 
data from concretes made during the past years.  

Literature screening  
A list of selected observations from the literature screening is shown below. For more 
details the reader is referred to the report from the project, Glavind, [11].  
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•    the larger the amount of particles with a grain size between 0.125mm and 0.6 mm, the 
larger the total air content  

•    the larger the amount of particles with a grain size between 0.125mm and 0.5 mm, the 
larger the specific surface  

•    
the influence of the grading of the sand on the air void structure diminishes when the 
cement paste content increases.  

Analysis of data originating from concretes made during the past years  
207 air void test reports made as the daily concrete production control have been 
analyzed. The main conclusion from this analysis is as given below. For more details the 
reader is referred to Frandsen, [12].  

•    the smaller the amount of particles with a size less than 0.5mm, the more air 
entrainment must be added in order to obtain a constant air void content  

•    the larger the amount of sand with a grain size smaller than 0.5mm, the larger the 
number of air voids smaller than 0.35mm.  

LABORATORY TESTING  
A testing program is initially being carried out to test the hypothesis of the project. The 
testing program is performed on model concrete made of glass spheres and cement paste. 
The reason for using glass spheres as aggregates is that they are spherical-shaped and can 
be supplied almost mono-disperse.  

Aim  
The aim of the testing program is to test if an air void system can be composed from the 
packing of aggregates and a decifit of cement paste. Further the testing program will 
investigate the relation between the sizes of the cavities between the aggregates and the 
size distribution of the air voids. Finally, the testing program will investigate the stability 
of the air voids.  

Materials  
Portland cement (white), fly ash, silica fume, glass spheres size 0.2 mm, 0.5 mm, 1.0 mm, 
2.0mm, 7.0mm and 10.0mm.  

Packing  
The packing of the six glass sphere sizes is shown at figure 2. Note that six sizes of glass 
spheres have been combined into three sizes. The marked point comes close to a grading 
curve for a concrete which functions well in practice.  

Mix design  
Important parameters for the mix design are as follows:  

•    a packing of 78%  
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•    an equivalent water-cement ratio of 0.5 (activity factor of 0.5 for fly ash and 2.0 for 
silica fume)  

•    15% fly ash of cement  

•    5% silica fume of cement  

Mixes nos 1, 2, 3 and 4 have been designed to obtain an air content of 4% by adding 18% 
cement paste. The composition of the aggregate in mix no 2 has been repeated with 20% 
and 16% cement paste to obtain an air content of 0% and 6%, mix no 2x and 2xx, 
respectively.  
 

 
Figure 2 Packing calculation of six glass sphere sizes  
 

Investigations  
The following properties of the fresh mixes have been tested:  

•    slump  
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•    density  

•    air content.  

 
Further, cylinders have been cast and the air void system analyzed on impregnated thin-
sections of the hardened model concrete:  

•    total air content  

•    air void sizes  

•    air void geometry.  

Results  
Figure 3 shows the accumulated size distribution of air voids and cavities for mix no 1, 2, 
2xx, 3 and 4.  
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Figure 3 Accumulated distribution of air voids and cavities  
Table 1 shows a survey of the results of total air content measured with pressure-meter on 
the fresh concrete, calculated from measured density and measured on the hardened 
concrete together with the designed air content. Further, table 1 shows the designed and 
the measured packing.  
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Table 1 Survey of results of air content and packing  

Mix. no.  1  2  2x  2xx  3  4  

Air content              

Designed, %  3.7  3.7  0  5.7  3.7  3.7  

Fresh concrete, %  4.5  5.5  4.3  6.5  5.0  2.01)  

Calculated, %  4.5  3.7  2.7  5.1  3.0  5.3  

Hardened concrete, %  4.8  7.1  – 2)  6.3  6.0  6.7  

Packing              

Designed, %  78  78  78  78  78  78  

Measured, %  77.8  76.0  – 2)  – 2)  78.5  75.2  

1) The mix separates which has the effect that the measured air content is too low.  
2) No measurements yet.  

Discussion  
From table 1 it appears that it is possible to obtain an air void content of 4% or more 
without adding air entrainment. Generally, the measured air content is higher than the 
designed air content. This can be explained by the fact that any deviation from the 
theoretical packing will result in a lower packing and thereby in a higher air content. It 
can also be seen from table 1 that the obtained packing for all mixes except mix no 3 is 
lower than the designed packing.  

There are indications that the air content in mix no 2x as designed is lower than for the 
rest of the mixes.  

However, it has to be emphasized that the uncertainties of the measurements might be 
too high to be able to detect significant differences in an air content of 2%.  

With regard to the size distribution of cavities and air voids figure 4 indicates that 
there is a relation. Mixes nos 1 and 2 have many small-sized air voids and cavities, while 
mixes nos 3 and 4 have many large-sized air voids and cavities. Mix no 2xx should in 
theory have the same size distribution of cavities as mix no 2, but is very similar to mix 
no 4.  
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Figure 4 shows a photo of an impregnated thin section where examples of the shape of 
the air voids can be seen. It can be seen that the air voids on the contrary to chemically 
produced sphere-shaped air voids are rhomb shaped which is natural as they are 
entrapped by sphere-shaped aggregate. Further, it is indicated that the air voids are stable 
because they cannot escape from the cavities between the aggregate on the contrary to 
chemically produced air voids which are situated as islands in the cement paste and 
therefore more easily can be squeezed out of the concrete.  

 
Figure 4 Thin section of model concrete.  
Air voids are the darkest not spherical shaped areas. More tests have currently been 
initiated to be able to extract significant conclusions from the laboratory testing, i.e. more 
detailed measurements of size distributions of cavities and air voids and repetition of all 
mixes in order to detect uncertainties. Further, the mixes will be repeated with “normal” 
concrete aggregate, and investigations related to the stability of the air voids will be 
initiated. The investigations will be completed for presentation at the International 
Congress “Concrete in the Service of Mankind”, June 1996”.  

FULL SCALE TESTING  
When the results of the laboratory testing and the modelling are available full scale 
testing will be carried out at a concrete plant to test the practical applicability of the air 
void design method. Results of the full scale testing will be presented at the International 
Congress “Concrete in the Service of Mankind, June 1996”.  

EXPLOITATION POTENTIAL  
In order to obtain the building owner’s approval of a concrete mix design the 
manufacturer has to carry out full scale trial casting. The biggest problem relates to 
obtain an optimum air void system as described in Background. If the required air void 
system is not obtained at the first trial casting, it has to be repeated one or more times. 
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The cost of carrying out full scale trial casting can be up to 140,000 ECU for large 
construction works and about 5–15,000 ECU for normal sized construction works.  

The results of the project will probably form the basis of the development of a 
computer program which can design a concrete with the desired air void system. The 
computer program will aim at being practical applicable for concrete producers. With this 
computer program the numbers of full scale trial casting can be reduced and it is 
estimated that this will lead to cost savings of 10–50%.  

However, it has to be underlined that it is possible that the investigated design method 
for air void systems might imply that the changes that occur in the grading curve for the 
aggregate will be smaller than is the case today and maybe it also implies more 
fractionated aggregates. The two mentioned possible preconditions cannot be fulfilled 
without major investments which will delay the exploitation of the project result.  

CONCLUSIONS  
The preliminary conclusions from the present project are as follows:  

•    the hypothesis that an air void system can be designed from the composition of the 
aggregates has been confirmed  

•    it is indicated that there is a relation between the composition of the aggregates and 
thereby the cavities between aggregate and the air void size distribution  

•    
the shape and the location of the physically produced air voids indicate that they are 
more stable than chemically produced air voids.  
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ABSTRACT. The paper presents the results of an experimental study aiming to assess 
the frost resistance of 45 cement pastes. The influence of four parameters was studied: 
the water to binder ratio (0.25, 0.35, and 0.45), the dosage of silica fume (0, 10, and 20% 
in weight), the type of micro-fibers (steel or carbon), and the fiber dosage (0, 2, and 5% 
in volume). All mixtures were subjected to 300 rapid freezing and thawing cycles in 
water and to 50 daily freezing and thawing cycles in presence of deicer salts. They were 
also subjected to a microscopic determination of the characteristics of the air-void 
system, and to flexural strength measurements. The results obtained clearly indicate that 
the use of micro-fibers improve very significantly both the frost durability and the deicer 
salt scaling resistance of cement pastes.  
Keywords: micro-fibers, durability, freezing and thawing, deicer salt scaling, air 
entrainment, steel, carbon, flexural strength  
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INTRODUCTION  
Cement paste is a brittle material. However, the use of micro-fibers at a relatively high 
dosage (2 to 5% by volume) was found to significantly improve the tensile (or flexural) 



strength and the toughness of cementitious materials [1–4]. These fibers can be made 
with mineral (asbestos, wollastonite), vegetal (cellulose, sisal), or synthetic (steel, carbon, 
glass, etc.) materials. Due to their very small size (typically 20 µm in diameter by a few 
mm in length), the micro-fibers are very numerous (up to 500 000 fibers per cm3), and the 
average spacing between them is usually less than 200 µm. Consequently, the micro-
fibers can restrain the formation, the coalescence and the propagation of microcracks 
which probably account for the better mechanical properties.  

Although many papers have been published on the mechanical properties of micro-
reinforced cementitious composites, very little data is available as regards with their frost 
durability. However, considering that micro-fibers improve the tensile strength of the 
cement paste and restrain the crack propagation, it is reasonable to believe that these 
fibers can also exert a positive influence of the frost durability. In conventional concrete, 
the frost resistance is achieved by intentionally adding microscopic air voids into the 
concrete mixture. In micro-reinforced cement composites however, air entrainment must 
be avoid as much as possible because the presence of air can significantly reduces the 
tensile strength of the composite. The frost resistance of micro-reinforced composites is 
thus a matter of concern which need to be addressed.  

Recent studies have clearly shown that carbon fiber micro-reinforced mortars can 
satisfactory sustain 300 freezing and thawing cycles without air entrainment [5–7]. It 
seems that the frost damages decrease with the increase of the fiber and/or sand volume 
fraction. The frost durability and deicer salt scaling resistance of high-performance non 
air-entrained micro-reinforced mortars was also recently investigated by the authors [8]. 
In this study, mortars having a water to binder ratio of 0.35 were made with two types of 
fibers (steel and carbon), three fiber dosages (0, 1, and 2% by volume) and two sand to 
binder ratios (1 and 2 by weight). Both steel and carbon fibers were found to improve the 
resistance of mortars to rapid freezing and thawing cycles in water (ASTM C 666 
Standard) and, particularly, to surface scaling in presence of deicer salts (ASTM C 672 
Standard). But this improvement was due, at least in part, to the fact that the air content 
increases very significantly with the amount of fibers (up to 43% in volume). In the 
mixtures containing fibers, the spacing factor was never higher than 380 µm which is 
probably lower than the critical spacing factor value for that kind of mortar. The air 
entrainment associated with the presence of fibers into mortars was also observed in other 
recent studies [4, 7, 9], but experimental data indicate that this effect is not very 
important into cement pastes [4–9].  

TEST PROGRAM  
This experimental study had for objective to assess the influence of micro-fibers on the 
frost resistance of cement-based materials. All the tests were carried out on micro-
reinforced cement pastes to avoid the air-entraining effect observed on micro-reinforced 
mortars. In order to cover a wide range of matrix properties, the mixtures tested were 
made using three water to binder ratios (0.45, 0.35, and 0.25) and three dosages of silica 
fume (0, 10, and 20% by weight) used as partial replacement for Portland cement. Silica 
fume facilitates the fiber dispersion and improves bonding at the interface between the 
fibers and the cement paste [1, 4]. Steel and carbon microfibers were used at three 
different dosages (0, 2, and 5% by volume). A total of 45 zv345 mixtures were moist 
cured for 14 days and subjected to both rapid freezing and thawing cycles in water and 
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surface scaling tests in presence of deicer salts. The characteristics of the air-void system 
and the 14-day flexural strength were also measured on each mixture.  

MATERIALS, MIXTURE COMPOSITION, AND 
EXPERIMENTAL PROCEDURES  
Table 1 gives the chemical composition of the ordinary Portland cement (ASTM type I) 
and of the silica fume used for all the mixtures. The Portland cement have a Blaine 
fineness of 3692 cm2/g and the average diameter of the silica fume particles was 
approximately equal to 0.1 µm. The steel micro-fibers have a cross section of 
approximately 5×25mm and their length was roughly equal to 3mm. The 10mm long 
carbon micro-fibers were round in shape and have a diameter of approximately 20 µm. 
Both fibers have a tensile strength of about 600 MPa, but the modulus of elasticity of 
steel (200 000 MPa) was much higher than that of carbon (30 000 MPa). The specific 
gravity of carbon (1.65) is also much smaller than that of steel (7.85). A naphtalene-based 
superplasticizer admixture (having 42% by weight of solid materials) was used at a 
dosage ranging from 0 to 40 L/m3 to produce mixtures having a good workability. All the 
mixtures were batched in a 10 L mortar mixer according to the following sequence: 1°) 
the cement and the silica fume were first mixed together, 2°) the water (containing the 
superplasticizer) was progressively added to obtain an homogenous cement paste, and 3°) 
the fibers were slowly added to the mixture to facilitate fiber dispersion. The composition 
of mixtures is given in Table 2. After mixing, all the specimens were cast into molds on a 
vibrating table and covered by a plastic sheet and a wet towel. Those specimens were 
demolded 24 hours after mixing and keep in lime-saturated water at 23°C until testing.  
 
Table 1 Chemical Composition of Cement and Silica Fume (% in mass)  

Constituent  Portland cement  Silica fume  

CaO  64.0 0.8 

SiO2  19.6 92.6 

Al2O3  4.1 0.5 

Fe2O3  2.8 1.8 

MgO  2.8 0.6 

SO3  2.3 0.3 

Na2O  0.5 0.0 

K2O  0.5 1.0 

For each mixture, the characteristics of the air-void system were determined on two 
75×75mm polished section according to the ASTM C 457 modified point count method. 
The flexural strength was measured by a third-point loading test (ASTM C 293) on two 
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23×36×195mm prisms after 28 days of moist curing. Two similar 23×36×195mm prisms 
were subjected to 300 rapid freezing and thawing cycles (at a freezing rate of 8.6°C/h) 
after 14 days of moist curing according to the requirements of the ASTM C 666 
procedure A test method. The deterioration caused by frost action was assessed by 
measuring the residual length change of the test specimens. The ASTM C 672 deicer salt 
scaling tests were carried out on two 110×150×25mm slabs covered with a 3% NaCl 
solution and subjected to 50 daily freezing and thawing cycles from 23°C to −18°C. The 
slabs were moist cured for 14 days and air dried at  
 
Table 2 Composition of the Tested Mixtures  

W/B Silica 
fume 
(%)  

Fibers Fiber 
volume 

(%)  

Water 
(kg/m3) 

Cement 
(kg/m3) 

Silica fume 
(kg/m3)  

Super-
plastic. 
(L/m3)  

Unit 
weight 
(kg/m3)  

    none  0  585 1324 0 0.0 1909 

    steel  2.1  563 1250 0 0.0 1976 

  none  steel  5.1  530 1185 0 5.1 2122 

    carbon 2.0  530 1191 0 10.0 1776 

    carbon 4.9  504 1134 0 15.6 1736 

    none  0  587 1174 122 0.0 1892 

    steel  2.1  550 1100 121 0.0 1933 

0.45 10  steel  5.1  523 1053 117 5.1 2100 

    carbon 1.9  517 1044 116 9.7 1720 

    carbon 4.7  479 974 109 15.1 1656 

    none  0  566 1006 252 3.0 1831 

    steel  2.1  574 942 236 2.3 1918 

  20  steel  5.2  530 947 237 5.2 2132 

    carbon 1.9  508 915 229 12.0 1698 

    carbon 4.6  455 825 206 16.8 1582 

    none  0  512 1479 0 5.2 1997 
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    steel  2.1  496 1430 0 7.2 2096 

  none  steel  5.2  480 1390 0 12.5 2294 

    carbon 1.9  467 1352 0 11.8 1864 

    carbon 4.9  442 1294 0 19.6 1838 

    none  0  513 1330 148 7.4 1999 

    steel  2.1  490 1276 142 10.4 2084 

0.35 10  steel  5.2  465 1218 136 15.5 2242 

    carbon 1.9  437 1148 127 14.1 1751 

    carbon 4.7  412 1097 122 21.4 1732 

    none  0  501 1156 289 9.0 1956 

    steel  2.1  488 1125 281 12.6 2074 

  20  steel  5.1  451 1054 264 17.5 2192 

    carbon 1.9  437 1021 256 16.4 1764 

    carbon 5.0  402 951 238 24.1 1694 

    none  0  421 1709 0 10.3 2142 

    steel  2.1  416 1688 0 12.5 2308 

  none  steel  5.4  410 1686 0 18.0 2540 

    carbon 2.0  389 1599 0 16.8 2039 

    carbon 4.9  358 1506 0 29.4 1978 

    none  0  420 1546 171 14.8 2154 

    steel  2.1  399 1475 164 17.5 2220 

0.25 10  steel  5.1  370 1387 154 25.3 2336 

    carbon 1.9  357 1334 148 23.5 1896 
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    carbon 4.8  339 1295 144 35.5 1896 

    none  0  401 1324 331 26.0 2084 

    steel  2.1  393 1309 327 26.3 2224 

  20  steel  5.0  354 1197 299 35.1 2282 

    carbon 1.9  355 1193 298 31.0 1912 

    carbon 4.7  317 1091 273 41.9 1804 

 
23°C for an additional 14-day period prior testing. The damage caused by scaling was 
assessed by measuring the mass of the scaling residues. Since it was observed that the 
size of the scaled-off particles decreases significantly with the increase of the fiber 
content, the size-distribution of the scaling residues was later determined by a sieve 
analysis (with sieve openings ranging from 6 mm to 80 µm).  
 

TEST RESULTS AND DISCUSSION  
Characteristics of the Air-Void System  
The characteristics of the air-void system are summarized in Table 3. Although their air 
contents are very low (1 to 5%), the spacing factors of the mixtures made without fibers 
are surprisingly low (360 to 704 µm) because their specific surfaces (16.1 to 40.9 mm−1) 
are much higher than the specific surface usually obtained in non air-entrained concretes 
(≈10 mm−1). These relatively low spacing factors could probably be explained by the 
high energetic efficiency of the vertical-axis mortar mixer which was used at a high 
rotating speed in order to facilitate the fiber dispersion. For mixtures containing steel 
micro-fibers, the air content (1.2 to 8.8%) generally increases with the fiber volume, and 
the spacing factor (244 to 527 µm) is generally lower than the spacing factor of the 
corresponding mixture without fibers although the difference is often not very important. 
However, Table 3 clearly shows that carbon micro-fiber reinforced mixtures have a much 
higher air content (9.8 to 22.8%) and a much lower spacing factor (151 to 275 µm) than 
the other mixtures although very little differences are observed between the mixtures 
containing 2% and 5% of carbon micro-fibers. For all mixtures, silica fume does not 
appear to significantly influence the characteristics of the air-void system.  

Flexural Strength  
The modulus of rupture obtained from the third-point loading tests are given in Table 4 
and shown in Figure 1. This Figure shows that the adding of micro-fibers can roughly 
twice the flexural strength of the cement pastes and that, most of the time, the carbon 
fibers provide higher flexural strengths than the steel fibers. Carbon fibers are much 
longer than steel fibers and, consequently, their bond to the cement matrix is probably 
stronger which could explain, at least in part, their better behavior. The examination of 
many micro-reinforced paste broken surfaces under a scanning electron microscope had 
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clearly shown that both the steel and carbon micro-fibers were mainly pulled-out rather 
than broken during the test which strongly suggests to fiber debonding is the main 
fracture mechanism. The higher flexural strengths which are often obtained by increasing 
the silica fume content (see Figure 1) could also be explained by a better bond between 
the fibers and the matrix. Due to their very small size (0,1 µm in diameter), the silica 
fume particles could significantly improve the bonding resistance by filling the spaces 
left between the much coarser cement grains at the fiber-matrix interface. Figure 1c 
indicates however that, at a very low water to binder ratio, the increase of the silica fume 
content have a detrimental effect on the flexural strength of both reinforced and 
unreinforced cement pastes. This is probably simply due to the fact that the paste thus 
become too sticky which tend to significantly reduce the workability of the mixture. A 
reduced workability can also be held responsible for the strength losses sometimes 
observed at high dosages (5%) of carbon fibers (see Figure 1). 
  
Table 3 Characteristics of the Air-Void System  

W/B Silica Fume 
(%)  

Fibers Fiber volume 
(%)  

Air content 
(%)  

Specific surface 
(mm−1)  

Spacing factor 
(µm)  

    none 0  2.3 16.7 704 

    steel 2.1  3.8 17.9 527 

  none  steel 5.1  8.5 16.5 392 

    carbon 2.0  11.6 22.4 246 

    carbon 4.9  12.4 18.7 275 

    none 0  1.2 32.0 484 

    steel 2.1  3.2 20.8 481 

0.45 10  steel 5.1  6.3 19.6 372 

    carbon 1.9  12.6 19.4 273 

    carbon 4.7  22.8 14.9 225 

    none 0  1.5 27.0 512 

    steel 2.1  2.5 34.9 326 

  20  steel 5.2  3.5 28.4 342 

    carbon 1.9  11.8 22.8 241 
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    carbon 4.6  10.6 21.2 264 

    none 0  3.8 26.2 360 

    steel 2.1  3.9 35.6 264 

  none  steel 5.2  1.8 45.0 293 

    carbon 1.9  14.2 22.7 220 

    carbon 4.9  13.6 22.1 223 

    none 0  2.3 25.5 459 

    steel 2.1  4.8 20.3 413 

0.35 10  steel 5.2  6.7 17.7 401 

    carbon 1.9  16.7 20.1 230 

    carbon 4.7  20.5 17.7 217 

    none 0  1.1 40.9 395 

    steel 2.1  2.8 31.6 343 

  20  steel 5.1  5.7 23.4 335 

    carbon 1.9  12.0 23.9 228 

    carbon 5.0  12.3 24.8 211 

    none 0  5.0 22.5 372 

    steel 2.1  4.4 27.0 329 

  none  steel 5.4  1.2 60.4 253 

    carbon 2.0  9.8 40.2 151 

    carbon 4.9  11.0 29.7 191 

    none 0  3.8 16.1 557 

    steel 2.1  4.2 33.5 271 
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0.25 10  steel 5.1  8.8 23.2 277 

    carbon 1.9  11.5 28.6 194 

    carbon 4.8  11.5 27.3 199 

    none 0  2.2 30.0 393 

    steel 2.1  2.6 27.0 374 

  20  steel 5.0  5.3 33.4 244 

    carbon 1.9  10.6 27.0 219 

    carbon 4.7  9.8 28.8 206 

     

Table 4 Summary of Test Results  

W/B Silica 
Fume 
(%)  

Fibers Fiber 
Volume 

(%)  

Modulus of 
rupture (MPa) 

Spacing 
factor (µm) 

Length 
change 
(µm/m)  

Mass of 
residues 
(kg/m2)  

    none  0  2.5 704 destroyed 7.84 

    steel  2.1  5.1 527 685 0.62 

  none  steel  5.1  6.6 392 139 0.05 

    carbon 2.0  5.4 246 144 0.68 

    carbon 4.9  6.2 275 390 0.71 

    none  0  1.9 484 destroyed 2.47 

    steel  2.1  4.9 481 560 0.99 

0.45 10  steel  5.1  6.9 372 125 0.41 

    carbon 1.9  6.2 273 278 0.27 

    carbon 4.7  7.7 225 320 0.35 

    none  0  2.8 512 destroyed 13.1 
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    steel  2.1  4.6 326 1765 2.06 

  20  steel  5.2  6.9 342 213 1.03 

    carbon 1.9  8.4 241 427 0.33 

    carbon 4.6  9.1 264 380 0.12 

    none  0  7.1 360 destroyed 0.03 

    steel  2.1  9.7 264 126 0.01 

  none  steel  5.2  12.2 293 73 0.51 

    carbon 1.9  7.7 220 229 0.16 

    carbon 4.9  6.3 223 773 0.43 

    none  0  3.8 459 destroyed 4.84 

    steel  2.1  8.1 413 775 0.26 

0.35 10  steel  5.2  9.7 401 73 0.18 

    carbon 1.9  9.4 230 80 0.01 

    carbon 4.7  5.6 217 171 0.14 

    none  0  5.5 395 destroyed 8.84 

    steel  2.1  6.7 343 937 0.68 

  20  steel  5.1  11.3 335 366 0.36 

    carbon 1.9  9.2 228 267 0.11 

    carbon 5.0  12.3 211 146 0.08 

    none  0  7.1 372 274 0.11 

    steel  2.1  8.9 329 133 0.03 

  none  steel  5.4  14.0 253 126 0.22 

    carbon 2.0  9.9 151 146 0.07 
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    carbon 4.9  8.9 191 181 0.04 

    none  0  5.8 557 destroyed 0.06 

    steel  2.1  10.4 271 120 0.07 

0.25 10  steel  5.1  13.2 277 77 0.02 

    carbon 1.9  12.1 194 117 0.01 

    carbon 4.8  12.1 199 79 0.02 

    none  0  7.3 393 destroyed 0.26 

    steel  2.1  9.6 374 165 0.02 

  20  steel  5.0  12.0 244 153 0.01 

    carbon 1.9  14.3 219 206 0.02 

    carbon 4.7  11.8 206 247 0.02 
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Figure 1 Relationship between the modulus of rupture and the fiber volume for cement 
pastes having different water to binder ratios, containing various amounts of silica fume, 
and reinforced with steel and carbon micro-fibers  

Resistance to Rapid Freezing and Thawing Cycles  
The residual length changes measured after 300 rapid freezing and thawing cycles are 
given in Table 4. As it can be seen in this Table, all but one mixtures not containing 
micro-fibers were completely destroyed by frost action long before the completion of the 
300 freezing and thawing cycles. On the other hand, all mixtures containing microfibers 
have satisfactory sustained the 300 freezing and thawing cycles since the residual length 
changes are always lower than 1000 µm/m (except for one mixture having a 1 765 µm/m 
length change). Table 4 also indicates that the residual length change is generally lower 
for the mixtures made with carbon fibers as compared with those made with steel fibers. 
For the mixtures made with steel fibers, the residual length change decreases significantly 
with the increase of the fiber volume. However, little differences are observed between 
the mixtures containing 2% and 5% of carbon fibers.  

It is clear, of course, that the presence of fibers have significantly improve the frost 
resistance of the cement pastes. This improvement could be due, at least in part, to the 
fact that the micro-reinforced pastes have relatively low spacing factors. But an attentive 
examination of Table 4 reveals that many micro-reinforced pastes are frost resistant even 
though their spacing factor is quite similar to that of the corresponding unreinforced paste 
which was completely destroyed by freezing and thawing cycles. Thus, it seems 
reasonable to conclude that the good frost resistance provided by micro-fibers is not only 
due to their positive influence on the characteristics of the air-void system but, also, on 
their ability to limit the propagation of cracks through the cement paste.  

Deicer Salt Scaling Resistance  
The mass of scaling residues after 50 daily freezing and thawing cycles are given in 
Table 4, and Figure 2 shows the relationship between the mass of scaling residues and the 
fiber volume. According to the test results, all the mixtures having a 0.25 W/B ratio 
suffered very little scaling no matter the volume of fibers simply because, at such low 
W/B values, the amount of freezable water is almost negligible. But Figure 3 indicates 
that, for higher W/B ratios, the adding of micro-fibers improves very significantly the 
scaling resistance of cement pastes since all the mixtures not containing micro-fibers 
show a poor scaling resistance while all the mixtures containing micro-fibers have 
performed satisfactory with a mass of scaling residues smaller than 1 kg/m2. Little 
differences are observed between steel and carbon microfibers and it seems that a fiber 
volume of 5% provides only little improvement (if any) as compared with a 2% fiber 
volume.  

As mentioned in the previous section, the better scaling resistance provided by 
microfibers can not be solely due to the fact that they generally yields a lower spacing 
factor value. The positive influence of micro-fibers is probably mainly related on their 
ability to limit the propagation of cracks. This statement is supported by the fact that the 
presence of fibers influences very significantly the size of the scaled-off particles. Since it 
was observed that the size of these particles vary widely from one mixture to another, all 
the residues were subjected to a sieve analysis and the median diameter of particles was 
used as an index of the size of the scaling residues. The relationship between the median 
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diameter of scaled-off particles and the fiber volume is shown in Figure 3. This Figure 
clearly indicates that the median diameter of the scaled-off particles is much smaller for 
mixtures containing micro-fibers as compared with similar mixtures without fibers. It 
seems that fibers act as crack arresters and restrain the propagation of cracks over long 
distances. The differences between steel and zv352  
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Figure 2 Relationship between the mass of scaling residues and the fiber volume for 
cement pastes having different water to binder ratios, containing various amounts of 
silica fume, and reinforced with steel and carbon micro-fibers  
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Figure 3 Relationship between the size of scaled-off particles and the fiber volume for 
cement pastes having different water to binder ratios, containing various amounts of 
silica fume, and reinforced with steel and carbon micro-fibers  
zv354 carbon micro-fibers are usually small, and a fiber volume of 5% still provides only 
little improvement (if any) as compared with a 2% fiber volume. Figure 4 also indicates 
that the median diameter of scaled-off particles generally decreases with the increase of 
the silica fume content probably because silica fume increases the brittleness of the paste 
and reduces the critical spacing factor value [10].  

CONCLUSION  
Recent studies have shown that carbon fiber micro-reinforced mortars can satisfactory 
sustain the 300 rapid freezing and thawing cycles of the ASTM C 666 test method, even 
without air entrainment [5–8]. It was suggested, however, that the good frost resistance of 
micro-reinforced mortars could be simply due to the fact that, for still not well 
understood reasons, micro-fibers facilitate air-entrainment (even in the absence of an air-
entraining admixture) and yield spacing factors values smaller than the critical spacing 
factor associated to a given mixture [7, 8]. The data reported in this paper indicate that 
both steel and carbon micro-fibers significantly improve, not only the frost resistance 
against rapid freezing and thawing cycles, but also the deicer salt scaling resistance of 
micro-reinforced cement pastes. It was found that non air-entrained micro-reinforced 
cement pastes have relatively low spacing factor values (often below 400 µm) even 
though their total air content is very low (usually less than 5%). This is due to the fact 
that those mixtures contain many very small air voids but very few large voids. However, 
the improvement provided by the micro-fibers can not be solely due to their ability to 
facilitate air-entrainment because many mixtures containing micro-fibers were frost 
resistance while similar plain mixtures (without micro-fibers) having similar spacing 
factors were severely deteriorated by frost action. The positive influence of micro-fibers 
is most probably due to their ability to limit the propagation of cracks through the cement 
paste.  
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ABSTRACT. The methodology of reliability calculation of load-bearing concrete and 
reinforced concrete constructions which are used under influence of corrosion-active 
environments has been considered. Physical and mathematical models, that are used for 
analysis in conditions of “environment-load” have been described. The examples of the 
use of the proposed method are given.  
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zv358  
INTRODUCTION  
Building code of any country of the world does not contain any quantitative principles for 
designing of concrete and reinforced concrete constructions in aggressive environments 
[1, 2]. Optimal design anticorrosive protection on the whole is complex of technological 
problems is closely connected with tasks of constructive character. Only proceeding from 
functional requirements to certain construction it is possible to solve as tasks of the 
durability provision of the construction on the whole as separate elements—concrete and 
reinforcement.  

On the base of the carried out experimental and theoretical researches the method of 
the anticorrosive protection design of load-bearning concrete and reinforced concrete 
constructions by parameter of reliability have been worked out [3].  



THE FUNDAMENTALS AND PRINCIPLES OF ESTIMATION 
AND ENSURING OF RELIABILITY  
The proposed method is based on the following premises:  

1. In accordance with reality it is permitted and accounted the development of 
corrosive processes in concrete. Calculation and design of constructions in aggressive 
environments are made taking to the account the concrete corrosive process kinetics.  

2. The time is introduced into calculation obviously: construction durability is 
determinated under given parameters or its parameters are determinated under the given 
service life.  

3. Influence of aggressive environment is estimated by criterion of the functional 
characteristics change (strength, deformation, crack resistanse and etc.).  

4. In accordance with changeable character of concrete, constructive and 
environmental parameters probabistic method of designing was adopted.  

5. The principle of equal reliability of constructions for aggressive and non-aggressive 
conditions is laid: the constructions that are designed for aggressive environments to the 
end of service life must have the same reliability as the constructions that are designed 
for non-aggressive conditions.  

The general system approach to the solution of the problems connected with 
estimation of reliability of concrete and reinforced concrete constructions in aggressive 
environments includes the following elements:  

1. The mathematical models: of the mass-transfering process with consideration of the 
heterogeneous chemical reactions; of the process of the zv359 damage accumulation in 
concrete; of the estimation constructions stress-strain state; probabilistic models of the 
constructions functioning.  

2. Analytical, numerical, numerical-analytical and engineering methods for solutions 
of the above-mentioned models.  

3. Experimental definition: permeability characteristics and chemical activity of 
concrete in mass-transfering models; physics-mechanical characteristics of concrete as 
functions of the corrosive damage accumulations; statistical characteristics of 
changeability of the concrete, constructions, environment parameters.  

4. Standardization: of construction’s service life; of the aggressive environment 
parameters (corrosion load); of the force load; of the permitted limits of the constructions 
functional properties.  

MODEL OF CONCRETE AND AGGRESSIVE MEDIUM 
INTERACTION  
The process of interaction of medium and the concrete with consideration of stressed 
state under definite assumptions has been considered as superimposition of elementary 
acts of damage accumulation by stress and medium. The calculation of the fields of stress 
is proceeded by calculation of the moisture, heat, concentration, and corrosion fields. The 
solution of the system of differential equations of mass-transfering jointly with limit 
conditions allows to get the most complete data about distribution of these fields.  

The basic well-known results of analitical solutions of some problems of mass-
transfering, which are of the most practical interest for forecast calculations are the 
following: the depth of the concrete carbonation, duration of protective action of the 
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concrete under influence of ions-activators, depth of the corrosion damage of the concrete 
under the influence of the liquid acid aggressive mediums [4].  

We offer the physical and mathematical model of concrete corrosion under diffusion, 
complicated by chemical reactions, which allows to take to the account the main features 
of the corrosion process: dependence of the speed of the process on the concentration of 
the components of the aggressive medium and active components of the cement stone; 
multicomponency of the aggressive medium; parallelism of chemical reactions; 
dependence of the concrete penetrability on the initial charachteristics of the structure; 
stressed state, temperature, extent of the development of the corrosion process; 
dependence of the chemical reaction speed constant on mical-mineralogical and 
substantial compound of the cement, the type and compound of the attendant ions in the 
multicomponental system of the aggressive solution and temperature; multimeasureness 
of the process; possible change of components concentration and of the temperature of 
the aggressive medium in time according to any law. Parameters which are zv360 used in 
the model (effective coefficient of diffusion, constant of the speed of chemical reaction) 
are the average values, which determine by integrals thermodynamical and kinetic 
parameters of the corrosion process.  

An equation from the system of equations, which describes diffusion of the aggressive 
medium active component is given as an example:  

 
where, Ca,i, 
Ca,b, Cab,k 

= correspondingly, concentration i-th active component of 
agressive medium, l-th active component of concrete, k-
th product of interaction  

Da,i(S, T, σ, 
Cab,k,…) 

= effective diffusion coefficient i-th active component of 
agressive medium  

ki,l (H, T, 
σ,…), αi, βl 

= correspondingly, constant and exponents of the chemical 
reaction i-th active component of aggresive medium and 
l-th active component of concrete  

S, H = correspondingly, concrete strustural parameters and 
characteristics of chemical activity  

T = temperature  

a = stress  

xj = spatial coordinates  

t = time  
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The numerical solution of the system of differential equation of mass-transfering jointly 
with limit conditions allows to get the fields’ distribution of aggressive medium, active 
components of concrete, products of the interaction in concrete with which the change of 
concrete physical and mechanical characteristics are connected.  

CALCULATION MODELS OF REINFORCED CONCRETE 
ELEMENTS FOR DETERMINATION OF THE STRESS-STRAIN 
STATE  
The perspective direction in development of the methods of calculation of concrete and 
reinforced concrete constructions under conditions by complex actions of load and 
aggressive mediums is using model notions of constructive elements and equations of 
mechanical state of the materials, what in formalistic type reflect a result of environment 
action.  

Stress-strain state of the reinforced concrete elements on all stages during 
development of the process of concrete degradation and on any level and regime of 
loading is defined using the conditions of equilibrium. It is posible, using model notions 
to evaluate strength, crack-resistance and deformability of the elements from unified 
position.  

As an example, the bending reinforced concrete elements, working in sulphate 
solutions, were examined in order to study the efficiency as technological so constructive 
parameters of reinforced concrete protection that provide durability of normal cross-
section strength. The influence of the medium was from compressed side of cross-
section. As variable technological parameters the chemical and mineralogical compound 
of the cement (sulphate resistant cement and portland cement containing C3A and C3S, 
respectively, 5 and 50%, 7 and 65%), penetratability of concrete, characterised by water 
resistance grade of concrete (W4, W6, W8) or water-cement ratio (W/C-0.60, 0.55, 0.45) 
were considered. As variable construction parameters the height of rectangular cross-
section (h=10, 30, 50 cm), grade of reinforcing (coefficient of reinforcing µ=0.45, 1.43%) 
were considered. Concentration of sulphate-ions was changing in limits of 1 to 20 
grams/liter (evaluated in SO4

2−)  
The forecast of strength change of normal cross-section was carried out using 

developed models and experimental data. Relative change of strength was determined for 
the comparison of the results. Some results of calculations are displayed on fig. 1. The 
analisis of the results witnesses that equal extent of concrete corrosive damage (under 
equal concentration of sulphate-ions and technological parameters) is more essential for 
strength change of elements with the height of cross-section equal to 10 cm and for 
elements with the heightened content of reinforcement.  

CALCULATION OF RELIABILITY AND DURABILITY OF 
REINFORCED CONCRETE CONSTRUCTIONS, INTERACTING 
WITH THE AGGRESSIVE MEDIUM  
It is known that indices which characterise the corrosive strength of concrete, the force 
parameters (value of prestressing) and geometrical parameters of construction, the 
external influences such as medium and load are of random nature. Therefore probability 
forecast is more theoretically substantiated in comparison with determinated forecast for 
one or another property change of construction which determines durability.  
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The problem of construction reliability determination according to some property 
comes to creation of m-dimensional function which shows density of random process 
distribution. The reliability is determined by m-dimensional integral from the mentioned 
function of density zv362  
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Figure 1 Influence of constructive and technological parameters on change of bending 
reinforced concrete element strength under action of sulphate solutions  
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distribution. We offered a numerical-analitical method for creating of complex functions 
distribution. Service life is determined by duration of construction operation until their 
properties leave permitted limits.  

As an example the results of determining the concrete protective coat reliability under 
conditions of influence by acid HCl concentration 0.01 g/l are given. The parameters of 
the concrete are the following: cement expense −300 kg/m3, with the variability 
coefficient equal to 0.20, relative contents of calcium oxyde in cement −0.641 under 
variability coefficient equal to 0.02. The acid concentration variability coefficient is equal 
to 0.15. The thickness of the protective coat is equal to 30 mm with the variability 
coefficient equal to 0.185. Reliability of protective coat concrete was determined 
according to the criterion of its destruction danger. The results of calculation are shown 
on fig. 2.  

 

 
Figure 2 Reliability of concrete protective coat under action of acid  

PRACTICAL APPLICATION OF RESULTS  
During design of construction in aggressive environments usually such tasks are solving:  

1. To appoint technological and constructive parameters that provide determinated 
service life.  

Radical concrete technology     362



2. To define the costruction service life under determinated parameters and external 
conditions.  

3. To evaluate corrosive danger of aggressive medium for construction with 
determinated parameters.  

On the base of the offered method there is an opportunity to solve this tasks. The 
propositions for building code on problem solving connected with providing of concrete 
and reinforced concrete reliability in conditions under action of aggressive medium at 
three levels of design: research, engineering, and prescriptional have been proposed [5].  

As an example the task of corrosive danger evaluation of sulphate solutions for 
bending reinforced concrete elements have been solved at prescriptional level of design. 
There were adopted the following premises: corrosive danger of sulphate was evaluated 
by changing (reduction) of normal cross-section strenght for slight degree of severity—
not more than 5%, for moderate degree—5–15%, high degree—15–25% for the service 
life equal 100 years. Water resistance grade of concrete equal W4 (water-cement ratio 
W/C 0.6). Table 1 gives limiting values of deleterious sulphate (SO4

2−, mg/litre) in water 
of predominantly natural composition for the assessment of the severity of chemical 
attack accordingly to CEB-FIB Model Code [1], Building Code [2] and by offered 
method at prescriptional level of design.  

Thus there is an opportunity to evaluate corrosive danger of a medium not only for 
concrete or reinforcing (the way how it is still being done) but immediately for concrete 
and reinforced concrete constructions according to the functioning requirements to these 
constructions. Besides the technologycal parameters (chemical, mineralogical and 
substantial compound of the cement, penetratability of concrete and etc.) as means of 
concrete anticorrosive protection the construction parameters (shape and dimensions of 
cross-sections, extent of reinforcing, value of prestressing, mechanical characteristics of 
concrete and reinforcement, schemes of element bearing, schemes of load and aggressive 
mediun application and etc.) are used.  

Alternative design of anticorrosive protection of the some concrete and reinforced 
concrete constructions with account of concrete corrossive process kinetics were made. 
So we managed to abolish the secondary protection such as pasted insulation of 
foundation surfaces and retaining walls under action of extremely aggressive sulphate 
solution and also of enclosing constructions of vegetable storehouse with the regulated 
gas medium. By this means a great economical benefit is accomplished.  

 
Table 1 Limiting values of deleterious sulphate (SO4

2−, mg/litre) in water of 
predominantly natural composition for the assessment of the severity of chemical attack  

Concrete Reinforced concrete  

MC* 
BC**  

coefficient of 
reinforcing, %  

Cement  

  

height of cross-
section, cm  

0.45  1.43  

Degree of 
Severity  

  200–600 

600–3000 

  slight  

moderate  
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>3000  high  

10  250–600 

600–1000 

1000–1500 

250–350 

350–550 

550–700 

slight  

moderate  

high  

30  250–800 

800–3500 

3500–8000 

250–400 

400–1200 

1200–3000 

slight  

moderate  

high  

Portland cement  

C3A=7%  

C3S=65%  

250–500 

500–1000 

>1000  

50  800–2000 

2000–9000 

9000–
20000  

400–800 

800–3000 

3000–8000 

slight  

moderate  

high  

10  800–1300 

1300–2500 

2500–4200 

400–600 

600–1300 

1300–1600 

slight  

moderate  

high  

30  1300–3000 

3000–
12000  

12000–
25000  

600–1600 

1600–5000 

5000–
12000  

slight  

moderate  

high  

Sulphate resistant 
cement  

C3A=5%  

C3S=50%  

1500–
3000  

3000–
4000  

>4000  

50  3000–6000 

6000–
25000  

25000–
50000  

1600–2000 

2000–
10000  

10000–
25000  

slight  

moderate  

high  

*—[1], **—[2]  

CONCLUSIONS  
1. The general system approach for solving the problems connected with the estimation 
of reliability of load-bearing concrete and reinforced concrete constructions in aggressive 
mediums has been developed.  

2. Basic statements and principles of calculation and design of constructions aimed for 
work in conditions of aggressive mediums have been offered.  
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3. Physical and mathematical models of concrete corrosion under diffusion, 
complicated by chemical reactions, which afford to take in to account the most important 
features of corrosion process, have been offered.  

4. The methods of calculation of stress-strain state of shaft reinforced concrete 
elmenents on the basis of model assumptions and equations of mechanical state of 
materials have been developed.  

5. The results of quantity modeling approved the hypothesis about the essential 
influence of constructive parameters as means of the primary protection of reinforced 
concrete elements in conditions of corrosion process development in concrete.  
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Radical Concrete Technology. Edited by R K Dhir and P C Hewlett. Published in 1996 
by E & FN Spon, 2–6 Boundary Row, London SE1 8HN, UK. ISBN 0 419 21480 1.  
ABSTRACT. Compressive strength, shrinkage and creep of water-cured and steam-
cured concrete with and without slags have been compared. Two slag replacement levels 
of 50 and 70% using slags from two countries (U.K. and South Africa). Creep was 
measured under a stress of 0.2 of the creep cylinder strength at the age of 14 days for 
water-cured concretes and 1 day for steam-cured concretes. The influence of steam-
curing is to reduce long-term strength, ultimate drying shrinkage, basic and total creep of 
all types of concrete and to increase short-term strength. The ultimate drying shrinkage of 
steam-cured slag concretes were similar to or lower than that of PC concrete. For steam 
cured concrete, the effect of replacement of Portland cement by slag is to decrease the 
ultimate basic and total creep.  
Keywords: Compressive strength, Shrinkage, Basic creep, Total creep, Slags, Steam-
curing, Water-curing.  
Dr BOUKENDAKDJI M. is a lecturer at the Department of Civil Engineering, 
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PhD from the University of Leeds.  
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INTRODUCTION  
Whereas there is much published data available on the long-term deformations of 
concretes cured under normal conditions, there is a limited amount of available data 



concerning concrete cured under steam or accelerated curing conditions, and there is no 
known data for slag concrete. For the purpose of prestressed concrete design, creep and 
shrinkage account for the larger portion of prestress loss. Since most fabrication plants 
utilize accelerated strength concrete there is a need to have more information about 
drying shrinkage and creep of this type of concrete.  

Two types of creep are considered. Basic creep applies to sealed or water-stored 
concrete, and total creep refers to drying concrete after allowing for drying shrinkage. 
Creep at a constant initial stress-strength ratio is used since it allows for any change in 
strength due to replacement of cement by slag, or for a change in curing type.  

The effect of steam-curing was found to reduce creep up to 50% compared with moist-
cured concrete [1, 2]. In general, the effect of steam-curing is to decrease shrinkage [2].  

This paper deals mainly with strength and long-term deformations of slag concrete 
cured under steam, a more results of water-cured slag concrete having been reported 
previously [3]  

EXPERIMENTAL DETAILS  
The materials used to make five concretes were ordinary Portland cement (PC), ground 
granulated blastfurnace slag and quartzitic aggregate, conforming to the 10mm. coarse 
and F category fine grades of B.S.882: Part 2:1983. Slags were obtained from the U.K. 
and South Africa.  

The first concrete was a PC control mix having mass proportions of 1:1.62:2.49 with a 
water/cement ratio of 0.43 and the cement content was 437 kg/m3. The four slag 
concretes had 50 and 70% of the mass of PC replaced by equal masses of slags, with the 
same aggregated proportions and water/cementitious ratio as the control concrete.  

For each type of concrete, 100mm cubes were cast for compressive strength together 
with 255×76mm dia. cylinders for strength, shrinkage and creep in compression. For 
water-cured concretes, all moulded specimens were cured for 24 hours under wet hessian, 
then demoulded and cured in water for 13 days. The steam curing cycle is shown in 
Figure 1.  

Strength and time dependent deformations were measured in two storages 
environments: in water at 20±2°C, and in air at 65±5% R.H. and 20±2°C. Creep and 
shrinkage were measured as previously [4]. Creep was measured under a stress of 0.2 of 
the creep cylinder strength at the age of 14 days for water cured concretes and 1 day for 
steam cured concretes.  

 

Comparative study of formwork liners     367



Figure 1 Steam curing cycle  

TEST RESULTS AND DISCUSSION  
Compressive Strength  
Table 1 lists the 100-mm cube strength for water-cured and steam-cured concretes stored 
in the two environments. Compressive strength at 1 day is inversely proportional to slag 
content, as the higher the slag content the lower the compressive strength. This 
observation is similar to that of compressive strength of water-cured concrete at the age 
of 7 days.  

Approximately 67% to 78% of the 28-day compressive strength of water-cured 
concrete at 20°C was achieved after 1 day of steam curing. At the age of 28 days, the 
steam-cured PC and slag concretes were weaker than the continuously water-cured 
concrete; This difference is greater the higher the slag content and is greater in the case of 
S.A. slag concretes compared to U.K. slag concretes.  

As the object of steam curing is to obtain a sufficiently high early strength, compared 
with that cured at room temperature, without an appreciable loss of gain in strength at 
later ages, it seems that from these results concrete containing 50% slag content can be 
cured successfully under steam. On the other hand, it seems that the cycle of curing 
adopted in this test programme may not be very suitable to concrete containing a higher 
slag content. For high slag content mixes, a delay period of longer than 4.5 hours is 
suggested since, according to Price [5], the temperature applied before setting may cause 
a decrease in strength at later ages compared with that stored at lower temperature and, 
generally, the initial and final setting times increase with the addition of slag [6].  

As for 14-day water-cured concrete, specimens stored dry after 1-day of steam curing 
were generally stronger than those stored wet (Table 1).  
Table 1: Development of cube compressive strength (MPa)  

UK Slag  SA Slag  Curing  Environment  Age  PC  

50%  70%  50%  70%  

7  45.5  38.5  38.5  37.5  23.6  

14  56.0  53.0  48.5  48.0  40.0  

28  62.0  67.5  62.5  63.0  54.0  

56  63.0  72.0  72.5  76.0  62.0  

84  68.3  75.5  70.8  77.0  68.8  

Stored in water  

112  64.0  76.5  81.5  79.5  72.6  

28  67.5  68.5  62.5  68.5  57.5  

Water cured  

Stored in air  

56  69.0  80.0  80.0  77.5  65.5  
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84  75.5  76.5  72.5  78.5  70.0    

112  72.0  82.5  85.8  83.0  76.0  

1  49.0  42.0  39.6  44.0  35.1  

28  58.1  54.2  48.3  49.4  38.5  Stored in water  

71  63.7  58.6  57.3  56.3  42.0  

28  68.3  58.7  53.5  55.5  42.0  

Steam cured  

Stored in air  
71  73.6  63.8  59.3  61.8  46.6  

The ultimate compressive strength of steam-cured concrete is not as great as that of 
concrete continuously moist cured at lower temperature; however, in actual practice 
concrete is often given very little moist curing so that the advantage of steam curing may 
be considerably greater than would be apparent from comparison with 28 day moist 
curing. The improvement of early strength of steam cured slag concrete is an importent 
attribute in the manufacture of precast and prestressed components.  

Shrinkage  
The shrinkage of water-cured and steam-cured PC and slag cement concretes are shown 
in Figure 2. It can be observed that the initial rate of shrinkage is higher for slag-cement 
concrete, but the later-age rate is less.  

Extrapolation of the regression curves on the hyperbolic expression indicates that the 
ultimate drying shrinkage values of steam-cured slag concrete are similar to or lower than 
that of PC concrete (Table 2), the maximum decrease being about 38%, for the 70% S.A. 
slag concrete  

 

 
Figure 2 Shrinkage of PC and slag-cement concretes  
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In fact, the effect of steam-curing was to decrease the ultimate drying shrinkage of PC 
and slag concretes by about 14% and 23%, respectively. Steam curing reduces long-term 
shrinkage probably because of a lower hardened cement paste content due to the 
acceleration of hydration at a higher temperature.  
 
Table 2: Ultimate shrinkage, basic creep and total creep (10−6)  

UK Slag  SA Slag  Curing    PC  

50%  70%  50%  70%  

Shrinkage  526  505  537  480  515  

Basic Creep  267  151  220  236  215  

Water cured  

Total Creep  530  480  396  366  352  

Shrinkage  454  456  454  367  278  

Basic Creep  213  163  147  141  139  

Steam cured  

Total Creep  397  271  319  257  283  

Basic Creep  
The creep-time characteristics of water-cured and steam-cured PC and slag concretes are 
shown in Figure 3. The 70-day basic creep of steam-cured slag concretes are similar to or 
lower than that of PC concrete. The maximum decrease is approximately 51% for the 
70% S.A. slag concrete.  
 

 
Figure 3 Basic creep of PC and slag-cement concretes  
The effect of steam curing is to decrease the ultimate basic creep of all concretes, 
obtained by regression on a hyperbolic-power expression (Table 2). For PC concrete, this 
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can be explained by the increase in strength under load, which was smaller in the case of 
water-cured PC concrete (Table 1).  

The lower basic creep of steam-cured slag concrete cannot be explained in terms of 
the increase in strength, since it was similar or higher in the case of water-cured concrete. 
As for drying shrinkage, this decrease in basic creep may be attributed to the lower 
cement paste content due to the accelerated hydration in the case of steam-cured concrete. 
This suggestion of decrease in the volume of cement paste content is indicated by the 
results of strengths (Table 1), since the values of steam-cured concrete were lower.  

Total Creep  
As for water-cured concrete (Figure 4), the 70-day total creep of steam-cured slag 
concrete was similar to or lower than that of PC concrete.  

As for steam-cured concrete stored in water, the effect of steam curing was to decrease 
the ultimate total creep by up to 45% (Table 2). This reduction is probably partly because 
of the decrease in shrinkage of the steam-cured concrete and, therefore, reduction in 
drying creep and total creep, and partly because of the lower volume of the cement paste 
content in the case of steam-cured slag concrete.  

This reduction of creep of steam-cured slag concrete could be of practical importance 
in situations where creep is to be minimised, for example, in prestressed concrete 
members.  
zv373  

 
Figure 4 Total creep of PC and slag-cement concretes  

CONCLUSIONS  

1.   The effect of steam curing is to reduce long-term strength, ultimate drying shrinkage, 
basic and total creep of all types of concrete.  

2.   
It seems that concrete containing 50% slag content can be cured successfully under 
steam. However, for a high slag content, a delay period of longer than 4.5 hours is 
suggested.  
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3.   For steam-cured concrete, the ultimate drying shrinkage of slag concretes were similar 
to or lower than that of PC concrete.  

4.   The effect of replacement of Portland cement by slag is to decrease the ultimate basic 
and total creep.  
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ABSTRACT. This article deals with the total combination of theoretical and technical 
tasks in creating plant and the automatic systems of control for using microwave energy 
in hardening and splitting of concrete. The application of microwave energy gives an 
opportunity of generating heat inside the concrete in stead of usual heat feeding into the 
wave by means of heat conductivity. It is fixed that if the heating realized by microwave 
energy is localized the heated area of concrete dilates in comparison with the remaining 
part of it where rises high stretching tension causing cracks.  
Keywords: Hardening, Splitting, Microwave Energy, Sliding Mode, Discontinuous 
Control and Corrective Devices (DC & CD).  
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INTRODUCTION  
The usual process of concrete hardening in which the ready ware acquires strength is 
effected in normal conditions of the environment. In this case the process goes on very 
slowly 28 days. For the purpose of accelerating the process of hardening the ware is 
processed with steam under atmospheric pressure—the time of hardening is reduced to 4 
hours, however, in this case the final strength of concrete.  

At the Armenian State University of Engineering and University of Hildesheim 
(Germany) the authors (of the article) carry out research on microwave energy 
application for the acceleration of the concrete hardening process. The application of 
microwave energy gives an opportunity of generating heat inside the material instead of 
usual heat feeding into the ware by means of heat conductivity.  

In the meantime the authors have carried out research on splitting of concrete ware 
and concrete coating by means of microwave energy. It is fixed that if the heating 
realized by microwave energy is localized the heated area of concrete dilates in 
comparison with the remaining part of it where rises high stretching tension causing 
cracks.  



This paper summarizes a modeling and practical experiment in hardening and splitting 
of concrete under action of microwave energy and presents the underlying principles.  

MATHEMATICAL MODELING OF HARDENING  
Source equation.  
The heat energy, influencing over temperature mode generation in concrete at hardening 
got by the influence of microwave energy, is added from simultaneous affect to it by heat 
energy passed from microwave radiation and from energy emanated from because of 
exothermic. The source equation of energy balance will be [1]:  

 
(1)  

Theoretical calculation.  
In the conditions of simultaneous emanation of microwave energy to hardening concrete 
the quantity of energy received by concrete is calculated from the quantity of absorbed 
radiation energy (qabsorb) and from the heat lost to environment (qenv):  

 
(2)  

 
(3)  
when microwave energy is supplied in free space (at every side).  

 
(4)  
at single-directional radiation  

 
(5)  
zv377  
at bi-directional radiation.  

The mechanism of heat loses mostly is due to processes of evaporation of moisture 
and also is due to convective and radiant heat exchange  

 
(6)  
besides each component of (6) is defined as follows:  

 
(7)  

 
(8)  

 
(9)  
The values of the coefficients α and β are defined in the following formulae:  

 
(10)  

 
(11)  
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(12)  

 
(13)  

 
(14)  
Based on (2)–(14) equations there have been made theoretical calculation of heat 
exchange components for three considered cases of the hardening of concrete. Here are 
the results showed in the table:  
TABLE 1. Heat exchange of hardening concrete  

Time, hour  

Component of heat 
exchange  

9 hours  15 hours  

  from 
every side 

single 
directio nal 

bi directio 
nal  

from 
every side 

single 
directio nal 

bi 
directional  

qabsorb  528 459 402 528 459 402 

qenv  −42 −40 −20 312 173 79 

qwarm  570 499 382 216 286 329 

From these calculations follows that heat loses from the surface of concrete are the lowest 
at dual-directional radiation that is considered in designing of the whole drying device.  

THEORY OF SPLITTING  
After drying up of the material this component decreases very much, but never equals to 
zero so that this material always has nonzero lost and an absorption of microwave energy 
is taken place with emanation of heat. If the warming is localized then the warmed part of 
concrete is enlarged relatively to the neighbor parts and big pushing apart stress is being 
raised in them bringing to cracking of zv378 concrete. The necessary power for cracking 
of concrete is calculated according to the known formula.  

 
(15)  

EXPERIMENTAL DETAILS  
Equipment. The process of generation, transmission and distribution of microwave 
energy is realized at the laboratory of Armenian State University of Engineering. The 
laboratory has conditions for work power system. A system comprising installations of 
generators, transformers, switchgear, lines, accessories and structures, is used for the 
generation, conversion, transformation, transmission and distribution of microwave 
energy. The concrete was exposed to warming in two ways. In the first case the concrete 
was radiated by movable horn. In the second case the concrete plate was placed into stove 
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operating as cavity resonator. In each case the environment pressure in which the material 
is placed must be equal to atmosphere or even more than atmosphere. In the place of 
resonator it is used a manufactured in former USSR stove “Electronica” SP23 ZIL which 
has its maximum power in its output equal to 10 kVt.  

The material concrete was carefully mixed and vibroconcentrated after flood into 
form. Usually concrete contained cement locally manufactured and marked to 400, 
volcanic white sand and filler (local road metal) in the proportion of 1:3:5 and the 
relation of water to cement was equal to 0,66.  
Results. The results of the experiments proved that the durability of the samples having 
passed the usual hardening process within 24 hours (see table 2).  
TABLE 2 The concrete hardening process at microwave energy warming in comparison 
with usual hardening process.  

The strength of compression kg/sm2  

The number of 
experiment  

The time of 
hardening (hour) 

Hardening under the action 
of microwave energy  

Common process of 
hardening, 28 days  

1  2  430  440  

2  2  432  441  

3  2,5  439  443  

4  2,5  440  443,5  

5  3  450  452  

6  3  452  454  

7  4  460  462  

8  4  462  463  

The experiments were realized at the frequency of 2.9 Hz. Also there have been made 
checking of temperature in the drying concrete during the whole process of hardening in 
the different places of concrete. Samples after warming during 2–4 hours were not been 
processed in the future but were been dried naturally.  

THE PROCESSING MODE, CONTROL SYSTEM AND 
TECHNICAL SOLUTIONS  
The author’s experiments resulted in creating an apparatus for realizing microwave 
irradiation of concrete, getting the conditions of reprocessing, making us the concrete 
hardening process optimization algorithm based on methods of sliding mode. The 
author’s research and research of his pupils showed in the class of control system that is 
the usage of automatic systems with discontinuous control and corrective devices (DC & 
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CD) [2, 3, 4]. The path of the state vector in sliding modes belongs to majority of 
dimensions; less than the space of conditions and the differential. Equations describing 
movement in sliding mode correspondingly are for an exponent lower than differential 
equations of automation system of hardening and splitting of concrete in thermo-damp 
processes. Besides the movement in sliding mode doesn’t depend on control and is 
defined by the properties of the object and equations of surfaces of the break. In some 
conditions when the sliding modes are deliberately put into they are invariant to 
influences and change dynamic properties of control object—equipment in which the 
process of hardening and splitting of concrete is taken place. A special device for 
breaking concrete into pieces by horning irradiation in created by the author. A special 
system for operator’s protection from microwave energy is created as well. The authors 
have also created a unique device for parting the broken pieces of concrete attached 
together by reinforcement.  

CONCLUSIONS  
1. Under the influence of microwave energy concrete becomes more firm and the 
hardening time is shortened.  

2. Splitting of concrete plates under the influence of microwave energy makes this 
difficult process more safe and saves environment from pollution.  

3. The processes of hardening and splitting can be made more optimal by controlling 
in sliding mode using the technique of discontinuous control and corrective devices (DC 
& CD).  

4. Received practical results and technical solutions were successfully used by authors 
and their companions in arms during the elimination of Spitak earthquake legacy in 
Leninakan.  
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CONDITIONAL MEANINGS  
qabsorb -warm stream, absorbed by body, W/m2;  
qe -warm stream, yielded because of hydratation of cement, W/m2;  
qak -warm stream, accumulated by body, W/m2;  
qevap -warm stream, used for evaporation of moisture, W/m2;  
qef -effective warm stream, radiated from warmed body, W/m2;  
qwarm -warm stream going for warming the heat recipient, W/m2;  
qwarm -warm stream going to environment through the super transparent fence or from 
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concrete surface, W/m2;  
qwhole -whole sun energy, W/m2;  
qconv -warm stream passed from the surface of convection, W/m2;  
qrad -warm stream passed by radiation, W/m2;  
αB -the coefficient of radiant heat exchange of concrete and environment, W/(m2*0C);  
αconv -coefficient of convective heat exchange on fence surface, W(m2*0C);  
τl -ability to handle film or sheet material of the first layer;  
τ2 ability to handle film or sheet material of the second layer;  
φd -diffusional reflection ability of fence;  
φl -reflectional ability of the first layer of fence;  
ν -coefficient of kinematic viscidity, m2/sec;  
λ -warm throughput of air, W(m*0C);  
g -gravity acceleration, m/sec2;  
θB -black degree of concrete surface;  
σ -Stephen-Boltsman constant, 5,67 * 10−8 W/(m * 0C);  
E0 -electrical field stress, W/m;  
f -microwave radiation frequency, Hs;  
ε -concrete dielectric perspicacity;  
tgσ -tangent of angle of concrete dielectric loses.  
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ABSTRACT. The influence of curing conditions on compressive strength and 
carbonation rate has been studied in a field exposure test on two OPC concrete qualities. 
The influence of parameters such as the water-cement ratio, the time until form removal 
and the exposure conditions were studied. The results from the tests show that the 
difference between different curing conditions becomes more pronounced for dry than for 
humid climatic conditions. This means that laboratory tests cannot always be used to 
predict concrete behaviour in real structures. Field exposure tests are to be preferred. The 
results also indicate that wet curing produces somewhat higher strength than curing with 
plastic film while the two curing methods seems equally efficient for producing good 
durability. As expected, no protection at all after casting gives much poorer results.  

The results presented in this report are primarily relevant for Swedish climatic 
condition, and the conclusions may be different for field exposure tests carried out in 
other countries.  
Keywords: Concrete, Curing, Compressive strength, Durability, Carbonation, Field 
exposure test  
Dr Per-Erik Petersson is head of the Department of Building Technology at the 
National Testing and Research Institute in Sweden. His main interest today is in 
durability of concrete, especially within the two areas of frost resistance and curing. He 
has also published a number of reports and papers in the field of fracture mechanics of 
concrete.  

INTRODUCTION  
The influence of curing conditions on the properties of concrete has been studied in many 
investigations [1, 2, 3, 4, 5, 6, 7]. However, most of the investigations have been 
performed under closely-controlled laboratory conditions and very few results have been 
reported for field exposure tests on specimens that have been cured under different curing 
conditions. This means that most tests have been performed under relatively dry and 
warm conditions, at least when compared with the climatic conditions in Sweden and 
other parts of northern Europe.  

In order to study the influence of real climatic conditions on the results, extensive field 
exposure tests have been performed at the Swedish National Testing and Research 
Institute. Specimens cured by different methods were placed in three different climates; 
indoors, outdoors protected from rain or outdoors exposed to rain. This paper presents 
some of the results from the investigation: a more detailed presentation is given in [8].  



EXPERIMENTAL DETAILS  
Concrete qualities  
This paper presents results for two concrete qualities with water/cement ratios of 0.34 and 
0.50. A Swedish Ordinary Portland cement (Degerhamn std P, CEM 142.5) was used. 
This cement has a low alkali content (eq 0.5% Na20), a low content of C3A (about 2%) 
and a low value of heat of hydration [9]. Natural gravel was used with a maximum 
aggregate particle size of 16mm, the slump was 100±10mm and the air content was 
5.5±0.5% for both mixes. The air entraining agent used was a neutralised Vinsol resin 
and a melamine-based plasticizing agent was used for the concrete with the lowest water-
cement ratio.  

Mixing and casting  
The aggregate and the cement were first mixed for one minute in a paddle mixer with a 
capacity of 350 litres. The air-entraining agent was mixed with some of the water and 
then added to the mixer with the first mixing water. The concrete was then mixed for two 
minutes and the slump was determined. Mixing then continued for another minute and 
the slump was checked again.  

The specimens were cast in steel moulds. The moulds were filled in two layers and 
each layer was compacted on a vibrating table for 15 seconds. Finally, the top surface 
was smoothed using a steel rod.  

A surface in contact with the mould was used as the test surface for some specimens. 
For these, plastic-coated plywood moulds were used and the bottom surface of the 
specimen was used as the test surface.  

Curing  
After casting, the specimens were cured in various ways, as shown in Table 1. All curing 
was carried out at a temperature of 20±1°C. During the first day, the specimens were kept 
in the moulds and sealed with plastic film so that evaporation was prevented. For the 
water-cured specimens, wet sponges were then placed under the plastic film during the 
first day, in order to obtain a high humidity, after which the specimens were immersed in 
water.  
Table 1 The different curing conditions used in the tests (W=water, PF=plastic film, 
A=air)  

Type of 
curing  

Time until form 
removal 1), days  

Water curing, 
days  

Covered with plastic 
film, days  

In the air 
(RH=50%), days  

W0  0  5  0  23  

PF0  0  0  5  23  

A0  0  0  0  28  

W1  1  5  0  22  

PF1  1  0  5  22  
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Al  1  0  0  27  

W3  3  5  0  20  

PF3  3  0  5  20  

A3  3  0  0  25  

1) 0 days before form removal applies only for the horizontal top surface of the specimens 
while 1 and 3 days before form removal apply for surfaces cast against the mould.  

Field exposure conditions  
The specimens were subjected to two different outdoor field exposure conditions—
exposed to (EXP) or protected from (PROT) rainfall. The test surface was turned 
upwards for the exposed specimens and positioned vertically for the protected specimens. 
In parallel with the field test, reference specimens were stored in a climate chamber at 
65% RH and a temperature of +20°C (LAB). The specimens were placed in the different 
exposure conditions at an age of 28 days.  

The field exposure station is located close to the National Testing and Research 
Institute in Borås, Sweden. The annual mean temperature in the area is normally close to 
+5°C with the highest value in July, +16–18°C, and the lowest in February, −2–4°C. The 
total amount of rainfall is about 800 mm/year. The relative humidity varies between 
about 90% in January and 65% in June.  

Test methods  
Compressive strength  

The compressive strength was determined in accordance with Swedish Standard test 
method SS 13 72 10, with the exception of the curing conditions. The Standard requires 
the tests to be performed on 150 mm cubes.  

Carbonation  

For the carbonation depth, two 100×100×400mm specimens were made for each 
combination of concrete quality, curing method and exposure condition. Testing involved 
splitting the specimens about 50mm from one end and determining the carbonation depth 
by spraying 3% phenolphthalein solution on the surface immediately after splitting. The 
results presented here are for up to five years’ exposure.  

TEST RESULTS  
Compressive strength  
Laboratory tests  

The influence of the curing conditions on compressive strength has been investigated in a 
number of projects: see, for example, [2, 7]. The results indicate among other things that 
poor curing has a very adverse effect on strength. Normally, no curing at all leads to a 
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drop in strength of about 15–25% at 28 days, relative to that of good wet curing, although 
sometimes the drop in strength can reach 50–60%.  

Figure 1 presents results from this investigation, showing how the curing conditions 
influence the compressive strength for the concrete with a 0.50 water/cement ratio. When 
the concrete is cured in water for five days, the strength is 45 MPa. The strength of 
specimens stored in air for the entire period of time from casting to testing is about 13–14 
MPa less, i.e. a drop of almost 30%. Curing using plastic film also results in reduced 
strength, although the drop is only 4–5 MPa or 10%.  

The influence of delayed curing was also investigated, which in this case meant that 
the specimens were stored in air for two days directly after casting (in the mould during 
the first day, not protected against evaporation), before the start of curing in water for 
five days. As can be seen from Figure 1, the result was almost as good as when water 
curing started immediately after casting, and the strength is higher than in the case where 
curing was performed using plastic film. This indicates that poor curing conditions during 
the first days after casting can be largely compensated for by use of subsequent wet 
curing. This is in good agreement with results presented in [4], which indicate that the 
strength drop seems to be small (<4%) when wet curing is delayed by two days.  

 

 
Figure 1 Compressive strength at 28 days as a function of curing conditions for an OPC 
concrete (CEM I 42.5, W/C=0.50, air content=5.5%)  

Field exposure tests  

Figures 2 and 3 show how the compressive strength develops in different climatic 
conditions for the two concrete qualities. The specimens were wet-cured for five days and 
then stored in air (+20±2°C, 65% RH) until day 28, at which time they were placed in the 
different climates. Each result represents the mean value for three specimens. The results 
at the age “0” years represent the 28-day values.  

The strength increases with increasing age for all curing conditions. The greatest 
strength increase between 0 and 3 years (30–55%) was obtained for the specimens 

Radical concrete technology     382



exposed to rain, while the increase in strength of the specimens stored in the laboratory 
was limited to 5–15%. For the specimens stored outdoors, but protected from rain, the 
strength increased by 25–35%.  

The strength increase for the 0.34 water/cement ratio seems to be the same for the 
protected and for the exposed specimens, while there is a clear difference for the concrete 
with a 0.50 water/cement ratio. This means that the outdoor relative humidity at this field 
exposure station seems to be high enough for continued hydration even after the curing 
period—at least, for low water/cement ratios. The explanation for the fact that low 
water/cement ratios favour continued hydration is probably that a low water/cement ratio 
leads to a finer pore structure, which gives a higher degree of water saturation at a 
defined relative humidity. This ought to favour continued hydration.  

 

 
Figure 2 Compressive strength at different ages for concrete exposed to different climatic 
conditions. The results are relevant for OPC concrete (CEM I 42.5, air content=5.5%) 
with W/C=0.34. EXP=exposed to rain, PROT= protected from rain, LAB=laboratory 
(65% RH, +20°C)  
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Figure 3 Compressive strength at different ages for concrete exposed to different climatic 
conditions. The results are relevant for OPC concrete (CEM I 42.5, air content=5.5%) 
with W/C=0.50. EXP=exposed to rain, PROT=protected from rain, LAB=laboratory 
(65% RH, +20°C)  

Carbonation  
The values for the carbonation depth after five years of exposure are presented in Table 2. 
Corresponding values after two years of exposure are published in [8].  

The results show, as expected, that the carbonation rate increases as the environment 
becomes drier, i.e. the carbonation rate is highest for the specimens stored in the 
laboratory and lowest for the specimens exposed to rainfall. It can also be observed that 
the carbonation depth decreases when the time until form stripping increases. This effect 
is most pronounced where no further curing is performed after the removal of the 
formwork.  

For the specimens stored in the laboratory, a significant difference was found between 
the three curing methods. Water curing results in the least carbonation depths, protection 
with plastic film gives higher values and no protection at all gives the poorest results. The 
results are relevant for top surfaces as well as for surfaces cast against the mould.  

For the field-exposed specimens protected from rainfall, there does not seem to be any 
difference between water curing and protection with plastic film. However, the results for 
the “air-cured” specimens are much poorer than for other curing methods.  

The difference between the three curing methods seems to be very small for the 
specimens exposed to rain. For the 0.34 water/cement ratio and for the case where the 
form is kept in place for three days, there is no difference at all. This means that, 
according to these test results, rain water is often able to cure the defects caused by 
insufficient curing immediately after casting.  

The carbonation rate is normally assumed to follow [10]:  
 

(1)  
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where X is the carbonation depth, t is the time and k is a constant depending on the 
environmental conditions and material properties.  

Using Equation 1 and the results in Table 2, it is possible to make a rough estimate of 
the carbonation depth at an arbitrary age. Such estimates are presented in Figure 4, where 
the carbonation depth after 50 years’ exposure is shown as a function of the curing time 
at 20°C. Results are given for three different exposure conditions and are valid for an 
OPC concrete with a water/cement ratio of 0.50, cured by protection against evaporation 
using plastic film.  

Figure 4 shows that, for concrete structures exposed to rain, the carbonation depth 
after 50 years is also shallow for poor curing conditions. When the structure is protected 
from rain, the carbonation rate increases considerably. In order to limit the carbonation 
to, say, 15mm, the curing time at 20°C must exceed about 24 hours. The corresponding 
value for the specimens stored in the laboratory is more than 200 hours.  
 
Table 2 The carbonation depth (mm) after five years of exposure in different climates 
(EXP=exposed to rain, PROT=protected from rain, LAB=laboratory. The curing methods 
are W=water, PF=plastic film and A=air)  
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Figure 4 Calculated values of carbonation depth after 50 years’ exposure as a function of 
curing time at 20°C for different exposure conditions. The curves are valid for an OPC 
concrete with a water/cement ratio of 0.50, and the curing method is protection against 
evaporation.  

CONCLUSIONS  
On the basis of the results presented in this report, the following conclusions can be 
drawn:  

•    

For the concrete qualities studied in this investigation, good wet curing results in a 
compressive strength that is about 10% higher than when the curing is performed 
using plastic film. No protection at all after casting leads to a strength drop of almost 
30%.  

•    

The compressive strength increases with increasing age, with the greatest strength 
gain being obtained under humid climatic conditions. The strength gain between 28 
days and 3 years was 30–35% for the specimens stored outdoors exposed to rain, 25–
35% for specimens stored outdoors protected from rain and only 5–10% for the 
specimens stored indoors under relatively dry laboratory conditions.  

•    

The carbonation rate increases as the exposure conditions become drier. Storage in the 
laboratory (+20°C, 65% RH) gave the highest values, field-exposed specimens 
protected from rainfall gave lower values and specimens exposed to rain gave the best 
results.  

•    The drier the climate, the more pronounced the difference between different curing 
conditions. For the specimens exposed to rain, the differences are very small, while 
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they are significant for the specimens stored under dry laboratory conditions. This 
means that laboratory tests cannot always be used for predicting the behaviour of 
concrete in a real structure. Field exposure tests are preferred.  

•    
The test results from the carbonation tests indicate that wet curing and covering with 
plastic film are equally effective, while “curing” in air gives poorer results.  

The results of the field exposure tests presented in this paper are primarily relevant for 
Swedish climatic conditions, and the conclusions may be different for field exposure tests 
carried out in other countries. The results imply that a drier, warmer climate than 
Sweden’s probably results in a greater carbonation risk and also a greater sensitivity to 
the choice of curing method.  
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ABSTRACT. The study on HPC properties are giving more and more valuable 
information about their outstanding qualities. Strength as the main feature of concrete, in 
its new generation which is HPC, is formatted by structure modification but especially by 
cement—superplasticizer—silica fume system. The quantitative character of interaction 
of that three components is not up to now explicitly identified. In the paper the attempt to 
evaluate this influence basing on author’s research and Larrada’s model has been carried 
out. The results can be used as the base for forecasting quantitative—qualitative 
composition of HPC concrete.  
Keywords: microsilica, silica fume, plasticizer, Portland cement, High Performance 
Cement HPC, compressive strength.  
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INTRODUCTION  
Since the time of application of concrete as the construction material the basic indicator 
of its technical utility has been compressive strength.  

Gradually with time this feature has also become synthetic synonym of other 
properties, sometimes even those that are actually rather weakly correlated with 
compressive strength.  

Result of acceptance of that concept of formatting composite qualities was that 
development research were focused mainly on achieving the highest possible 
compressive strength. So vital problem like concrete structure durability only later was to 
be recognised and expose its fundamental meaning. Two groups of concrete, used till 
now as the basic in designing and constructing are:  

•    simple concrete for structures with average strength fcc=(fc cube)≈10 to 30 MPa  

•    concrete of higher strength fcc=35 to 70 MPa used in prestressed and special 
structures.  



 
Figure 1 The ultimate strength of concrete from rounded and crushed aggregate and 
different class of cement.  
In practice, because of lack or underestimation of the part played by admixtures, the 
highest level of strength of that second group of concrete was gained by minimisation of 
w/c coefficient and use of selected aggregate of high strength and granulation assuring 
minimum water demand. Often these activities were connected with special technological 
treatment.  

Particular part were taken there by cement quality as its strength was the key factor 
deciding about achieving the highest strength. However, as further analysis shows, even 
application of particularly high strength cement up to Rc=75 MPa, production of which is 
at the verge of profitability, is not able to assure conventionally produced concrete 
possibility to surpass fcc> zv393 75 MPa. Basing on Bolomey’s equation, with verified 
accuracy, and expanded up to the value c/w=3.2 (w/c=0.312) and in alternative shape:  

 
upper ranges of concrete strength made with rounded and crushed aggregate that can be 
obtained with application of cement of different class of strength beginning from 35 up to 
75 are shown in Figure 1.  

In practice to surpass only slightly the level of concrete strength fcc=70 MPa the class 
75 of cement and crushed aggregate are necessary.  

This limit was finally crossed not before introduction of highly efficient 
superplasticizer and microsilica opening entirely new concept of structural formatting 
concrete strength.  

It is based generally on interference of high quality admixtures and additions which 
causes, as a result of reacting portlandite phase with microsilica, transformation of 
limiting layer grout-aggregate. The effect is quantitative increase of C-S-H phase and 
significant densification and strengthening of this weakest hitherto link of concrete.  

The nature of these transformations is well described by Bentur-Gutman model [1].  
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Figure 2 The draft of hydration transformation in contact grout-aggregate layer of 
concrete without addition (I) and with addition of microsilica (II) in the initial (a) and 
advanced (b) stage of hardening process.  
The general concept of strength increase of concrete by way of increasing density of 
grout matrix structure and by modification of grout-aggregate contact layer by 
eliminating from its microporous structure Ca(OH)2 is in a way new concept of hydraulic 
composite low formulated in 1895 by Ferret. Pertinence of that idea was verified as carry 
as in seventies by Powers [2] and Neville [4] as well as Cottin [5] for which quantitative 
evidence is shown in Figure 3.  

RESEARCH ON CEMENT INFLUENCE ON HPC STRENGTH  
Generalisation of research which have been carried on to the present on cement influence 
on HPC concrete strength properties does not present itself so explicitly like in the case 
of typical structural concrete [5, 6]. When the type of cement is taken into account world 
literature comprises almost all kinds of cement produced and conclusion which can be 
drawn from these publications is so that HPC concrete with higher or lower level of 
strength  
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Figure 3 Influence of total porosity on paste strength.  
can be actually produced from every type of cement of class not lower than 35 [6]. For 
these applications as more effective cement which have mineralogical composition with 
high contents of silicate phase (C3S+C2S) and the level of amount of aluminate and ferrite 
phase (C3A and C4AF) [6, 7, 8] reduced to minimum are recognised. Value of total 
surface of higher quality cement proves to be quite good and taking into account 
distribution of function which takes place between microsilica and cement in BWK from 
binder particularly high milling (over 4.0 m2/g) is not really demanded.  

Problem of cement quantity in HPC mixes and its limiting results more from physical 
issues than durability problems. Suggestions of some researchers [9, 10, 12] 
recommending not to exceed the value of 500 kg/m3 are connected with typical in this 
concrete very high kinetics of hydration heat emanation and as a result serious problem of 
thermal and shrinkage stresses in construction.  

From the point of view of HPC concrete strength influence of cement may be divided 
into three component effects:  

•    ability to create after hydration durable gel structures in beyond contact domain 
among grains of composite filling phase additionally compacted by microsilica,  

•    
compliance to liquefaction under influence of certain rheological admixture which 
will decide about possibility of ultimate reduction of w/c coefficient, resulting from 
predisposition of mineral and granulometric composition of binder,  

•    
effectiveness of transformation process of portlandite phase into CSH phase with 
parallel increase of microstnicture density in created neoformations as a result of 
cement mineralogical composition and introduced into mix microsilica.  
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Therefore, taking into consideration cement influence, the final level of gained strength 
will be the result of interaction in cement—addition—admixture system. The attempt of 
quantitative estimation of this influence has been undertaken in the research presented 
below.  

RESEARCH  
In the carried out programme variability of cement strength, amount of microsilica and 
superplasticizer were taken into account. Three kinds of cement, with the following 
compressive strength: CP35–42.4 MPa, CP55–56.3 MPa and MPz III—80.8 MPa, were 
applied. The amount of microsilica addition was 0.10 and 20% of cement mass. As the 
admixture superplasticizer based on condensed naphtalene sulfonated formaldehyde 
(NFS) was used in the amount 0 or 2.5% of cement mass. Concrete mixtures had 
consistence 8.0 to 14.0 cm of slump. Chemical and mineral composition of 35 and 55 
cement and microsilica are given in Table 1. Chemical composition of MPz III cement 
was compatible with production standard of „gypsum-less” binder while its specific 
surface was 5.4 m2/g by Blaine.  

Concrete were made of aggregate composition containing natural sand (P-0/2) and fine 
granite (G1–2/8 mm) and coarse granite (G2–8/16 mm). Mixing proportions were 
P:G1:G2=1:0.74:0.89. Strength sampling were done after 28 days of curing in standard 
conditions on cube samples 15 cm (fcc).  
 
Table 1 Properties of cement and silica fume used for testing.  

Portland Cement  Component  

PC 45  PC 55  

Silica fume  

SiO2%  20.4  21.5  91.3  

Al2O3%  5.7  4.2  0.7  

Fe2O3%  2.6  4.7  1.2  

CaO%  64.5  65.0  0.3  

MgO%  1.5  0.8  0.2  

Na2O+0.658 K2O%  0.75  0.3  0.6  

SO3%  2.6  2.4  –  

C3S%  58.0  59.4  –  

C2S%  14.7  16.9  –  

C3A%  10.7  3.2  –  
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C4AF%  7.9  14.3  –  

Fineness m2/g  2.6  3.2  19.0  

Compr. Strength 28 days RcMPa  41.4  58.1  –  

 
Table 2 Concrete mixtures kg/m3 and material properties  

Series 1  Series 2  Series 3  Mixture No  

1  2  3  4  5  6  7  8  

Cement CP 35  515  606  608          –  

Cement P 55        587  569  593  –  –  

Cement MPz III  –  –  –  –  –  –  468  372  

Aggregate 0/2  670  580  474  581  618  577  667  725  

Aggregate 2/16  1094 946  953  950  1010 942  1089 1182  

Silica Fume  –  61  122  –  57  119  48  37  

Superplasticizer  13.0  15.0  15.0  –  13.3  14.8  –  9.0  

w/c-ratio  0.285 0.294 0.298 0.398 0.308 0.324 0.333 0.336  

fcc (cube 28 d)  59.9  63.9  70.6  66.7  79.1  91.2  70.9  74.1  

RESULTS AND DISCUSSION  
The results of compressive strength test were all within the range of 60 to 90 MPa. 
Differentiated level of Portland concrete strength CP 35 and CP 55 with very close 
amount of Σ(C3S+C2S) and several times difference of C3A phase clearly manifested its 
influence on fcc results of Series 1 in relation to Series 2. Simultaneously there was also 
clearly visible effect of silica fume and superplasticiser which is however smaller in case 
of CP 35 and CP 55 cement.  

The other problem is behaviour of special „gypsum-less” MPz III cement. In the 
process of production its composition is supplemented with retarding—activating and 
plastifying admixtures. Eventually it is characterised by very low specific water and 
particularly high increase of initial strength with moderate (rather low) growth of 28-day 
strength. It proved that addition to mix made from this cement of superplasticizer in a 
way doubles previous effects and does not supports effectively strength growth even in 
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spite of using microsilica. Both in Series 1 and in Series 2 the amounts of used cement 
were within the range of 500 to 600 kg/m3 so they were rather large.  

Specification of indicators of cement strength effectiveness CR as a ratio:  

 
on the background of silica fume addition S/C manifests quite large however straight in 
both series values (Table 3). Significantly lower level of CR is shown by mix with MPz 
III. zv397 Konig’s research [11] proved that when using high class cement and optimum 
selection of particularly effective superplasticiser it was possible to reduce CR even to 
4.0–4.6 for B85-B105 class [11] (amount of microsilica S/C=0.1).  

Indicators  Cement  Mix No  

CR[kg/MPa]  S/C  

1  8.6  0  

2  9.5  0.1  CP 35  

3  8.6  0.2  

4  8.8  0  

5  7.2  0.1  CP 55  

6  6.5  0.2  

7  6.6  0.1  MPz III  

8  5.0  0.1  

To make quantitative estimation of influence of factorial group of cement-microsilica-
superplasticizer strength, Larrada’s analytical formula as the expansion of Ferret’s low on 
high performance concrete relevant in the range w/c=0.25–0.40 was used:  

 
(1)  
where:  

 
 

(2)  
Accuracy verification of equation (1)+(2) based on Series 1 and 2 test results proved the 
value of average deviation of strength to be 7.1% with maximum individual values up to 
14.0%. Values of analogical deviations for Series 3 (MPz cement) fluctuate from 36% to 
61% so the formula is entirely inadequate.  

Also Konig’s investigation prove high accuracy of equations (1)+(2) for 1 and 2 
Series, where average deviation is about 13%. So taking as positively verified formula (1) 
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analysis of cement strength in the range from Rc=35 to 65 MPa on concrete strength 
regarding variability of w/c and s/c was carried out. It proves that increase of cement 
strength of one class causes average strength increase of concrete:  

 
In the same time, assuming that Rc=constans, application of such effective 
superplasticizer enables, with constant concrete consistency, decrease of w/c from 0.35 to 
0.25 and increase of concrete strength within the range from 30.5% with s/c=30% to 38% 
for concrete without microsilica. The above given changes take place approximately 
homogenously in the whole range of analysed change of concrete strength from Rc=35 to 
Rc=65 MPa. Therefore simultaneous use of superplasticizer reducing w/c level to 0.25, 
cement Rc=65 MPa and 30% of silica fume in comparison with concrete with w/c=0.35 
without silica zv398 fume and with cement Rc=35 MPa can lead to change of concrete 
strength from fcc=40.0 MPa up to fcc=130 MPa.  

The results of the above quantitative analysis based on verified Larrado’s model give 
foundation to estimate the range of outcomes of material modification of concrete 
composition on account of combined concurrence of cement—superplasticizer—
microsilica.  

CONCLUSIONS  

1.   

Carried out research and analysis proved that combined concurrence of cement—
superplasticizer—microsilica system in durability, reductive and compactive range is 
sensitive on cement strength and in higher values Rc can cause significant effects of 
increase of HPC concrete strength.  

2.   

Complex relations of reaction of three material parameters cement—
superplasticizer—microsilica, as verifying research have proved, is quite precisely 
modelled by Larrada’s analytical formula. So it enables, in the range of w/c=0.25 to 
0.45, to estimate influence of the parameters on the final strength of HPC.  

3.   
As the analysis has proved, the influence of vast change of parameters of cement class 
(Rc =35–65 MPa), superplasticizer and microsilica (from 0 to 30%) can cause change 
in concrete strength in approximate range from fcc=40 to 130 MPa.  
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ABSTRACT. The effects of the temperature in which high strength concrete with fly ash 
is mixed, placed and cured is examined in this paper. A comprehensive experimental 
study was conducted to determine the compressive strength development of high strength 
concrete mixtures with fly ash (Class C and Class F) when subjected to different hot and 
cold weather mixing and curing regimes. Strength development and stress strain curves 
are plotted to reflect the data. These results are compared with data collected from 
specimens cured under standard laboratory conditions according to ASTM specifications. 
Conclusions are made regarding the effect temperature and fly ash replacement level 
have on the strength development of high strength concrete made with Class C or Class F 
fly ash.  
Keywords: High strength concrete (HSC), Curing, Fly ash  
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INTRODUCTION  
Advancements over the past twenty years have led to a substantial increase in the demand 
for high strength concrete (HSC). Structural engineers are using HSC more often because 
of a significant development in chemical admixture use and the availability of physical 
additives. Currently high strength concretes are available from the majority of concrete 



ready mix suppliers. The use of high strength concrete allows engineers to produce 
smaller structural members without a compromise in safety. These smaller structural 
members have economical benefits and can also lead to more innovative and attractive 
designs.  

One additive commonly used in high strength concrete is fly ash. Fly ash is used in 
concrete to achieve economic, environmental, commercial and technical benefits. 
Improved concrete properties include workability, cohesiveness, pumpability, strength 
and durability.  

Considering that concrete operations must be performed in many different climates 
with different curing regimes, it is important to study the influence these factors have on 
the concrete material properties. It is well documented that temperature has an effect on 
concrete material properties, durability, set time, and rheological characteristics. With the 
recent expansion of the HSC market, there is a need for information regarding the 
influence of temperature on HSC with fly ash (HSC-FA) in order to provide the most 
efficient concrete mix for a particular job site.  

Previous research and studies clearly describe the effect mixing, placing and curing 
temperature has on ordinary portland cement (OPC) concrete. These studies have resulted 
in code guidelines from the American Concrete Institute including the Hot Weather 
Concreting [1] and Cold Weather Concreting [2]. These guidelines do not specifically 
address the effects temperature has on the development of HSC-FA material properties. 
Currently, specifications for hot and cold weather concreting with HSC-FA are the same 
as guidelines for OPC concrete placement. However, HSC-FA can exhibit different 
properties than OPC concrete under the influence of high and low temperatures.  

Some researchers have shown that incorporating fly ash into a HSC mixture can 
enhance concrete properties in hot and cold weather, while other studies have concluded 
that HSC-FA mixtures are more sensitive to temperature than OPC concrete.  

Currently, the two types of fly ash most commonly used are low calcium ASTM Class 
F and high calcium ASTM Class C. Until the early 1970’s most fly ashes produced in the 
United States were ASTM Class F. Recently, high calcium fly ashes are being produced 
more readily and detailed research information is being sought.  

The effects of the temperature in which high strength fly ash concrete is mixed and 
cured is examined in this paper. In 1993, a research program was initiated at Marquette 
University to determine the strength development of high strength concrete zv403 (HSC) 
with and without fly ash when subjected to different mixing and curing temperature 
regimes. The study involved high strength concretes with both Class C and Class F fly 
ash replacement. This paper focuses on the influence of temperature during mixing, 
placing and curing on the compressive strength development of high strength concrete 
with fly ash.  

EXPERIMENTAL PROGRAM  
Objectives and Scope  
The primary objective of this study was to investigate the effect of temperature on the 
strength development of HSC containing different replacement levels of Type C or Type 
F fly ash. This was accomplished through an extensive experimental research program. 
The experimental research program used a high strength concrete mixture with a W/CM 
Ratio of 0.3 and a 6″ slump for workability. An empirical design approach was used to 
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design a mix that met rigid strength and workability requirements. The average 
compressive strength of a 4″×8″ concrete cylinder for this mixture containing 0% fly ash 
replacement level and cured according to ASTM C192–90a [3] was 13,595 psi (93.8 
MPa).  

After the HSC mix was designed, cylindrical concrete specimens were cast at 
specified temperatures. These specimens were then subjected to similar environmental 
conditions during the curing process. Compressive tests and modulus of elasticity tests 
were completed after specified amounts of time (3, 7, 28, 56, and 91 days). After this was 
completed, the influence of the variables of environment and fly ash replacement level on 
compressive strength, modulus of elasticity and concrete plastic properties was examined 
and analyzed.  

Concrete cylinders were cast and cured in various environments with varying fly ash 
replacement levels. The environments studied, (40°F–60% R.H., 60°F–51% R.H., 73°F–
44% R.H., 73°F–100% R.H., 90°F 52% R.H. and 105°F–31% R.H.), were chosen to 
simulate the following curing environments: cold weather, cool weather, 
temperate/partially humid weather, ASTM C 192–90a, warm/moderately humid weather 
and hot/arid weather, respectively. The fly ash replacement levels for both Class C and 
Class F included: 20%, 40% and 60%. The scope of this study included a total of forty-
eight concrete mixtures from five different temperature regimes, four fly ash replacement 
levels, two types of fly ash and six curing conditions. All mixtures were subjected to 
compressive testing for strength and modulus of elasticity.  

Materials  
A low-lime content, Class F fly ash from the Oak Creek Power Plant in Oak Creek, 
Wisconsin was used in this study. The physical properties of the fly ash are in compliance 
with ASTM C618–93 [3].  

For the Class C fly ash, a high-lime content fly ash from the Pleasant Prairie Power 
Plant in Kenosha, Wisconsin was used. The physical properties of the Class C fly ash 
were also in compliance with ASTM C618–93 [3].  

Type I Portland Cement was used in the research study. In addition, in order to 
develop a high strength concrete mixture, it was necessary to add silica fume to the 
mixture design. A constant silica fume replacement level of 15% was maintained for all 
mixtures throughout the study.  

DISCUSSION OF RESULTS  
Compressive Strength Discussion  
A concrete mixture with a 28 day compressive strength between 6,000 and 12,000 psi 
(approximately 40 to 80 MPa) is classified as high strength concrete. The majority of the 
experimental mixtures reached this level, except for the mixtures that were mixed, placed 
and cured at 40°F and 60°F with 60% fly ash replacement levels. The mixtures that 
produced the highest compressive strengths were mixed, placed and cured at warmer 
temperatures (73°F, 90°F and 105°F) with lower fly ash replacement levels (0% to 20%). 
Figure 1 shows all of the compressive strength vs. age curves for the Class F fly ash 
mixtures. Only the Class F data is presented here.  
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Effects of Temperature on Compressive Strength  
The experimental program produced HSC compressive strength results that agree with 
portions of previously published data. Klieger [4] stated that concretes mixed and cured 
at high temperatures would achieve high compressive strengths at 3 and 7 days, but the 
28, 56 and 91 day strengths would be lower than the compressive strength of concrete 
mixed at normal temperatures. In agreement with Klieger [100], this study produced 3 
and 7 day compressive strengths for the 90°F and 105°F mixtures that were always 
considerably higher than the other mixtures and the later age strengths were generally 
lower than the 73°F mixtures. Klieger also stated that concretes mixed at low 
temperatures reach maturity at a slower rate. The 40°F and 60°F mixtures clearly support 
this conclusion with extremely low early strengths. Later strengths (28 day, 56 day and 
91 day) of the low temperature mixtures were also significantly lower than the higher 
temperature mixtures. This correlation is also supported by Klieger’s data, but conflicts 
with research performed by Aitcin [5], Gardner, Sau and Cheung [6] and Gardner and 
Poon [7]. The conflicting studies stated that the low temperature had no long term 
detrimental effects on concrete compressive strength development.  

The effects of temperature on compressive strength are best represented by the 
calculation of a strength ratio. The strength ratio is defined as the compressive strength of 
a concrete with a particular fly ash replacement level and mixing and curing regime, 
divided by the compressive strength of the concrete with the same fly zv405  
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Figure 1: Compressive Strength Versus Age for Class F Fly Ash and Various Curing 
Environments  
zv406 ash replacement level, mixed and cured according to ASTM C192 [3]. A number 
of previous studies have published specific correlations using this ratio. Strength Ratio 
vs. Age plots for each dry curing environment are shown in Figure 2 for Class F fly ash.  

An analysis of the strength ratio plots do not yield a single optimum fly ash 
replacement level for all of the curing conditions, but the 20% fly ash replacement level 
seemed to produce the best results for both types of fly ash. Table 1 summarizes the 
optimum replacement level for each temperature range and fly ash type.  
Table 1: Optimum Fly Ash Replacement Levels  

Temperature and Fly Ash Type  Optimum Fly Ash Replacement Level  

40°F Type C  20%  

60°F Type C  20%, 40%  

73°F Type C  20%, 40%  

90°F Type C  20%, 40%  

105°F Type C  20%, 40%, 60%  

40°F Type F  20%  

60°F Type F  20%  

73°F Type F  20%  

90°F Type F  20%  

105°F Type F  20%, 40%, 60%  

Effects of Fly Ash Replacement Level on Compressive Strength  
The calculation of a fly ash replacement level strength ratio is an effective method to 
determine the effects the level of fly ash replacement has on compressive strength. The 
fly ash replacement level strength ratio is defined as the compressive strength of a 
concrete with particular fly ash replacement level mixed and cured at a particular 
temperature regime divided by the compressive strength of a concrete without fly ash 
mixed and cured at the same temperature regime. Plots of fly ash replacement level 
strength ratio vs. age for all curing environments are shown in Figure 3 for Class F fly 
ash.  

The majority of the data suggests that an increased fly ash percentage directly causes a 
significant reduction in compressive strength. A few exceptions were evident in the data. 
For the 105°F Type C fly ash mixture, compressive strength values for all zv407  
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Figure 2: Strength Ratio Versus Age for Class F Fly Ash and Various Curing 
Environments  
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Figure 3: Fly Ash Strength Ratio Versus Age for Class F Fly Ash and Various Curing 
Environments  
zv409 replacement percentages at 56 days or greater were higher than the 0% 
replacement values. The general results are similar to the findings of Rasoulian [8], but 
dissimilar to results found by Krishnamoorthy [9] and Hassaballah [10]. Hassaballah 
stated that “…incorporating Class C fly ash up to 30% by weight, will always increase 
the compressive strength of the concrete”. This is also true for Class F fly ash except 
during the first two weeks.  

A possible explanation as to why the compressive strength values of the HSC-FA did 
not reach the strength values of the 0% replacement mixture could be attributed to 
delayed pozzolanic effect. Since the mixtures with fly ash replacement contain less 
cement than 0% replacement mixtures, strength development will occur at a slower rate. 
When the concrete mixture develops, sufficient amounts of lime must be liberated to 
initiate the pozzolanic reaction. Once this reaction occurs, strength gain increases at a 
rapid rate. It may take between 1 and 3 months to complete the entire reaction. 
Researchers have stated that it is typical for fly ash concretes to reach and surpass 0% 
replacement strengths after 100 days of curing depending on the purity of the fly ash. 
Most of the data from this study suggests that the concrete was continuing to gain 
strength at 91 days. Without compressive strength data for 100 days and beyond it is 
difficult to predict how many of these mixtures would reach the strength of the 0% 
replacement mixtures, however, only the 20% replacement mixtures seem likely to reach 
this level of strength.  

Modulus of Elasticity  
The MOE data was very erratic and produced values for 2,350.000 psi to 16,950,000 psi. 
Ordinary portland cement concrete MOE values typically range from 2,000,000 to 
5,000,000 psi. The majority of this study’s MOE values are greater than the ordinary 
concrete MOE values which agrees with published data. Aside from this general 
statement, direct MOE comparisons cannot be made because of the limited amount of 
reliable data.  

PRACTICAL APPLICATION OF RESULTS  
The results of this study show the effects of curing temperature on strength gain for high 
strength concrete with different replacement levels of fly ash. In general, the cold weather 
HSC-FA mixtures experienced strength gains throughout the cycle of curing while the 
hot weather HSC-FA mixtures reached their maximum strength at an early age of curing.  

These results need to be incorporated into specifications for hot weather concreting [1] 
and cold weather concreting [2] which currently do not address the effects of temperature 
on the development of HSC-FA material properties.  

In addition, the study showed that the 20% fly ash replacement level produced the best 
results for all ranges of curing conditions. This is important in determining the zv410 cost 
and performance of a mixture in which fly ash replaces the cement and different curing 
conditions can be expected.  
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CONCLUSIONS  

1   
All of the high strength mixtures studied reached high strength f’c levels (6,000 psi- 
12,000 psi or 40 MPa- 80 MPa) except for the 40°F and 60°F mixtures with 60% fly 
ash replacement levels.  

2   

Upon examination of compressive strength data, it can be concluded that an optimum 
fly ash replacement level cannot be chosen for all of the data, however, the 20% fly 
ash replacement level seemed to produce the best results for both types of fly ash in 
various curing environments. It is possible that a higher replacement percentage can be 
used for the 90°F and 105°F mixtures without a significant reduction in strength.  

3   
Concrete mixed and cured at 40°F and 60°F matured at a very slow rate and possessed 
extremely low early strengths. Typically these mixtures did not reach the long term 
strength of the other mixtures regardless of replacement percentage.  

4   
An increase in fly ash generally resulted in a reduction in concrete compressive 
strength.  
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ABSTRACT. Durability performance tests can be used for research, a wide range of 
technical approvals varying from site approval to approval to include in a standard and as 
the basis for directly assessing specified performance requirements. Their evolution of 
use is likely to follow the sequence of research, technical approval then performance 
specification. Some requirements, such as cover to reinforcement and abrasion, are best 
placed directly on the structure while others, such as carbonation and chloride diffusion, 
can be adequately assessed on standardised concrete specimens made from fresh 
concrete. A number of tests take so long to complete that they only have a role as type 
approval tests while others are suitable for routine control. The current stage of 
development is summarised and an estimate given of the minimum time needed to 
standardise the various tests and criteria.  
Keywords: Durability, Performance, Technical approvals, Specification, Cover, 
Carbonation, Corrosion due to chlorides, Freeze/thaw.  
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INTRODUCTION  
In the closing address of Concrete 2000, comment was made on the fact that the many 
excellent papers on durability performance did not form a complete package which would 
lead to a system that could be used to specify durability by performance. This paper gives 
an industrial viewpoint on what is needed to have a workable system in the construction 
industry. Firstly, we are not all Luddites but we do oppose the contractual imposition of 
tests and criteria that are unproven, undeveloped and, in some cases, unworkable. We do 
support the controlled evolution of durability performance specifications, and such a 
process is described in this paper. An attempt has been made briefly to review and assess 
progress with the development of durability performance specifications and to predict, in 
broad terms, when they are likely to be widely available.  

Within the context of this paper, mix limitations such as maximum water/cement ratio 
are not considered as a durability performance specification. Performance has to be 
established by using a durability performance test which, according to the Concrete 
Society [1], is:  

a)   A test that directly assesses the resistance to a standard deterioration process, e.g. 
the freeze/thaw test, or  

b)   a test that directly assesses the resistance of one of the phases of a deterioration 
process, e.g. carbonation tests, or  

c)   a test that directly assesses a performance related parameter, e.g. cover or adiabatic 
temperature rise.  

Any concrete test is a convention, and substantial background research is needed to relate 
the test and its associated conformity requirements to satisfactory performance in 
practice. This is not straightforward. For example, a low or high curing temperature may 
lead to inadequate performance which would not be shown by tests at 20°C, e.g. 
thaumasite formation and delayed ettringite formation. Durability performance testing 
has to be either relatively short term or accelerated and, relating this to the performance 
of the structure over its design life is an area fraught with difficulties. Passing the ‘safe’ 
test would be a reasonable prognosis for future performance. However a producer with a 
material that has a successful 50 year track record is unlikely to accept a ‘safe’ test and/or 
criteria that rejects this material.  

Many of the durability performance tests currently under consideration take several 
months to complete. As such, while they are not suitable for routine control, they 
nevertheless have a function as an initial type approval test, which is:  

a)   A test conducted prior to production to establish a mix that gives the specified 
performance, or  
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b)   
a test used to establish equal or better relative performance from an unproven 
concrete or constituent material to a concrete or constituent material of established 
performance.  

zv415  
Tests which take months to complete may be suitable for ready-mixed concrete producers 
with continuity of supply of materials but they are not much use to a site wishing to start 
production quickly, using unknown materials. For each exposure class a number of 
options should be retained. These should comprise a traditional mix limitations approach 
and one or more performance options.  

An initial type approval test would have to be supplemented with a routine control 
test. This is:  
A test used for production/conformity/acceptance purposes to ensure that  

a)   the specified performance is achieved, or  

b)   the performance established by an initial type approval durability performance test is 
maintained, or  

c)   the performance translated to mix limitations is maintained.  

A routine control test may not be a performance test but a simple indicator that the mix or 
constituent materials have not changed significantly, i.e. a concrete strength test.  

Taylor [2] has stressed the importance of precision statements and estimates of 
uncertainty when specifying test methods and determining the criteria. The importance of 
these in a contractual situation cannot be over-emphasised as they form the basis by 
which industry determines the margin (the difference between the required value and the 
target value) and assesses its commercial risk.  

Durability performance tests can be used for:  
research;  
technical approvals;  
direct specification requirements.  
As this is also likely to be the evolutionary process by which these tests are adopted, 

these uses are described in the following sections.  

RESEARCH  
A very high proportion of the research on concrete and its constituent materials is aimed 
at durability. In a few cases existing standardised tests are used and, in others, a test is 
developed to reflect the interaction between an environment and a specific product. 
However, in many cases, in-house tests are used or a test used elsewhere is modified to 
suit the equipment or views of the researcher. Rarely is the precision of such tests 
established (even for repeatability).  

The use of different tests makes the comparison of results very difficult and delays or 
prevents industry benefiting from the considerable investment in research. A suite of 
standardised durability tests would be of benefit to users of concrete research. Equally 
zv416 important to industry is a clear record of the limitations of the test procedures and 
the relationship between performance in the test and performance in practice.  
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TECHNICAL APPROVAL  
There are several levels at which technical approvals apply:  

1.   At the site level, to show that a specific concrete or constituent material performs as 
well as an approved concrete or material.  

2.   
At the European Technical Approval level, to show that a specific source of a 
constituent material, combined with a wide range of other materials, gives concretes 
of equivalent performance to those with an established track record.  

3.   
At the standardisation level, to show that a concrete or constituent material, at the 
limits of its draft product standard, performs as well as concretes or constituent 
materials already permitted in the standard.  

In the short to medium term, these will be the most important applications of concrete 
durability performance tests. All current concrete standards are written in terms of 
material and mix limitations and this is likely to be true for the first revision of the 
European concrete standard, EN 206. Concrete specifications will take the same approach 
and they will reflect local materials and practices which both have established track 
records. However, the European Union is a single market with its standards reflecting a 
much wider range of materials and practices all of which can ‘freely be placed on the 
market’. This places the public purchaser and many utilities in a difficult position if a 
constructor offers an alternative to the original specification. Whilst they are not obliged 
to accept the alternative, the reasons for rejection would have to be based on good 
technical or other grounds and not on protecting local industry. Durability performance 
testing will often provide a technical means by which the constructor’s alternative can be 
accepted or rejected.  

There will be problems. Durability performance tests for technical approval can be, 
and are likely to be, based on relative testing; the unproven concrete or constituent 
material being compared with a concrete or constituent material with a proven track 
record. However, unless the basis for comparison and the reference are clearly defined 
and agreed, there will be endless disputes. Taking as an example the application of the 
carbonation test to assess an unproven cement. If it is wished to minimise the differences 
between this unproven cement and other cements, the basis of comparison should be 
equal 28-day concrete strength and equal consistence. Conversely, if it is wished to 
emphasise the differences between cements, the basis of comparison should be equal 
water/cement ratio and equal cement content. Both approaches can be argued technically 
but they may well lead to different conclusions.  

A further difficulty is the choice of reference cement. If the local cement is a high 
strength Portland cement, it can be argued that this should be the reference cement. zv417 
However, as these cements tend to give the lowest carbonation at equal water/cement 
ratio and cement content, by selecting this cement and basis for comparison, all other 
cements would be kept out of the local market.  

At the other extreme are countries such as the UK, where none of the standardised 
cements are prohibited for use in carbonation conditions. The reference cement could be 
selected as the one that gives the highest level of carbonation in the test on the basis that 
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it is a permitted cement. This could lead to some very questionable concretes passing the 
test.  

The CEN draft test method leaves the users to select from three storage conditions:  

a)   20°C±2°C and 65±5% RH;  

or  

b)   as above plus on the 28th day and every succeeding 28th day, the concrete test 
specimens are immersed in potable water for 6 hours;  

or  

c)   as the first option plus on the 7th day and every succeeding 7th day, the concrete test 
specimens are immersed in potable water for 6 hours.  

The object of having these three storage conditions is to allow the user to select a storage 
condition that approximates best to the intended conditions of exposure. The wetting 
cycles reduce the absolute level of carbonation and, when frequent enough, result in the 
concrete at a certain depth remaining wet and consequently prevent further carbonation. 
There is also the expectation that concretes stored in these different conditions will have 
different relative performances. There is a logic to having a choice of exposure conditions 
but this will not prevent the selection of the storage condition becoming a matter of 
dispute.  

These types of practical problems, which occur when durability performance tests are 
used in a relative way, will increase pressure to find ways of specifying performance 
directly and in absolute terms.  

DIRECTLY SPECIFIED REQUIREMENTS  
This is the system where the specification contains absolute performance requirements 
linked to a specified test and procedure. The specification should contain clear rules on 
how, and by whom, conformity is to be established.  

Absolute performance requirements can be applied directly to the structure or precast 
concrete unit, to concrete test specimens made and cured in a standardised way or to a 
constituent material. A recent Concrete Society Report, Developments in durability 
design and performance based specification of concrete [1], has taken a pragmatic 
approach to what should be the prime point of testing. Their conclusions with respect to 
in-situ testing are summarised in Table 1. Tests that take a long time to complete are only 
suitable as type approval tests and this is reflected in the table.  
zv418  
Table 1. Type of test and prime point of testing  

Test  Constituent 
material  

Concrete test 
specimen  

In-situ test Time to 
complete test  

Cover      Routine  2 to 15 days  

Carbonation    Type approval    1 year  

Radical concrete technology     412



Transport 
coefficient for 
chlorides  

  Type approval    49 days to 13 
months(1)  

Gas permeability    Routine    15 to 41 days  

Freeze/thaw    Type approval when 
unknown materials 

used  

Possible type 
approval  

49 to 87 days 
(1)  

Sulfate/sea water 
attack  

Possible type 
approval  

Type approval    13 months  

Other chemical 
attack  

  Type approval      

Abrasion      Routine  ≥29 days(2)  

Temperature rise 
and difference  

    Routine  14 days  

Coefficient of 
thermal expansion  

  Type approval    5 days  

Alkali-aggregate 
reaction  

Type approval Type approval if other 
guidance not followed 

  1 year  

Delayed ettringite 
formation  

Type approval     54 or 200 
days(1)  

Drying shrinkage  Type approval     11 days  

Notes  

1. Depending on test method 2. Depends on the in-situ development of maturity  

A main difficulty with this approach is setting the criteria and conformity rules. Two 
basic approaches are possible:  

i)   test structures, concretes or constituent materials as appropriate that have performed 
satisfactorily over time, and develop criteria from these results:  

ii)   use an explicit design method [1] to establish the criteria.  

zv419  
Care is needed with both approaches. A concrete that is performing well in practice may 
be in excess of that specified and therefore the relationship between the specified and 
actual concrete supplied has to be determined. Constituent materials may have changed 
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significantly over the years and simply batching the same proportions of the same 
notional materials may not give the correct indications. Explicit design methods are still 
under development and must be used with care and judgement. The two approaches to 
setting criteria can be combined to give greater confidence in the conclusions.  

The tendency to set over-safe criteria must be resisted as this will hinder the continued 
use of materials, concretes and designs that have performed adequately over many years, 
and would adversely affect the competitive position of concrete vis-à-vis other competing 
materials.  

The criteria must also take account of the test precision, uncertainty and the fact that 
the constructor or concrete producer will want to work with a margin that reduces their 
risk of rejection to acceptable levels.  

The tests listed in Table 1 are at different stages of development.  

STAGES OF DEVELOPING DURABILITY PERFORMANCE 
SPECIFICATION  
Table 2 on the next page summarises the stages of developing performance specifications 
[3].  

This table should be regarded as a general framework. Stage 2: Design methodology, 
is not required if the conformity criteria are to be based solely on previous experience.  

An underlying assumption in the development of performance specifications is that 
they are an alternative to method, material and mix limitation specifications. Once a 
performance criteria is agreed, constructors and concrete producers will find the most 
cost effective way of passing the criteria. Stage 5: Limitations of test applicability, is 
therefore vital in that it will establish the bounds within which the performance criteria 
can operate. As technology develops, the implications for the durability performance 
criteria will have to be periodically reviewed.  

Table 2 also illustrates the substantial effort needed before durability performance 
specification is a trusted and viable option alongside the traditional approach of material 
and mix limitations.  

The next section reviews the progress with the development of durability performance 
specifications.  
zv420  
Table 2. Stages for developing a performance specification for concrete  

  Stage  Notes  

1. Exposure class  Defining exposure classes with respect to a form of deterioration  

2. Design 
methodology  

Develop a quantitative design method and a definition for the end of 
the design working life  

3. Test procedures  Develop test methods that relate to the output parameters of the 
design method.  

Develop sampling plans, precision statements and conformity 
procedures  

Radical concrete technology     414



4. Provisional 
conformity 
requirements  

From stages 1 to 3 establish provisional conformity requirements. 
Check against traditional solutions.  

5. Limitations of test 
applicability  

Testing specimens that satisfy the performance requirement, but 
were produced at the limits of concrete variation and technology to 
confirm that adequate in service performance will be achieved. If 
not, limits on the materials that may be used will have to be 
introduced.  

6. Production 
control/ 
acceptance testing 

Establishing effective systems for production control and 
acceptance testing  

7. Trials  Full scale trials and long term monitoring of the resulting structure 
to confirm the conformity requirements  

PROGRESS WITH DURABILITY PERFORMANCE 
SPECIFICATIONS  
Cover  
The lack of specified cover is the most common cause of corroding reinforcement. In 
broad terms, a 50% reduction in the cover to reinforcement results in a 75% reduction in 
the life. Cover can be measured with a sufficient degree of accuracy using a range of 
commercially available covermeters. To achieve an acceptable degree of accuracy, one of 
the more modern meters should be used. It should be calibrated for the specific concrete 
and reinforcement using a beam with an offset reinforcing bar. Reasonable precision is 
needed to minimise ‘purchaser’s risk’. The producer’s risk is very low as, zv421 when an 
area of low cover is detected by the meter, a trial hole is cut to confirm that the cover is 
out of specification.  

The conformity criteria are relatively simple; a minimum and possibly a maximum 
cover. However, there is scope for developing more sophisticated criteria using the 
concept of a characteristic cover and a lowest individual cover [1].  

The cover shown on drawings, and to which the reinforcement should be fixed, is 
called the nominal cover. The minimum cover to which the conformity rules apply is 
some lower value. In the current UK design code[4] it is 5mm less than the nominal. 
However, various reports [5 to 11] have shown that even with good workmanship, 
achieving a margin of 5mm is not possible on site. A more achievable margin should be 
introduced in the UK codes and standards as a matter of urgency.  

Given the importance of achieving the specified cover, and the fact that recent surveys 
show the specified cover is still not being achieved, the enforcement of the durability 
performance requirement for cover should have the highest priority. It can, and should be, 
applied immediately.  

Carbonation  
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The concern of designers is with corrosion due to carbonation and not carbonation per se. 
Unless the internal relative humidity of the concrete cover reaches high levels, corrosion 
of reinforcement is sufficiently slow to give design lives of hundreds of years, even for 
carbonated concrete.  

CEN TC51/WG12 is developing a carbonation test for use in a relative way. This 
should be regarded as a first step and its refinement into an absolute test is a relatively 
small step. What is more difficult is linking the output of the test to what is needed. Trial 
calculations [1] show that explicit design methods may provide a means for doing this but 
further research and development is needed. Given the time to complete a carbonation 
test, even an accelerated test, this type of testing only has a role in type approval testing 
where there is continuity in the supply of materials, e.g. a ready-mixed concrete plant or 
precast works.  

The type approval test should establish the relationship between concrete strength and 
depth of carbonation. By interpolating, the strength necessary to achieve the specified 
depth of carbonation can be taken as the characteristic strength provided this is greater 
than that needed for structural purposes. Normal production control techniques can be 
used to ensure that this is achieved in at least 95% of cases, which will also result in the 
carbonation depth being less than specified in 95% of cases.  

Corrosion due to carbonation is the only significant durability consideration for a 
substantial volume of concrete and therefore developing performance criteria could lead 
to significant economic benefit and as such warrants a high priority. The current stage of 
development of carbonation performance specification is given in Table 3.  
zv422  
Table 3. Progress with developing carbonation performance specifications  

  Stage  Notes  

1. Exposure class  Basic system is developed. Research and guidance on correct 
selection of exposure needed  

2. Design methodology  A number of analytical methods are available. Need 
calibration and refinement.  

3. Test procedures  Relative test developed. Need to modify for use as an absolute 
test. Precision has to be established. Test procedures proposed. 

4. Provisional conformity 
requirements  

Still to be developed  

5. Limitations of test 
applicability  

No substantive work started  

6. Production control/ 
acceptance testing  

Suitable system of routine control is likely to be strength  

7. Trials  None in progress  
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Transport coefficient for chlorides  
In saturated concrete, the chloride ion is transported into the concrete by diffusion. The 
relevant diffusion is based on the free chloride, but for simplicity the effective diffusion 
coefficient is often used. The change of diffusion coefficient with time, and the 
continuing debate over threshold values, complicate setting performance criteria.  

However, in many structures where corrosion due to chlorides is a problem, the 
transport process is not just diffusion but a combination of processes including capillary 
suction, wick action, evaporation and hydraulic gradients. This is an area where further 
research is needed and it is likely to be a decade or more before these developments lead 
to general performance specifications for the concrete.  

Gas permeability  
One of the design methods for resisting corrosion due to carbonation [12] uses gas 
permeability as its main parameter in conjunction with a hydrate binding factor that 
depends on cement type. The significant advantage of such a system is the relative speed 
at which conformity can be established. Its disadvantage is that it is not directly related to 
corrosion due to carbonation and requires an adjustment for cement type. zv423 How the 
specimens are to be conditioned is another key issue but research [13] has indicated 
possible methods. The precision of the test method is under investigation.  

The advantage of speed of conformity applies equally to a range of other permeation 
tests. As permeability and permeation can be correlated to a number of aspects of 
durability(14, 15) and as the tests can be completed relatively quickly, there is interest in 
using such tests as a durability related measure of performance.  

Freeze/thaw  
CEN is developing two test methods for the assessment of the scaling resistance of 
concrete [1] and is working on test methods for assessing internal damage. RILEM is 
developing a different method [16] which may, in the future, be adopted by CEN.  

The CEN test methods are relative tests due to indications of poor reproducibility. 
Work is in progress to improve the precision. Suitable performance criteria have to be 
established for the different exposure classes and the role of the test needs to be clarified. 
Views range from limiting testing to type approval where unproven materials or non-air 
entrained concretes are used to routine control testing on in-situ samples of all concretes 
subjected to freeze/thaw conditions.  

Sulfate/sea water attack  
CEN have developed a relative test method but, due to indications of poor 
reproducibility, it is only being progressed as a relative test. Its main role is likely to be in 
technical approvals, particularly for cements or combinations that are not recognised 
throughout the European Union as having sulfate resisting properties.  

Evolution of the test into a test for the mortar fraction of concretes and the setting of 
absolute performance criteria for this mortar is likely to take at least a decade.  

Abrasion  
Providing the concrete has the potential to give an abrasion resistant surface, the finishing 
operations and curing will determine if this potential is achieved. In the case of abrasion, 
the structure should be the prime point of testing. Wear wheel testing [17] can be applied 
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in-situ on flat or nearly flat surfaces, but the test method is not standardised nor is its 
precision established. Criteria have been proposed [17] and the test has a good track 
record of use in cases of disputes over abrasion resistance. Once the precision of the test 
method is established and shown to be reasonable, a direct performance requirement 
could be developed and standardised relatively quickly.  

CONCLUSIONS  

1.   
The use of durability performance tests will evolve from research, through technical 
approvals, to the basis by which directly specified performance requirements are 
assessed  

 
2.   

Where execution is critical and poor execution not obvious, performance 
requirements are best placed directly on the structure or precast unit.  

3.   In most cases it will be adequate to place performance requirements from concrete on 
standardised concrete test specimens.  

4.   Industry is only likely to support standardisation of durability performance 
requirements if all the stages of evolution have been completed successfully.  

5.   The minimum time needed to develop standardised durability performance 
specification is estimated to be as follows:  

Cover  Immediately  

Corrosion due to carbonation  ≤10 years  

Corrosion due to chloride diffusion  ≤10 years  

Other corrosion due to chlorides  ≥10 years  

Freeze/thaw  ≤5 years  

Sulfate/sea water  ≥ 5, ≤15 years  

Abrasion  ≤5 years  
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ABSTRACT. A progress report is presented on a DOE, ‘Partners in Technology’ project, 
the purpose of which is to draw up guidelines for a future survey of the long-term 
durability performance of concrete structures. The interim conclusions are that best use of 
resources is achieved by visual surveys of a large number of structures, rather than more 
detailed study of fewer structures. Also that the survey should focus on the performance 
of structural elements in specific exposure situations, using the draft EN 206 
classification of exposure. It is proposed that structures between 10–27 years old should 
be examined in the first survey.  
Keywords: Concrete, Durability, Survey, Structures, Exposure.  
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include concrete properties and durability, test methods and the thermal performance of 
concrete buildings. He is active in both UK and European Committees concerned with 
standards for cement and concrete.  

INTRODUCTION  
This paper presents a progress report on a project being undertaken under the UK 
Department of the Environment’s ‘Partners in Technology’ scheme and entitled ‘The 
Scope and methodology of a UK survey to provide the benchmark for the durability of 
concrete structures’.  

A very considerable proportion of the UK annual investment in concrete research is 
targeted on durability but the relative importance of the various durability mechanisms—
corrosion of reinforcement, freeze-thaw attack, sulfate attack, etc.—has not been 
established by survey, nor have the frequencies of occurrence of the mechanisms. As a 
result of this lack of guidance, it is not possible to be sure that research resources are 
being targeted in a way that ensures the greatest benefit from the work. Equally 
importantly, without a ‘benchmark’ of the national state of concrete structures regarding 
durability, it is very difficult to assess the effectiveness of changes in codes, standards 
and other specifications affecting materials, design and construction. The need for such a 
national survey has been recognised in the Department of Environment’s strategy 
document ‘Durability by Intent’ [1].  

Having established that, in principle, a UK national survey of concrete durability is 
necessary, it only takes brief reflection to realise what a large undertaking this could be 
and that there would be considerable demand on available resources. Clearly, as a first 
step, a study of the required scope and methodology of such a large undertaking is 
required in order to establish what needs to be achieved, how it might be done and at 



what cost. This latter study of the scope, methodology and cost is the subject of the DOE 
‘Partners in Technology’ project and progress in the work is described here.  

OBJECTIVES, PARTNERS AND MODUS OPERANDI  
The main objective of the study is to produce a methodology for a future UK national 
survey which will establish the proportions which suffer specific durability problems. In 
order to devise that methodology, it was decided that the international literature would 
have to be examined to see what help could be found there. Since it was presumed that 
some of that literature would, in addition to methodology, contain data on the results of 
surveys, a further objective of this study was to provide a ‘snapshot’ of the current views 
of durability problems as far as was possible. The limitations of such a ‘snapshot’ were 
realised in terms of applicability of other countries’ durability problems to UK 
conditions, where codes, standards and climate may well be different. None-the-less, the 
exercise was thought to be worth doing as it would provide at least some information 
fairly quickly.  

The partners in the programme are:  
The British Cement Association  

Building Research Establishment  
Gifford and Partners, Consulting Engineers  
University of Sheffield  
DOE via the ‘Partners in Technology’ programme.  

The project budget cost is £46K and will be completed in April 1996.  
The work has been divided into tasks and these are:  

Task 
1  

Obtain international literature  

Task 
2  

Review scope, methodology and survey-results  

Task 
3  

Produce recommendations and work sheets covering scope, scale and cost  

Task 
4  

Report survey-results and recommendations for the future survey of UK concrete 
structures.  

The tasks above have been shared among the partners according to their particular 
expertise. The project is controlled by reports on progress given at regular meetings of 
the partners and at which, the direction of the project is reviewed and target dates agreed 
for the actions.  

REVIEW OF THE LITERATURE AND CONCLUSIONS DRAWN 
SO FAR  
Results of the Review  
Searches were undertaken of databases of the BCA (available from the BCA Library 
Service via ‘Concquest’ membership), of BRE and of Gifford and Partners and keywords 
such as ‘durability’, ‘deterioration’, ‘survey’ were used, among others and, not 
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surprisingly, the lists of references obtained were very extensive. A list of some 500 
references was finally obtained and the titles of these were assessed by each partner and 
‘scored’ for likely value to the project. Based on this initial ‘scoring’, some 40 papers 
were read in detail and the conclusions put onto a database. One conclusion that was very 
clear was that the titles of papers frequently give no good indication of their contents! 
More usefully though, the papers divided into three general groups:  

(a)   Methodology of surveys  

(b   ) Surveys of numbers of structures  

(c)   Surveys of single structures or of only a very few structures.  

Groups (a) and (b) were obviously directly relevant to the current project, whilst group 
(c) was less valuable. Unfortunately, it was clear that there was not much information 
zv430 available on the methodology of durability surveys. Frequently the guidance 
related specifically to structural (loading) assessments [2], sometimes contained extensive 
check lists of desirable information to be obtained but little on the basic principles of 
attempting a national survey. Too often it seemed that the guidance consisted of lists of 
everything it might be desirable to know about a structure from detailed drawings, 
through specifications, to results of visual, non-destructive and semi-destructive 
investigations. Whilst not denying the value of such information in limited surveys, such 
detail is clearly out of the question, from a timescale and resources point of view, when 
very many structures are to be examined.  

Scope and Nature of the Survey  
For us, a balance has to be struck between the number of ‘structures’ required to be 
examined to provide a ‘significant’ conclusion, the cost in time and staff resources of 
each ‘structural’ examination and the value of the information obtained in terms of level 
of detail on the durability problems.  

After discussion, our view was that, at least initially, we required to examine a greater 
number of structures, albeit fairly superficially, rather than a few structures in great 
detail. But would the results of a fairly superficial survey of a large number of structures 
provide useful information? It was evident from the literature that assessment of 
structural defects is probably not an exact science and that guidance would have to be 
given to ‘assessors’ on classification of durability problems. None-the-less, it was felt 
that a visual inspection, done by a trained and experienced engineer, would be able to 
provide useful information on the following factors:  

Concrete quality:  - compaction  

- segregation  

- plastic settlement  

- other defects in the material  

Concrete 
cracking:  

- differentiate between  

- thermal cracking  
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- structural "  

- plastic "  

Structural 
movements:  

- general expansion or contraction of elements  

- foundation problems  

Durability 
aspects:  

- frost attack  

- rust stains indicating reinforcement corrosion (assess whether likely 
to be due to carbonation or corrosion)  

- cracking due to expansive mechanisms  

- cracking due to shrinkage mechanisms  

zv431  
  - erosion due to chemical attack  

- wear due to abrasion  

The limitations of a purely visual survey have to be recognised:  

  - inaccessible parts of the structure can only be examined using, say, binoculars  

- no direct evidence of the condition of, say, cover-to-steel can be obtained  

- no direct evidence of the condition of sub-ground concrete can be obtained.  

However, it is arguable that the resources needed to overcome these limitations of a 
visual survey are very great in comparison with the extra data which is obtained and are 
thus not really justified when establishing what proportion of structures suffer durability 
problems and categorising those problems into broad headings.  

It may be that the results of the visual survey identify the need to conduct more 
detailed examinations on a limited number of structures. This might be, for example, to 
confirm the visual diagnoses or to investigate unfamiliar mechanisms of deterioration. 
Such detailed examinations would probably include the full range of NOT.  

To Survey by Structure type or by Element Type?  
It is clear from the literature that, not unnaturally, many surveys have been conducted by 
‘owners’ of particular structural types (bridges, cark parks) [3, 4] in order to help them 
plan future maintenance strategies and to manage resources. However, the question has to 
be asked whether, in any national survey, the division of the UK stock of concrete 
structures simply by structural type is appropriate or helpful. For example, a concrete 
column performs a similar function supporting a bridge deck as it does supporting an 
office-block floor. The reason, say, that more bridge columns currently suffer from 
reinforcement corrosion than do floor columns, is much more a function of the local 
exposure conditions than of the structural type.  

The basis of current (and foreseeable) durability specifications for the materials side of 
concrete construction is to identify the likely severity of the exposure conditions and to 
select concrete properties accordingly. Thus the materials durability specifications are 
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selected on the basis of the presumed local exposures, not on the basis of the structural 
types. The broad headings of durability exposure in the latest draft of the European 
concrete standard EN 206 [5] are:  

No risk of 
corrosion or 

attack  

Carbonation 
induced corrosion 

Chloride 
induced 

corrosion  

Aggressive chemical 
environments  

Freeze-
thaw attack 

Internal chemical reactions leading to expansion, such as alkali-silica reaction, are not 
addressed in these headings but are referred to in the text, where national guidance is 
zv432 advised. Thus referring back to our example of columns, a bridge column over a 
motorway might be categorised in column (3) because of the risk from de-icing salts and 
an office-floor column in column (2).  

As a result of this discussion, it seems more sensible to conduct the future survey from 
the point of view of the types of concrete elements rather than on the type of structure, 
and to register clearly in the survey the particular local exposure condition pertaining—
for example, based on the EN 206 classification. When the question of numbers of 
concrete elements to be surveyed arises, then the type of structure would be relevant in 
providing a range of different exposure classes. Also, any database of the survey results 
would need to be addressable either on the basis of type of element or type of structure.  

THE FIRST AND SUBSEQUENT SURVEYS  
Age of Structures and Frequency of Surveys  
An important question not addressed so far in this paper is that of the ages of ‘structures’ 
to be surveyed and, coupled with this, how frequently such national surveys should be 
conducted. The question of the age of the structures is one of most significance to the 
first survey, since it provides the ‘benchmark’ against which hopefully improving 
practices and procedures will be judged by the results of succeeding surveys. There 
seems little point either in surveying very young structures, such that no durability 
problems have had time to develop or in surveying very old structures, such that the 
causes of defects can now be expected to have been eliminated by historical changes in 
codes or ‘state of the art’. It is felt that consideration of structures post 1970 is 
reasonable, and the date corresponds to the last major changes in the UK of the concrete 
codes governing durability. If it is assumed that the survey might be done in 1997, then 
this would mean that structures with ages up to 27 years could be considered. We 
probably don’t know in general terms how long it takes for durability problems to 
become apparent and thus it is difficult to judge how soon after making some 
‘improvement’ to practice, one might detect it by survey results. It seems sensible 
therefore in the first survey to cover structures with a wider age range than might at first 
seem appropriate, in order to try to determine when defects in durability become evident. 
Perhaps consider structures from 10–27 years of age? Depending on the results of the 
first survey, in terms of the age at which defects become evident, then the decision on the 
frequency of surveys can more reasonably be made.  

Scope of Surveys and Costs  
The present view is that the survey will be organised to report on the durability of 
concrete elements under a variety of exposure conditions and which are of ages of 
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between, say, 10–27 years. Sufficient numbers of elements will be examined to provide 
some confidence that the results can be expected to apply to the general population of 
such elements in the UK, for the same exposure condition.  
zv433  

A classification of element types will be used which will describe the generic concrete 
type, non-reinforced, reinforced, in situ, precast, prestressed, etc. and the type of element, 
beam, column, panel, slab, etc.  

The surveys will need to be conducted by specially trained engineers who will report 
on visual inspections, using methods to facilitate construction of a computer database. As 
part of their reports, the engineers will classify the environment local to the particular 
element.  

The actual numbers of elements (structures) which need to be examined is a difficult 
question and logically should be a certain proportion of the total of such elements in the 
UK. As always, the number will be a compromise between what would ideally be 
required and what can reasonably be afforded. Certainly, several hundreds of structures 
will have to be examined, in order that the numbers of elements examined in each 
exposure classification are significant.  

As to costs, they are proportional to the number of elements (structures) surveyed. If it 
were supposed that a visual examination and report of one structure could be done in two 
days by one qualified engineer, then we might estimate a cost of around £600–1,000 per 
structure. If 500 structures were thought to be needed statistically (there is no evidence 
yet to support such a figure), then the cost of the survey possibly approaches £0.3–0.5 
million. However, this cost might reasonably be spread over two or three years, in order 
to limit the number of engineers involved in the assessments (and thus the subjective 
differences in those assessments).  
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ABSTRACT. The deterioration of concrete has caused concern for as long as concrete 
has been in use as a construction material. A review of literature shows that permeability 
is the governing factor of concrete durability. Virtually all current knowledge of concrete 
permeability has been obtained on unstressed and therefore uncracked laboratory 
specimens (together with some limited site data on structures of undefined stress history). 
This is in complete contrast with the concrete of real structural elements which contain 
microcracks caused not only by structural stresses but also by other environmental 
conditions. Testing of stressed samples show the importance of microcrack development 
and the influence that this parameter has over permeability.  

The permeability of hardened PC concrete was studied in relation to the changes in the 
internal structure of concrete under various short term stress levels, ranging from zero to 
70% of the ultimate load. The effects of an air-entraining agent and PFA as a part cement 
replacement were also investigated, as they effect the composition, strength and hence the 
propagation of microcracks in concrete. It was found that the permeability increased 
sharply with an increase in applied stress level of above 40%. The increase in test 
duration showed that the permeability increased to a maximum after 4 days eventually 
decreasing to a constant due to clogging and swelling of the concrete pores.  
Keywords: Durability, Microcracks. Permeability, Porosity, Stress, Test duration.  
Mr Colin J Tait is a research assistant in the Department of Civil and Transportation 
Engineering, Napier University, Edinburgh  
Dr Abdy Kermani is a lecturer in the Department of Civil and Transportation 
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INTRODUCTION  
Since concrete was first used permeability, as its inherent property, has caused a variety 
of problems for engineers due to its ability to influence deterioration and hence 
durability. Permeability controls not only the ingress of water but of oxygen and 
chlorides which are necessary to start the electro-chemical reaction associated with 
carbonation and chloride attack.  

Many test procedures have been developed over the last few decades, many now 
commercially available, and although they have shown that water/cement ratio, curing 



and various other factors are influential in governing permeability, they tend to focus on 
unstressed well cured laboratory specimens or in-situ samples of uncertain stress history.  

Permeability of concrete is also directly related to its pore structure. The existence of 
capillary and gel pores in cement paste, the air voids, capillary tubes and pre-existing 
microcracks govern permeability of the intact unstressed specimen. Stressing concrete 
causes microcracking to spread within the existing pore structure and in turn increase 
permeability.  

By using pre-stressed and hence pre-cracked samples, this study shows the importance 
of the stress history of a structure and how influential this can be over the permeability.  

REVIEW  
Permeability can be defined as the rate of movement of a liquid or gas through concrete 
and is paramount in determining deterioration [1]. It has been realised that for an 
impermeable concrete, impermeable aggregate and paste once hardened as well as 
sufficiently workable mix to fill all the voids is required. Concrete however, due to its 
constituent materials, their internal chemical reactions and the mixing and placing 
technique used in practice, combine to make this material inherently porous.  

Durability and therefore permeability is related to the type and distribution of the 
pores which tend to concentrate on the smaller radii, hence the microstructure [2]. Voids 
initially form when water rests beneath aggregates [3], then follows a chemical reaction 
(hydration) between the water and cement [4] creating a dense, porous substance known 
as cement gel. This gel, although considered solid, consists of hydration products, water 
(combined or uncombined) and gel pores which are much smaller than capillary pores 
(about 1 µm compared 2nm). These capillary pores are gradually reduced in diameter as 
the cement gel ‘bridges’ across them. Powers [5] suggests that the cement gel grows to 23 
times greater than the original volume of the cement, depending upon cement fineness; 
Nyame [6] suggests that total elimination of capillary pores occurs at a water/cement 
ratio of less than 0.38. However, the cement gel also has an intrinsic strength based upon 
either physical attraction or chemical bonds and is the soul source of strength for cement 
paste. Strength of concrete therefore is related to porosity with permeability more related 
to pore continuity [7]. Pore continuity can be indicated by calculating the pore size 
distribution (psd) using a variety of methods [1, 6, 8].  

These methods include the Mercury Intrusion Porosimeter (MIP), Sorption methods to 
measure smaller pores and Helium or Methanol Pycnometers. Feldman and Beaudoin [9] 
and Day and Marsh [10] both suggest that it may be impossible to measure the psd of 
cement paste due to the stresses imposed by the MIP, with the later stating that a battery 
of testing methods should be used to measure pore continuity.  
zv437  

Permeability results, although notoriously difficult to compare, can be simply and 
adequately calculated using Darcy’s equation, although must be applicable for laminar 
flows only. Viscous drag theories for measuring permeability have also been used [11] as 
well as complex relationships between pore size distribution and permeability as 
investigated and experimentally verified by Luping and Nilsson [12]. For calculation of 
gas permeabilities, mass flow theories may be used.  

Various investigators have shown that the constituent materials can effect the concrete 
performance. Early work [13–15] shows that permeability was affected by grading and 
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size of aggregate, end effects of specimens, test duration and applied pressure [16], 
temperature and most importantly, the water/cement ratio. For cement pastes that are at 
the same degree of hydration, permeability has been found to be lower at water/cement 
ratios of less than 0.6, where the capillary pores have become segmented [17].  

Numerous subsequent work has also supported the idea that water/cement ratio is 
paramount with further work by Bamforth [18] showing that at very low temperatures, 
air-entraining agents and aggregate grading do effect the permeability of concrete. 
Nyame [19] suggests that the inherent permeability for mortar depends on both paste and 
then the aggregate. Aggregates, although impervious for all practical mixes, can effect 
the permeability of mortar by creating microcracks between themselves and the paste and 
also by making the ingress flow path more tortuous. The grading of aggregate has also 
been shown to control to a limited extent, porosity, drying shrinkage and workability of a 
mix [20–22].  

Using a unique testing method Schonlin and Hilsdorf [23] were able to show that 
curing has a direct effect on the surface characteristics of concrete thus playing an 
important part in governing permeability. Permeability of steam cured concrete is also 
higher than that of wet-cured concrete. Dhir et al. [24] also showed that the permeability 
of cover concrete to reinforcement is also very sensitive to moist curing.  

Test techniques for the measurement of permeability differ in two main ways. Direct 
methods allow test to reach steady state conditions, though this tends to be time 
consuming and may not occur until there is complete hydration of the cement. In-direct 
methods concentrate on the amount of water that can be forced into a specimen in a given 
time.  

After initial simplistic test methods [25, 26], there are now a wide variety of 
experimental apparatus commercially available for testing both in the laboratory and on 
site. Figg [27, 28], Kasai [29] and Hansen et al. [30] all use semi-destructive test 
involving a hole being drilled into concrete samples and then pressurised, after which a 
measurement of permeability can be made. Hudd [31] used a non-destructive version of 
the Figg test.  

A review of available in-situ concrete tests can be seen in refs. [32, 33]. However the 
Initial Surface Absorption Test is the only test specified as a British Standard [34] and is 
simply a funnel being sealed to a specimen; water then added via a flexible tube with the 
inflow measured at set times. Problems arise with air locks in the tube, sealing of the cap 
and moisture content of the sample; (these are all synonymous with permeability tests).  

Laboratory tests e.g. van der Muelen and van Dijk [35], Cabrera and Lynsdale [36], 
tend to concentrate on a fully enclosed and sealed permeability cells by which water or 
air can be applied to the specimen, in one direction only.  
zv438  

A study of the available data reveals that virtually all current knowledge of concrete 
permeability has been obtained from unstressed laboratory specimens with some limited 
site data on structures of some undefined stress history. This is in complete contrast with 
concrete of real structural elements which contain microcracks not only induced by 
stressing but also by various environmental conditions.  
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EXPERIMENTAL DETAILS  
This investigation of the permeability of stressed concrete involved three differing mixes. 
Mix ‘A’ was an ordinary structural concrete using PC, mix ‘B’ was designed as a special 
structural concrete using PFA as a part cement replacement to supplement PC and mix 
‘C’ used PC with an air-entraining agent as an admixture. A maximum coarse aggregate 
size of 20mm and a characteristic compressive strength of 30 N/mm2 at 28 days was 
specified for all mixes.  

The specimens were cast in cylindrical moulds, 200×100mm dia., and cured in water 
at a constant temperature until time of test after which the ultimate compressive strength, 
fu, was initially determined. The remaining specimens were then stressed to levels of 0, 
0.3, 0.4, 0.5, 0.6 and 0.7 of the average cylinder crushing strength for a period of 5 mins. 
after which the load was removed.  

A 50mm section from each end of the specimens was then removed by a high speed 
cutter. This was due to doubts over the effects of end conditions caused during casting 
and stressing and also to gain information on the arrangement of the aggregates in the 
various mixes.  

The permeability testing system contained three main parts. The pressure system 
operated from a low pressure air pump, which was further complimented by an air driven 
hydraulic pump to gain higher intensities (up to 10.5 N/mm2, which corresponds to a 
head of 1070m), which would then enable test times to be reduced, ensure sufficient 
outflow for accurate volume measurement and to allow for a more severe scenario than 
would occur in practical circumstances. The permeameters essentially consisted of a 
cylinder and two steel end plates; their interface sealed using neoprene ‘O’ rings. The gap 
between the specimen and the permeameters was filled with epoxy resin. Water entered 
the permeability cell via a centrally located steel tube in the top plate and then flowed 
through the specimen, eventually being caught by a funnel attached to the bottom plate of 
the permeameter. This funnel then discharged into a glass graduated tube which was 
loosely stoppered to prevent any evaporation.  

RESULTS AND DISCUSSION  
The effects of applied hydrostatic pressure, test duration and applied stress were 
considered. Applied hydrostatic pressure, Figure 2(a), shows that the coefficient of 
permeability only increases significantly with hydrostatic pressures of 0.4fu or greater, 
with the worst case pressure of 10.5 N/mm2 exaggerating the permeability by a factor of 
approximately 20.  

The effect of test duration was studied for specimens pre-stressed to levels of 0. 0.4 
and 0.7fu. Although the permeability increased to maximum after only a short period, 
there was continuous reduction in the rate of outflow with time thereafter. The 
permeability tended to decrease rapidly after the first 3–4 days, after which a levelling 
out was noticed, Figure 2(b).  
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Figure 1 Hydraulic circuit for permeability apparatus  
Clogging of particles due to ‘wash-down’ of fine particles from one area of concrete to 
another, swelling of the cement and further hydration are all thought to play their part in 
this phenomena, though it is felt that the amount attributable to each cause is dependant 
upon the condition of the test and constituents of the concrete. High hydrostatic 
pressures, with stressed specimens, clogging of pores was believed to cause reduction 
whereas with unstressed specimens at low hydrostatic pressures, swelling and further 
hydration were believed to be the main causes.  

The effects on applied stress on mixes A, B and C under the maximum hydrostatic 
pressure are shown in Figure 2(c). Up to 30% of the ultimate load there were only modest 
increases in permeability for mixes B and C, mix A showing a slight decrease.  

Above 40% stress level, the permeability increased rapidly for all mix types, and 
between 40% and 70% the specimens changed from ‘low’ to ‘high’ permeability 
concrete. Observations of the higher stressed specimens show a wash out of fine cement 
and silty particles that were produced at crack interfaces, indicating that as these were 
washed down they would be deposited in the narrower crack openings hence reducing the 
permeability.  

CONCLUSIONS  
This study has shown that the permeability of concrete can be greatly affected by applied 
stress and that additives, which influence the composition, strength and propagation of 
microcracks, are influential.  

It was also found that applied hydrostatic pressure and test duration affect the 
permeability of the concrete specimens. Normally mixed PC concrete, at low stress 
levels, provided the best resistance to the penetration of water through its body compared 
to similarly stressed concrete containing fly ash. Air-entrained concrete permeability was 
shown to be greater at all stress levels, than PC concrete.  
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Figure 2 Effects of applied hydrostatic pressure, test duration and applied stress  
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ABSTRACT. Traditionally two methods have been used in the mathematical 
formulation of durability design problems: the deterministic and the stochastic. A third 
method—the lifetime factor method—is introduced in this paper. The method has been 
applied and is discussed in the final report of the RILEM Committee TC 130 CSL 
“Durability design of concrete structures”.  

The lifetime factor method is based on the same safety principles as those applied in 
the stochastic method However, with the aid of the lifetime safety factor (or the lifetime 
factor) the design problem is returned to the form of deterministic design. Thus the 
formulation of design is as easy as in deterministic design, allowing, however, effective 
control of safety over the service life.  

The lifetime factor method is especially suitable for the structural design of concrete 
structures, as application of normal stochastic methods would be too complex. Another 
reason is that the method resembles the way in which the stochasticity of loads and 
material strengths are taken into account in the traditional mechanical design of 
structures.  

Lifetime safety factors must be ‘calibrated’ with stochastic methods. The calculation 
methods for determination of lifetime factors are presented in this paper.  
Keywords: Durability design, Service life, Concrete structures, Lifetime factor.  
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INTRODUCTION  
Traditionally, problems of durability design have been formulated using two methods: the 
deterministic method and the stochastic method [4, 6].  

In deterministic design the distributions of load S and resistance R are ignored. The 
design formula is written as follows:  

 
(1)  
where S is the load  

R the resistance of the structure and  
tg the target service life.  
The load is not necessarily a mechanical load, as is normally the case in the 

mechanical design of structures. It can also be a physical or chemical load imposed by the 



environment. The resistance of the structure is of the same character as the load and can 
therefore also be mechanical, physical or chemical.  

S and R may represent the mean, characteristic or design values of the load and the 
resistance. Usually one or more durability models are incorporated in either S or R, or 
both.  

Durability models usually show the loss of effective cross-section of materials or some 
material property with time. They may contain environmental, structural and material 
parameters. The designer gives these parameters such values that the condition of 
Formula 1 is fulfilled.  

In stochastic design the distributions of load and resistance are taken into account. A 
requirement for the maximum allowable failure probability is added to the final 
condition.  

Mathematically the requirement is expressed as: The probability of the resistance of 
the structure being smaller than the load within the service period is smaller than a certain 
allowable failure probability.  

 
(2)  
where P{failure}tg is the probability of failure of the structure within tg, and  

Pfmax the maximum allowable failure probability.  
The problem can be solved when the distributions of the load and the resistance are 

known. If they are not known they can be assumed to follow some known type of 
distribution.  

When the formulae for load and resistance are complex and many degradation factors 
affect the performance of structures, application of the stochastic design method may be 
difficult. In such cases it may be reasonable to apply the lifetime factor method [5, 7].  

In the following the lifetime factor method is introduced mainly for the purposes of 
structural durability design. Application of the method is especially justified in 
mechanical design, as in traditional mechanical design the stochasticity of loads and 
strengths is also taken into account by safety factors, the method thus being in principle 
familiar to structural designers.  
zv445  
BASICS OF THE LIFETIME FACTOR METHOD  
The lifetime safety factor method in the design of structures is based on the same safety 
principles as those applied in the stochastic methods. However, the calculations are 
easier, as with the aid lifetime factor the design problem is returned to the form of 
deterministic design. Compared with the deterministic method, the lifetime factor method 
provides the structure with controlled safety against falling short of the target service life.  

The safety margin Θ(t) is defined as:  
 

(3)  
where Θ is the safety margin  

R the resistance (performance capacity of the structure)  
S the load.  
‘Failure’ takes place when the function yields a negative value, which also means the 

end of service life.  
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Service life has a distribution. The moment at which the mean function Θ(t) crosses 
the 0 line determines the mean of service life, µ(tL). If structures are dimensioned 
according to the mean of service life, some 50% of them will fall short of the expected 
(target) service life (Figure 1).  

Generally the maximum allowable failure probability must be smaller than 50%. Thus 
the mean service life must be longer than the target service life. The smaller the allowable 
failure probability, the greater is the difference between the mean and the target service 
life.  

 
Figure 1 Mean service life and target service life.  
Using the lifetime safety factor, the requirement of target service life is converted to the 
requirement of mean service life. The reason is that durability models available to 
designers show only the mean performance, or mean degradation. As designers operate 
with mean functions, every requirement of target service life must first be interpreted in 
terms of the corresponding mean service life.  

The lifetime safety factor, γt, is the relation of mean service life to the target service 
life:  

 
(4)  
where γt is the lifetime safety factor,  

µ(tL) the mean service life and  
tg target service life.  
The determining time in durability design is the design service life, td, which equals 

the mean service life. It is obtained by multiplying the target service life by the lifetime 
safety factor  

 
(5)  
where td is the design service life.  

The design formula can then be written as:  
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(6)  

Example  
To illustrate the design method, let us dimension the thickness of the concrete cover with 
respect to carbonation. In this case the thickness of the concrete cover represents the 
performance capacity R and the depth of carbonation represents the load S. ‘Failure’ 
takes place when carbonation reaches the steel bars.  

The depth of carbonation (mean) is calculated using Formula 7:  
 

(7)  
where µ(s) is the mean depth of carbonation (mm),  

Kc the coefficient of carbonation (mm/√year), and  
t time (or age of the structure in years).  
The coefficient of carbonation depends on the quality of concrete and the 

environment. It can be determined with Formula 8 [3] as follows:  
 

(8)  
where cenv is the coefficient of the environment, here cenv=1,  

cair the coefficient related to air-entrainment, here cair=1,  
zv447  

fck the characteristic (cubic) compressive strength of concrete (MPa), here fck=30 MPa 
and  

a, b coefficients depending on the binder of concrete, here a=1800 and b=−1.7.  
Substituting the above values into Formula 8 gives:  

 
The design formula (Formula 6) is then  

 
(9)  
where C is the thickness of the concrete cover (mm).  

Let us then assume that the target service life is 50 years and the lifetime factor is 2.2. 
The design service life is then according to Formula 5:  

 
Substituting this into Formula 9 gives:  

 
Without the lifetime safety factor the required concrete cover would be 26mm.  

A prerequisite for using the lifetime factor method is, of course, that the correct values 
for lifetime factors are known. To know the relation between lifetime factors and failure 
probabilities, stochastic methods must be applied. In the following the values of lifetime 
factors have been derived mainly for the mechanical design, but the results can be applied 
to any structural design.  

DETERMINATION OF LIFETIME FACTORS FOR 
MECHANICAL DESIGN  
In mechanical design the design Formula 6 is replaced with Formula 10:  
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(10)  
where Θmin is the minimum value of the safety margin.  

The structural capacity R and the load S are assumed to be given with characteristic 
values of material strengths and loads.  

The reason for applying Formula 10 instead of Formula 6 is that the necessary safety 
margin provided for a structure is not only in view of material degradation. The minimum 
safety margin, Θmin, in Formula 10 guarantees the basic mechanical safety of the structure 
(related to normal dispersion of R and S).  

Accordingly, in mechanical durability design the safety of the structure is divided into 
two parts:  
zv448  
1)   mechanical safety and  

2)   durability safety.  

The mechanical safety of the structure is considered in normal structural design practice, 
i.e. through the material and load safety factors. The safety factors are ‘calibrated’ by 
stochastic methods to the required mechanical safety. They also define Θmin.  

The durability safety is taken into account by increasing the capacity of the structure at 
the start of service life, so that even at the end of service life the safety margin will fulfil 
the minimum safety margin Θmin with a certain required probability. In practice the 
durability safety is controlled by the lifetime safety factor.  

 
Figure 2 Mechanical safety and durability safety.  

Mechanical safety  
The mechanical safety is secured by Θmin, which is defined as:  

 
(11)  
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where σo is the normal standard deviation of the safety margin (assumed standard 
deviation of the safety margin in normal structural design) and  

βm is the required mechanical safety index.  
According to Eurocode 1 [2] the safety index βm in the ultimate limit state must be at 

least 3.8, which corresponds to the failure probability 7.2·10−5, and in the serviceability 
limit state 2.5, which corresponds to the failure probability 6.2–10−3. These safety index 
requirements refer to the safety margin calculated by the characteristic values of loads 
and material properties. In zv449 traditional design the degradation of materials is not 
taken into account, in which case the safety after the service life will probably be smaller 
than stated by the above safety requirements.  

For the above reason it has been considered appropriate to allow, in certain cases of 
durability design, a smaller mechanical safety index βm after the service life. However, if 
loss of bearing capacity of a structure can in any way put human lives at risk or otherwise 
have serious social, economic or ecological consequences, the safety index must be 3.8 
even beyond the service life. Otherwise the safety index βm may be 3.1, which 
corresponds to the failure probability 9.7·10−4, provided it is ensured at the same time that 
the safety index at the start of service life fulfils the normal requirement of 3.8 [5].  

In the serviceability limit state the βm value of 2.5 is used if falling below the limit 
state could result in considerable economic loss or significant repair costs. It corresponds 
to the failure probability 6.2·10−3. If projected economic losses are not notable the safety 
index beyond the service life may be 1.5, which corresponds the failure probability 
6.7·10−2.  

In traditional structural design the mechanical safety is guaranteed in practice by the 
load and material safety factors. The characteristic material strengths are divided by the 
material safety factors and the characteristic loads are multiplied by the load safety 
factors. In general the minimum safety margin is the difference between the safety 
margins calculated by the characteristic and the design values of material properties and 
loads.  

Durability safety  
Durability safety is the safety against falling below the required mechanical safety at the 
end of service life due to degradation of materials. As normal dispersions of load and 
capacity are included in the mechanical safety, only the extra dispersion due to 
degradation is considered in durability safety.  

In practical design durability safety is controlled by the lifetime (safety) factor. The 
relation between the durability safety requirement and the lifetime factor is derived as 
follows [5]:  

Let us assume that the degradation-related loss of safety margin is proportional to tn:  
 

(12)  
where Θo is the safety margin at moment t=0 (=R0−S0),  

k a constant coefficient,  
t time and  
n an exponent (may vary between −∞ and +∞).  
It is also assumed that the loss of safety margin ∆Θ(t) (=Θ0−Θ(t)) is nonnally 

distributed around the mean and that the standard deviation of ∆Θ(t) (=degradation 
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related standard deviation of Θ), is directly proportional to the mean of ∆Θ(t). Thus the 
coefficient of variation, νD, which expresses the relation of the standard deviation to the 
mean, is constant:  

 
(13)  

 
(14)  
zv450  
where νD is the coefficient of variation.  

The lifetime factor γt is determined so that the probability of falling below the limit 
state Θmin is the maximum allowable, taking into account both the decrease of the mean 
and the increase of standard deviation of safety margin with time.  

In the following the lower index t refers to the target service life:  
Θt is the safety margin,  
σt the standard deviation of ∆Θ and  
βt the required safety index at moment t=tg.  
From Figure 2 we get:  

 
(15)  
And further.  

 
(16)  
On the other hand from Figure 2 we get:  

 
(17)  
Substituting this into Formula 16 gives:  

 
(18)  
and for γt:  

 
(19)  
According to Formula 19 the value of the lifetime factor depends on βt (the durability 
safety requirement), on the coefficient of variation of degradation, and on the exponent n. 
Note that the lifetime factor does not depend on the service life.  

Nor does the lifetime factor depend on Θmin. This means that Formulae 18 and 19 are 
valid also in the case Θmin=0 as in Formula 6. These formulae can therefore be used in 
any durability design, not only in mechanical durability design.  

In principle, the requirement of durability safety can be set quite independently of the 
requirement of mechanical safety. However, the durability safety requirement should be 
somehow in line with the mechanical safety requirement.  
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The following study should give some guidelines as to what the durability safety index 
and the lifetime factor should be in the case of mechanical design. In the study the 
durability safety requirement is harmonised with the mechanical safety requirement.  
zv451  
Combined Mechanical Safety  
Combined mechanical safety indicates mechanical safety when both the normal 
parameters of mechanical safety and the degradation-related parameters of safety are 
combined and treated together.  

As before, we assume that the minimum safety index Θmin is set according to 
traditional mechanical design, i.e. the safety factors of loads and materials are applied as 
usual. Also the formulae derived for βt and γt are still valid (Formula 18 and 19).  

The minimum mechanical failure probability Pfm defined by Eurocode 1 is described 
by that part of the distribution of Θ which has fallen below the 0 line (calculated by 
characteristic values of loads and material properties). As an extra condition for βt and γt 
the combined mechanical safety at target service life tg is said to be at least the same as 
the plain mechanical safety (when the degradation is not considered) at the design service 
life td. Using the notation of Figure 3 this means that:  

 
(20)  

 
(21)  
From the above requirement it follows that when writing the design formulae for the 
design service life td (=γt·tg) degradation-related parameters of safety need not be 
considered, as their effect on safety is included in the lifetime factor γt.  

 
Figure 3 The principle of combined mechanical safety.  
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From Figure 3 we get the condition:  

 
(22)  
The standard deviations in Formula 22 and in Figure 3 are as follows:  

σ0 is the basic standard deviation of the safety margin (standard deviation of Θ, which 
is not dependent on degradation or time)  

at the extra standard deviation related to degradation and time (standard deviation of 
∆Θ) at moment t=tg.  

σtot the combined standard deviation at moment t=tg.  
The combined standard deviation σtot is calculated as follows:  

 
(23)  
Formula 22 can then be worked out in the form:  

 
(24)  
The relation σt/σ0 depends on the progress of degradation. In the following the relation 
σt/σ0, which is rather difficult to manage in calculations, is replaced by the relation m, 
which denotes the relative diminishing of the safety margin in the interval 0→td:  

 
(25)  
From Formulae 13 and 14 we get:  

 
(26)  
and  

 
(27)  
For the basic standard deviation σ0 we have:  

 
(28)  
zv453  
Still noting that Θo/Θmin=1/(l−m) (from Formula 25) we get the relation between σt/σ0 and 
m:  

 
(29)  
This can be substituted into Formula 24.  

On the other hand we have Formula 18 for βt. By setting the two formulae for βt equal, 
the values of γt can be solved as a function of m.  
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The parameter m is used as a measure for σt/σ0. Two extremes can be recognised: 1) 
when m=0, Θmin=Θ0 and σt/σ0=0 and 2) when m=1, Θmin=0 and σt/σ0=∞.  

In Table 1 the values of βt and γt have been calculated with values of m varying 
between 0 and 1. The mechanical safety index βm after service life is 3.8, 3.1, 2.5 or 1.5. 
The coefficient of variation is assumed to be 0.6 and the exponent n is 1 (linear 
degradation model).  

In principle, γt could be any value in Table 1 if it is consistent with the real m. The real 
m depends on the amount of degradation during the service life and should be checked by 
calculations after the design. The real m must not exceed the value of m according to 
which the lifetime factor γt was applied in the design. In practical design a standard 
assumption for m is 0.7 corresponding to the values of γt 2.46 for βm=3.8 and 2.15 for 
βm=3.1 respectively. Following design of the structure the real m is checked to ensure 
that it does not exceed 0.7 [5].  

The real value of m is determined using Formula 25. Θ is the safety margin (=R−S) 
determined using characteristic values of loads and material properties. The index 0 
refers to the initial state of the structure and m to the final state, beyond the design service 
life td. Θm is determined from the final mechanical design solution by setting the load and 
material safety factors equal to 1. Θ0 is obtained by setting also γt equal to 0. The 
calculations are easy when using a spread sheet application.  
Table 1. Values of βt and γt.  

βm=3.8  βm=3.1  βm=2.5  βm=1.5  m  

βt  γt  βt  γt  βt  γt  βt  γt  

0.001  0.00  1.00  0.00  1.00  0.00  1.00  0.00  1.00  

0.1  0.39  1.23  0.27  1.16  0.19  1.11  0.07  1.04  

0.2  0.73  1.44  0.53  1.32  0.37  1.22  0.15  1.09  

0.3  1.05  1.63  0.79  1.47  0.57  1.34  0.25  1.15  

0.4  1.38  1.83  1.05  1.63  0.77  1.46  0.35  1.21  

0.5  1.71  2.02  1.32  1.79  0.99  1.59  0.47  1.28  

0.6  2.06  2.23  1.61  1.97  1.23  1.74  0.62  1.37  

0.7  2.43  2.46  1.92  2.15  1.49  1.89  0.78  1.47  

0.8  2.84  2.70  2.27  2.36  1.78  2.07  0.98  1.59  

0.9  3.29  2.97  2.66  2.59  2.11  2.27  1.21  1.73  

0.999  3.80  3.28  3.10  2.86  2.50  2.50  1.50  1.90  
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If m turns out to be greater than 0.7 the designer should check whether there is any way 
to reduce it by changing the dimensions or material specifications or by reducing the rates 
of degradation. If not, the required target service life may not be realistic in the 
environment concerned. The designer should then propose a shorter requirement for the 
target service life.  

When m=1 the requirement of βt is the same as that of βm (Table 1). The requirement 
for γt can be obtained directly from Formula 19. These values represent a case where σt 
totally governs over σ0. It can be concluded from this that when applying these extreme 
values of γt no check for m is required following the design.  

CONCLUSIONS  
The lifetime factor method has been developed especially for the purposes of mechanical 
durability design. However, it can be applied in any structural design where the 
performance capacity of the structure is decreased due to degradation of materials. 
Compared with stochastic design the calculations are easier, as formulation of the design 
can be returned to the form of deterministic design.  

The idea of the lifetime safety factor is similar to that of load safety factors and 
material safety factors in traditional design. It provides the necessary safety margin 
against falling short of the target service life. The values of lifetime factors are 
‘calibrated’ using statistical methods.  
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ABSTRACT. The need to quantify the time taken by the chlorides to depassivate the 
steel reinforcement is recognized of interest as part of refined methods for service life 
prediction. This need is reflected in the increasing number of papers applying the solution 
of Fick’s second law to chloride profiles obtained in cores taken from old structures, or in 
specimens submitted to laboratory short term experiments. In addition to define a 
chloride penetration model it is always necessary to fix the threshold value to 
depassivation. In present paper the mechanism of chloride penetration in marine 
atmospheres is analysed as a non-fickian process composed by several sideprocesses 
occurring simultaneous and consecutively. Concerning the chloride threshold, it is 
emphasized the need to dealt with it from a statistical point of view, as Haussman did in 
his original work.  
Keywords: Chlorides, cover, modelling, corrosion, threshold, diffusion.  
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INTRODUCTION  
The chloride ingress into concrete may progress by following two types of processes: 
pure diffusion in water saturated concrete or by absorption/desorption phenomena due to 
dry/wet dayly cycles. From Collepardi et al [1] publications, the diffusion of chlorides in 
concrete is modelled following second Fick’s law [2] irrespective of whether the process 
is pure diffusion or absortion/desortion, as both may be fitted to an square root of time 
evolution. What is quantitatively different is the diffusivity rate, but both may be solved 
by means of second Fick’s law.  



The assumptions to solve it are that: a) D is a constant, b) the surface concentration, 
Cs, is constant and c) the medium is semiinfinite. Then, the solution arrives to the 
expression known as “error function equation”:  

 
(1)  
This equation (1) is widely accepted and used at present to calculate chloride diffusion 
coefficients, from fitting it to actual chloride profiles found in real structures submitted to 
marine ambients. From the mathematical fitting to the chloride gradients, Cs and D 
values are obtained.  

The same procedure is applied to laboratory experiments in the tests named “ponding 
tests”, where a salt solution is placed on the top of a cylindrical specimen and after a 
certain time, generally between 30 to 90 days, the chloride profile is analyzed and the D 
value calculated.  

Following this mode of operation, OPC cement concretes present D values between 
0.5–10 cm2/s and blended cements between 0.1–5 cm2/s.  

LIMITATIONS TO THE USE OF THE ERROR FUNCTION 
EQUATION  
In Figure 1 is shown the range of D values that using equation (1), would lead to avoid 
the presence of chlorides at the rebar level, in a period of 75 years for a cover of 3 cm. It 
may be deduced that relatively very low values of D would assure enough protection for 
the reinforcements.  

These so low theoretical values of D have aimed in the past to restrict the use of 
certain concretes, or to recommend blending materials or high performance concretes, 
with very low w/c ratios. However, traditional concretes have experienced good 
performance in marine structures, which cannot be easily explained by means of short 
term experiments [3][4].  

 
Figure 1 Range of chloride diffusion coefficients in concrete.  
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This apparent contradiction, may be justified due to: 1) short term experiments do not 
reproduce real behaviour, as D value may decrease along time and 2) the chloride 
threshold (Cx in equation (1)), inducing steel depassivation, is much higher than that at 
present considered (0.4% of cement weight or a Cl−/OH− ratio of 0.6).  

Variation of D Along Time  
Concerning the variation of D value along time, it has been already confirmed by several 
authors [4][5][6]. Thus, Figures 2 and 3 depict the Cs and D values obtained, from 
chloride profile fitting in equation (1), in concrete blocks exposed to the tidal zone of a 
beach in the south of Spain. It can be deduced that Cs varies and that D values tend to 
decrease along the seven years of the experiment.  

This example of real behaviour enables to illustrate the limitations in the application of 
equation (1) to real structures. In short, these limitations are:  
The D coefficient depends upon the Cs value. Thus if Cs is smaller, maintaining the rest 
constant, the D value results higher (see Figure 4). That is, for the same Cx, D depends 
on the Cs value, which may randomly change with time in real conditions. This is 
illustrated in figure 4 were real chloride profiles are plotted and the D values are 
calculated by fitting equation (1). For the same Cx at the rebar level, different values of D 
are obtained in function of the Cx/Cs ratio.  

If the chloride profile does not evolve with time (no more chlorides ingress along the 
time), the D value will numerically change with √t [7]. That is, D changes 
mathematically although the chloride profile is “blocked”. This may explain part of the 
lowering of the D values in old structures.  

 
Figure 2 Chloride Surface Concentration evolution, Cs, along 7 years exposure of 
concrete block in tidal zone.  
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Figure 3 Diffusion coefficient, D, evolution along 7 years exposure of concrete block is a 
tidal zone.  

 
Figure 4 Chloride profiles examples. The value of D may lead to erroneous conclusions 
for rebar corrosion  
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In consequence, it seems not recommendable an indiscriminate use of equation (1), as the 
D coefficient has only a relative, instead of an absolute, meaning. It has mainly a 
comparative nature in standarized (in order to provide equal Cs values) tests. Also, these 
comments may justify why the D values obtained in short term experiments may fail in 
predicting long term behaviour.  

Chloride Threshold  
The complexity of this subject does not allow a comprehensive overview in present 
paper. However, it is important at least to emphasize, that it is another important factor if 
D values with comparative purposes are desired. It is known, that the amount of chlorides 
able to depassivate depends on parameters such as: alcalinity (OH−) cement amount and 
type, steel surface roughness, concrete moisture content and electrical potential of the 
rebar [8].  

All these factors induce variations of the threshold which may vary one order of 
magnitude, making very difficult to deduce a reliable time period to steel depassivation, 
which is the final aim of the calculation of the D values.  

Regarding the variability of the chloride threshold, it seems recommendable to dealt 
with it statistically. As in the case of mechanical strength, a mean value with a variation 
coefficient may be a much better way to approach this problem. At this zv460 respect, in 
recent studies of the authors, a mean value of 0.16% of Cl− by mortar weight (Figure 5), 
with a variation coeficient of 0.23, has been found.  

 
Figure 5 Chloride/hidroxide threshold frequency distribution in mortar immersed in 
sodium chloride solution. The critical value of Cl− was 0.16% by weight of cement, with 
a variation coefficient of 0.23.  
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REFINED MODELS OF CHLORIDE INGRESS  
In order to develop more reliable models of chloride penetration rate, it is necessary to 
understand with higher precision the mechanisms of chloride ingress and to find out 
which are the laws of variation along time of Cs, Cx and D values [10]. The complexity 
of such processes makes unachievable their modelling at present. An approach step by 
step, seems at present the only mode of progress.  

As a preliminar contribution, the following phenomena may be identified to happen in 
real structures suffering from marine environments:  

A)   

“Skin” effect—the first mm beyond the concrete surface carbonate either in aerial 
than in sea water submerged structures. In the case of submerged parts the 
carbonation appears as a consequence of the leaching plus the action of the 
bicarbonates present in the sea water. As well these concrete zones, closer to the 
concrete surface, may have a different composition (paste proportion) due to lack of 
compactation or of proper aggregate proportioning. Irrespective of the cause, the 
concrete usually may develop a “skin” with different transport zv461 characteristics 
than the concrete bulk. In consequence, the concrete cover should be modelled as a 
layered composite, having different D values in the several layers. At least two (skin 
and bulk) ones should be considered.  

B)   
Cs=f(t)—It was already shown in Figure 2 that Cs evolves along time, either in aerial 
or in submerged structures. It seems reasonable to think that the increase reaches a 
maximum (saturation).  

C)   D=f(C)—Although assumed constant, D is a function of the chloride concentration 
itself. Its value increases as the solution is more diluted.  

D)   D=f(t)—Progression of hydration and increase in mechanical resistance may be the 
reasons why D values decrease along time.  

E)   
D=f(binding)—Cement phases bind chlorides in function of the amount and cement 
tye (C3A and mineral admixtures content), as well as of the chloride concentration 
itself [11].  

All these phenomena difficults the rigourous modelling of the chloride ingress. However, 
they may be individually modelled and after, the additive effects of more than one can be 
tried. An example of this way of procedure is attempted in [12], where a numerical model 
is proposed.  

Process of Chloride Ingress into Concrete in Marine Structures  
In addition to identify the individual phenomena affecting the global process, its 
sequence of developing has to be tried.  

Assuming aerial or submerged structures and considering the results shown in Figures 
3 and 4, the following stepping periods of the process are proposed:  

Period 
I  

until 2–3 years after the contact of concrete with the chloride ambient. During this 
period all the phenomena (A to E) may be developing simultaneously, and 
th f th hl id fil ld b th lt f l h i i
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therefore the chloride profile would be the result of several mechanisms occuring 
at the same time. A maximum in Cs may be achieved during this period 
(phenomenon B).  

Period 
II  

until 5–10 years. The skin (A) effect reaches estabilization. The rest of 
phenomena (C, to E) continue their evolution.  

Period 
III  

from about 10 years to ahead. The chloride profiles evolve more slowly (only 
phenomena C to D are active).  

The global process is then composed of various phenomena which happens simultanea 
and consecutively. Such a behaviour is defined as “Non-Fickian” in [2], that is, it zv462 
cannot be easily modelled by analytical procedures. Perhaps it has to be then tried 
numerically, unless some simplifications could be established.  

In any case, a rigourous solution seems not possible at present, and therefore equation 
(1) should not be used for predictive purposes regarding time to steel depassivation. It, 
however, may be used for comparing concretes submitted to standarized conditions, 
although the D values so obtained are only of relative validity.  

Simplified Model for Cover Calculation  
For practical purposes, more simplified models have to be studied. In parallel to the 
development of sophisticated models, other simpler expressions, more familiar for the 
engineers have to be considered.  

A suitable simple formula is that used in carbonation of the “square root law”. This 
law considers the existence of a constant (KCl, in present case):  

 
(2)  
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Figure 6 Representation of a square root law in log-log diagrams. The numbers in the 
parallel lines of slope 0.5 represent the values of the constant K  
The constant KCl, encounters all parameters related to concrete characteristics (type and 
amount of cement, w/c ratio, etc) and to the environment. It is interesting to realize that 
the units of the KCl, may enable to equal it to the square root of the Diffusion Coefficient:  

 
(3)  
Therefore equation (2) may be expressed as:  

 
(4)  
Plotting this expression in a log-log graph (Figure 6), in order to avoid steel depassivation 
in 50 years, the value of KCl=√D, should be ≤0.43cm/year0.5 if the rebar is placed at a 
nominal cover of 3cm. That means a D value of 0.18cm2/year (0.5×10−8cm2/s), which 
agrees reasonably well with an apparently more rigourous calculation made form 
equation (1).  

CONCLUSIONS  
The conclusions that may be summed up are:  

1)   
The ingress of chlorides in concrete is a complex process composed by several 
phenomena acting simultanea and consecutively. It cannot be, therefore, only 
modelled by the simple application of the equation named of the error function.  

2)   
This equation should be restricted to laboratory or standarized experiments in order to 
compare concrete types with respect to a reference or in order to compare the 
behaviour of different elements of the same structure.  

3)   
Chloride threshold, which is the crucial parameter regarding steeel depassivation, has 
to be statistically treated due its variability and therefore, service life, should be 
quantified in probability terms or, at least, in a similar manner to mechanical strength. 

4)   
More advanced models of chloride ingress are needed, in order to better reproduce the 
performance of concrete structures submitted to real environments. Simultaneously, 
very simple engineering models have to be developed for practical purposes.  
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ABSTRACT. Concrete construction of silo, bunkers and reservoirs in many countries 
shows an increasing degree of damages and deterioration within a short of span 1–3 to 15 
years. The decay of concrete due to cracking, spalling and rusting the steel reinforcement 
is now a common throughout the world. The low durability of concrete structures is due 
to several interactive factors: climatic condition together with construction practices and 
inadequate specification. The latter includes the deterioration in strength and stiffness, 
when structure is subjected to a limited number of low-cyclic load application.  

The subject of this study is the development of a damage model of structures that 
permits the prediction in the service life span for concrete silo, bunkers, reservoirs, 
retaining structures, off-shore tanks. This paper presents also the experimental data 
obtained from the test of concrete specimens under low-cyclic long-term compressive 
loading and select the specific features of damage cumulation.  
Key words: Concrete silo, reservoirs, retaining structures, deterioration, low-cyclic 
loading, damages cumulation, service life, prediction.  
Dr Leonid M.Poukhonto is an Associate Professor of the Department of Reinforced 
Concrete Structures, Moscow State University of Civil Engineering. His research 
interests include: deterioration and damages of concrete structures, deteriorate 
assessment, inelastic behaviour, computer design, service-life prediction and durability of 
concrete structures: silos, bunkers and reservoirs; probabilistic characteristics of low-
cyclic loading, cumulation damage analysis and evaluation. Last 10 years he has been 
involved in research on durability and service life prediction for reinforced concrete 
structures under low-cyclic load. His D Sc.(Eng) thesis is now in the closing stage.  

INTRODUCTION  
The last two decades has witnessed on a global level a growing concern for problems of 
reinforced concrete structure deterioration. Similar to the observed trend of bridge deck 
deterioration, corrosion damage to parking garages, deterioration of coastal structures and 
corrosion in many other structures, concrete construction and maintenance show alarming 
degree of deterioration of silos, reservoirs, bunkers and retaining structures. Various case 
histories, effects and remedies for concrete wear and failure is detailed in [1, 2, 3, 4, 5]. 
The classification of the detected and the fixed damages of concrete silos, bunkers and 
reservoirs, including specific types of deterioration, is given in [14]. According to the 
Classification in Environmental classes relevant structures is mainly related to severely 
aggressive environment[8, 9].  



Experience gained over a number of years, construction practices and condition 
surveys carried out on corresponding concrete structures strongly suggest that 
deterioration in strength and stiffness is one the primary durability problems.  

Wear resistance is, in this case, connected with the following additional features of 
concrete structures considered:  

- this is mainly thin-wall elements having plane, revolution (cylindrical) or double 
curvature surfaces;  

- stress-strain state is characterised by periodicity due to rising and falling levels of 
live load, that is low-cyclic loading;  

- intensive interaction between anisotropic and nonhomogeneous material, such as 
reinforced concrete, and liquid or dry bulk stored (temperature, humidity, abrasion).  

The purpose of this paper is to present the result of study of methods for predicting the 
service life of new concrete structures with the same examples of their application under 
low-cyclic loading.  

This paper develops an approach prediction of service life of concrete structures with 
regard to deterioration mainly in strength and stiffness under long-term load repetitions at 
the initial stage by using calculation based on knowledge of degradation mechanisms and 
rate of degradative reaction.  

RESEARCH SIGNIFICANCE  
For the continued use of existing deteriorated concrete structures and for the prediction of 
long-life span of new structures it is important to evaluate the degree of deterioration. 
However, the common method to evaluate such deterioration in the case of long-time 
low-cyclic loading is yet to be established, because the same studies are needed. With this 
background experimental work has been conducted to examine the degree and the 
relationship of the strength and stiffness deterioration.  

European and Russian Standards [8, 9] accepted the approach to predict service life of 
relevant structures limited only by fatigue behaviour under high-cyclic loading.  

The method of prediction of a remaining life span of existing deteriorated structures  
in Russia is based on empirical assessment of damages [13, 14]. In this case the 

damage definition is tied up with the degree of physical and chemical deterioration and 
structural peculiarities with consequences regarding the zv467 ability of concrete 
structures to resist further load and limitation of the acting forces and cracks.  

The method used in this paper for prediction the service lives of new concrete 
structures is based on mathematical modelling of deterioration process together with 
accelerating testing and application of some stochastic concepts for description of load 
histories.  

DEGRADATION MODELLING: DESIGN PHILOSOPHY  
The approach accepted in this paper is connected with the deterioration relationship that 
describs the above mentioned degradation process, which may be suggested under 
following assumption.  

Practical aspects of the theory of damage cumulation were applied because the real 
loading process can be represented as an nonstationary time series.  
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A block loading scheme was adopted as an ordinary model of the series by which the 
uncertainty and the complexity of applied load can be reduced. From this point of view 
starting period of the life span is the most important.  

The behaviour of concrete structures considered is characterised by U-shaped function 
of wear intensity and cumulation damage relationship (Figure 1).  

 
Figure 1. Types of long-term damage cumulation processes: 1—premature wear; 2—
combined dererioration; 3—deterioration due to low-cyclic loading  
The function of damage cumulation D can be expressed as a discrete function of time, the 
general form being:  

 
where  

t1−t0=initial stage; t2−t1=middle stage; t3−t2=final failure stage.  
t3−t0=duration of loading, a1−a5=wear’s coefficients.  

zv468  
Developing [15], the velocity change of structural resistance for the design sections 

considered may be written as  
 

where:  
components depending on ages of materials; low-cyclic wearing; harsh environment 

influence.  
The process of structural resistance deterioration due to low-cyclic loading can be 

expressed as: Applied low-cyclic loads→Mikrocracking→Strength and stiffness 
deterioration.  

Strength and stiffness degradation velocity vr(t) is defined as the ratio between residual 
strain-strength increment for one cycle of operation ∆εres to the cycle duraiton ∆t, when 
t→∞ i.e. νr(t)=dεres/dt, and this ratio is proportional to the ratio Ecyc,l—energy dissipation 
of one cycle to the total energy dissipation Etot. Then energy increment due to Ni cycles is  

 
where  
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∆Eo=energy increment corresponding to first and second cycles; Ni=actual number of 
stress (load) cycles; A=coefficient depending on properties of materials, stress level, 
duration of loading.  

The residual concrete strains cumulated to the end of i-1 cycles of load have been 
determined by the following expression:  

 
where —elastic strain at the time of application of load of i-1 cycle, —creep strain 
under sustained load of the same cycle,—instantaneous recovery strain, —creep 
recovery strain.  

The effect of action combination shall be calculated by using the following load and 
action coefficient γcb. With this assumption life span of relevant concrete structures then 
is defined as /νr(t) γcb.  

EXPERIMENTAL DETAILS  
Taking into consideration the above mentioned practical aspect of the theory of damage 
cumulation, 3 series of plain and steel reinforced concrete specimens were tested using 
spring block type loading equipment and 2000 kN testing machine.  

A present study was curried out to establish how significant the effect of long-term 
cyclic load was on concrete integrity, to explore the behaviour of specimens zv469 and 
residual stresses and strains of concrete supporting silo columns under low-cyclic 
compression and to control the degree of strength and stiffness deterioration.  

Test specimens and materials  
The schematic showing for cyclic test including loading history and specimens geometry 
is shown in Figure 2.  

 
Figure 2. Schematic view of specimen geometry and loading history.  
The cross-section of the specimens was 100×100mm and the total length was 400mm. 
The specimens both for cyclic test and companion monotonic tests were geometrically 
similar.  

The manufacturing, curing and testing an additional series of plain concrete cubes of 
100mm. and 150mm. size were done to control the main concrete properties during 
experimental program.  

Materials used in the experiment are as follows: ordinary Portland cement; coarse 
aggregate used crushed limestone passing through a sieve of a maximum size 5mm; fine 
aggregates: clean river sand passing through 0.8–1.0mm.  
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Concrete mix with proportion 1:3.4:1.9 by weight and water cement ratio of 0.65 were 
used for all bathers of mix. Four longitudinal 6mm and 10mm hot rolled high yield bars 
have been enclosed by 4mm cold-worked mild steel stirrups with links spacing 100mm.  

Loading programme  
These specimens were tested using two-stages loading programme: the first stage-long-
term block cyclic loading; the second stage-short-term failure testing.  

Loading block was characterised by the ratio of variable load to dead load 8.3; cycle 
duration 10 days; total number of cycles was equal 7; frequency 1/864000 Hz was used; 
load asymmetry coefficient  

 
 

The load minima were 10 kN and load 
maxima were constant 93 kN and equal approximately to 50% of monotonic peak load.  

When tested the first cycle, the age of concrete specimens were 21 days for the first 
series and 240 days for the second series.  
zv470  

Consequently, ultrasonic monitoring and method of differential coefficient of 
transversal strain ∆ν=∆εtr/∆εln were used to examine microcracking process, which has 
been initiated by variable loading.  

Test results and discussion  
Figure 1 depicts three stages of damage growth. The strain increases very rapidly at the 
initial stage, and the rate of increase of strain becomes essentially constant at the 
intermediate stage and is suddenly increased at the final failure stage.  

The test data obtained from the present study were applied to damage cumulation 
theory to investigate the validity of the model.  

The increase of strain indicates the damage cumulation due to low-cyclic loading.  
Since the distribution of strain components due to a long-term loading is unclear, 

cyclic behaviour was considered in terms of the residual strains in the reinforced or plain 
concrete as a relation of the creep and recovery creep to total strain.  

The variations in stress-strain curves of the concrete specimens having strength and 
stiffness deterioration due to a cyclic load programme were compared to the similar 
curves of the specimens for companion monotonic tests without cyclic actions. Figure 3 
shows the effect of great influence of starting variable loading on concrete resistance.  
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Figure 3. Effect of block loading programme  

 
Figure 4. Creep curves and corresponding creep recovery curves 1–7-number of loading 
cycles  
Therefore the distribution of strain characteristics for every cycle has been determined at 
variable load level applied with maximum approximately 50–60% of compressive 
strength. The results are represented in Fignure 4. The main creep and creep recovery 
(about 60–75%) were reached after 2–3 cycles of loading. After 5–7 cycles the creep was 
practically stabilised for all specimens.  

Present theoretical prediction based on previously reported energy increment,  

 
Figure 5. Residual deformation relationship  
zv471 appears to be substantial by empirical results (Figure 5) The intensity of residual 
strains was found to be closely linked with the number of cycle of load applied. 
Comparisons with test results have shown that the calculated values of residual strains 
∆εres are in agreement with measured values (5–12%).  

CONCLUSIONS  
The following conclusions may be drawn from this study.  

1. Approximate methods using theory of damage cumulation was developed for the 
silo concrete structures for the case of nonstationary loading series. Cumulation 
degradation process for plain and reinforced concrete has been modelled using block 
scheme of low-cyclic long-term loading. Practical application of this method can be 
shown on the example of undersilo column that is the most loaded part of the silo.  

2. Based on the experimental data reported herein an exponential expression is 
proposed to describe velocity change of strength and stiffness degradation during starting 
part of life span. The velocity change of residual strains was found to be closely linked 
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with the number of applied cycles. It can be determined that the first cycle of loading 
presented the major portion of the increment of residual deformation; influence of others 
cycles was of little importance. Succeeding degradation is cumulated according to the 
exponential relation.  

The result of these analysis correlates satisfactory with the result of the compression 
loaded specimens. The experimental results confirmed the approach adopted in this paper 
for given loading condition. Further work is required to establish the effects of the 
sequencing of variations in exposure condition and low-cyclic load parameters.  

3. The work carried out is reduced to the investigation of the behaviour of under silo 
columns. However, the boundary conditions have been varied so that this method has 
wider application than just for the concrete column tested.  
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ABSTRACT. Centrifugal concrete poles are used to a great extent by the Public Power 
Corporation (P.P.C.) to support overhead distribution lines. A considerable number of 
these poles have shown signs of serious distress with a direct bearing on their strength. A 
serious effort has been undertaken by PPC to survey, record and classify the damage of 
approximately 1500 concrete poles in various parts of Greece. The damages recorded 
were mainly longitudinal cracks and spaling of concrete, as well as corrosion of the 
longitudinal steel reinforcement. From the recorded damages, it became clear that by far 
the overwhelming majority of cracking was associated with cracks parallel to 
reinforcement (80% of the damages). It is worth noting that more than half of these, were 
located at the seams of the molding forms. Below these cracks, the steel reinforcement 
was corroded. Laboratory tests carried out on 50 poles removed from the network, and on 
samples taken from 70 poles still in use have shown that cracks were always associated 
with carbonation of concrete and corrosion of reinforcement. In areas adjacent to sea, the 
contents in Cl−, at the locations of cracks, were critical. The results of this study helped in 
formulating the new P.P.C. specifications for the manufacturing of centrifugal poles. The 
new specification has encompassed our present day knowledge regarding durability 
(cover thickness, requirements for a denser and less permeable concrete) and 
incorporated improvements such as: increase of spiral reinforcement, controlled methods 
of accellerated curing.  
Keywords: Concrete, Poles, Reinforcement, Corrosion, Cracks.  
Dr Antonis Sakellariou is in charge, of the Concrete Laboratory, at the PPC Testing, 
Research and Standards Center (T.R.S.’C./PPC), Athens Greece. His main research 
interests include properties of concrete regarding durability.  

INTRODUCTION  
In 1989, the Testing, Research and Standards Center (T.R.S.C.) started an ambitious 
research program [1] concerning the reinforced concrete poles used by P.P.C. to support 
Overhead Lines. This program lasted for six years and dealt with recording and 
classification of damage that these poles have shown, assessment of the extend of 
damage, and helped in establishing the new specifications for the manufacture of such 
poles. The sample used for this investigation consisted of 1500 poles installed at various 
areas of the country. The inspection, classification and the statistical evaluation revealed 
that the poles in the overhead lines had serious problems [2]. One, out of two poles in the 
sample, showed damage, in spite of the fact that the age of the poles was less than 40 
years, and that the statistical sample, by 80%, had an age less than 20 years.  



The main form of damage (77%) was associated with longitudinal cracking and 
corrosion of the underlying reinforcement. It became clear from the outset that the 
damage was due to development of internal stresses, associated with durability, and not 
to failure caused by external force. In order to determine the cause of damage, an 
extensive laboratory program was carried out. Tests were carried out on 50 poles brought 
to the laboratory, and on 70 poles in situ. These tests aimed at the quantitative evaluation 
of parameters related to durability. From the test results it became apparent, that the 
longitudinal reinforcement was not sufficiently protected and was corroded.  

This program helped in preparing, a new PPC Specification in 1992, with guide lines 
for the design and construction of poles. The specification requirements, which were 
based on the conclusions of this research, helped to construct poles with design and 
techniques incorporating the present day knowledge on durability [3].  

CLASSIFICATION OF DAMAGE  
The reinforced concrete poles used by P.P.C. [4] were manufactured centrifugally, in the 
form of a truncated cone, with a ring-shaped section. Reinforcement was placed 
longitudinaly to a depth of 15mm from the outside surface. The reinforcement was 
surrounded by 2mm thick wire, placed helicoidally, while ring shaped steel rods placed at 
1.00m intervals kept it in place. The cross-section and the number of the reinforcing rods 
(ST I or/and ST III) varied according to the type of pole, and decreased from the base of 
each pole to the top. The concrete was of class C20/25, with a water cement ratio 
W/C<0,55 while the thickness of cover concrete was of the order of 15mm. The total 
cross-section of the longitudinal reinforcement was greater or equal to 16‰ of the 
concrete cross-section. The length of the poles varied from 8 to 15 meters. The maximum 
load that a pole could carry, in any horizontal direction, applied at points located 20 cm 
underneath the top, varied between 4 and 65kN.  

The poles inspected were 1500, out of a total number of approximately 200.000 poles, 
installed at the network by 1989 (percentage of 1%, approximately). This percentage was 
considered satisfactory, for this study. The poles came from different manufacturers and 
their use in connection with the overhead lines extended to 40 years back (1955–1995). 
Consequently, the age of the poles was less than 40 years, while more than one half of 
them had an age of less than 20 years. For the purpose of damage classification the age of 
poles is taken at five years intervals starting with the poles manufactured between 1955 
and 1960. The poles examined were in operation at the network in eight different 
locations. Each location was selected with environmental criteria [5].  

The classification of damage in relation to severity has shown that approximately half 
of the poles have a problem, ranging from small to serious. Damage was in the form of 
spalling and corrosion of reinforcement. The basic conclusion arising from the 
classification of damage was that approximately 80% of it concerned longitudinal cracks 
related to durability and only 20% of damage concerned cracks on planes at a 45° angle 
to the pole axis, which is due to lack of suitable reinforcement. Thus, the causes that 
created the majority of the damage, are related to poor design and construction when 
considered in relation to today’s knowledge.  
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INVESTIGATION OF DAMAGE  
Following the recording and classification of damage, tests were carried out on 50 poles 
which have been removed and also on 70 poles still in operation, with the object of 
getting an insight into the damage. The tests and measurements carried out on the 
removed poles, were important, because these poles could be destroyed, for the purpose 
of testing, if required. Thus, it was possible to check the adherence to specifications, to 
locate possible bad workmanship and perhaps, poor design. At the same time, it was 
possible to draw conclusions with regard to environmental effects, an experience that 
could be useful for subsequent examination of poles, in situ, at the network.  

Inspection and Tests on Poles Removed from the Lines  
Fifty-three (53) poles, selected chronologically, and classified according to the damage 
they presented, were cut transversally, in three sections. Measurements were taken on 
these sections, and out of them cored samples were retrieved, for testing. Measurements 
regarded the thicknesses of the cover of reinforcement, at the ring-shaped cross-section of 
the pole, both outside and inside, as well as the thickness of the concrete cross-section. 
Further, the type of the longitudinal reinforcement, the diameters of the reinforcing rods, 
the percentage of the reinforcement, in relation to the cross-section, and the minimum 
distance between the rods, were all recorded. It was found that the maximum diameter of 
the aggregate, was 20–25mm, and, also, it was found that the poles had no spiral 
reinforcement, what so ever. The results have been tabulated in Table 1, below.  
Table 1: Parameters related to design of Poles  

s/n Design Parameters  Symbols-Units Values  

1  Concrete cover thickness, outside surface  Cout (mm)  9–15  

2  Concrete cover thickness, inside surface  Cin (mm)  20–30  

3  Cross-section Thickness  S (mm)  45–65  

4  Type of longitudinal Reinforcement  ST  I, III  

5  Percentage of longitudinal Reinforcement  Fe (%)  25–60  

6  Diameters of longitudinal Reinforcement  Φ (mm)  8, 10, 12, 14, 18  

7  Minimum distance between longitudinal Rods  e (mm)  1–15  

8  Spiral Reinforcement and pitch of the spiral  Φ (mm)/mm  Φ2/200  

From the above, we may conclude, that:  

a)   
The spiral reinforcement is practically non-existent. Instead, a 2mm diameter wire, 
was found to encircle the longitudinal rods, every 15 to 20 cm. The non-existence of 
the spiral reinforcement was, partly expected, as it had not been included in the 
design or the specifications. The specifications dealt only with bending loads taken 
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zv476 by the longitudinal reinforcement. Torsional loads or internal stressing, as 
reported here in detail, had not been considered and for this reason no torsional 
reinforcement had been included in the design. This finding alone can explain 
damage due to any form of radial stresses (e.g. due to the swelling of the corrosion 
products or due to expansion associated with humidity or temperature gradient) 
resulting to longitudinal cracking of the poles. Considering this, it is fortunate that 
serious damage due to external torsional loads, was found in only 2% of the poles 
examined.  

b)   

The percentage of the longitudinal reinforcement is a lot higher that 16‰, that the 
specifications required. Also, in all poles, rods with different diameters were found. 
Thus, the high percentage of the longitudinal reinforcement, the varying cross section 
of the steel rods, and their non-symmetrical installation, created an asymmetry to the 
rod spacing which was so reduced that big size aggregates were unable to pass 
through them.  

c)   

The thicknesses of the reinforcement cover concrete, was adequate at the inner 
surface but inadequate at the outer surface. Approximately half of the removed poles 
had minimum cover thickness less than the 15mm which was required from the 
specifications. Normally, thickness varied between 9 to 15mm.  

d)   

The outside surface of the poles, was not as it owed to be, a uniform outside surface 
of a truncated cone formed by revolution, but had two seams, along the joints of the 
mould, where concrete looked very porous. This concrete, with loose tissue (it 
consisted of poorly graded aggregates) was found in 50% of the poles, and was not of 
low strength only but also of high permeability, making an easy entrance for harmful 
substances, like humidity, carbon dioxide, chloride ions, etc.  

On the samples retrieved from the removed poles laboratory tests were carried out to 
determine the material properties and to investigate the existence of substances which 
favour reinforcement corrosion. Finally, two fundamental characteristics were 
determined, which played important role on damage mechanisms, namely, the concrete 
permeability and the thicknesses of the corrosion oxides. For the permeability tests, the 
technique developed is described in ref. [6]. The results of these measurements appear in 
Table 2, below:  
Table 2: Measured Properties affecting Durability.  

s/n Property  Symbols-Units Healthy 
Position  

Damaged Position  

1  Concrete strength  Rc(MPa)  30±10  — 

2  Carbonation depth measured with 
phenolphthaleine  

Cd(mm)  5–15  Up to the 
reinforcement  

3  pH of pore water  pH  11,0–11,5   
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4  Concentration of Chloride ions to a 
depth of 15mm  

[Cl]% concrete 
W/W  

<0,01  — 

5  Concentration of sulphates to a 
depth of 15mm  

  2,2–3,4    

6  Coefficient of water permeability  KH2O(m/s)  10−10–10−12 — 

7  Thicknesses of oxides at the 
positions of damage.  

      

  (a) crack width: w<0,2mm  µm  — 10  

  (b) crack width: 0,2<w<2mm  µm  — 200–300  

From the above results, the following conclusions may be made:  

a)   

The concrete strength of the poles shows a high dispersion. This picture is 
troublesome, since the average strength is by far below the value corresponding to 
zv477 durable concrete by today’s standards and, also with regard to the magnitude of 
the dispersion (Coefficient of variation c:31%). This implies that the concrete used is 
not only of low strength, but also of bad quality.  

b)   

Regarding carbonation depth in healthy positions, we remark that they are very small. 
Very rarely, they exceed 15mm, a fact that proves the very good compaction obtained 
by the centrifugal method. No differentiation of carbonation depth, was found in 
connection with the age of the poles. Regarding carbonation depths at the damage 
positions, we remark that carbonation depth extends up to the reinforcement, 
independently of the depth the reinforcement is located.  

c)   
All pH values, at the healthy positions, vary around the value pH=11, values by far 
below the value pH=13 of the fresh concrete, a thing that shows that the concrete does 
not provide anymore that strong alcalic environment obtained during its preparation.  

d)   

The conentrations of Cl− in areas not under the effect of sea breeze were found to be 
by far below the critical limit of 0,05% w/w of sample, and they lead to the 
conclusion that at least for the above poles, the chloride ions did not consist a 
dangerous factor for corrosion of steel reinforcement.  

e)   

The results of the sulphates concentrations, prove that the quantities found are within 
the limits accepted by the specifications for the SO3 content in the cement, a thing 
that shows that sulphates too, do not present a serious danger to account for the 
observed damage.  

f)   
The order of magnitude of the water permeability coefficient that was found (10–11 
m/s), is not particularly satisfactory, if we take into consideration that, today, the 
practice of durable concretes, requires coefficients by far smaller, of the order 10–13 
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m/s up to 10−16 m/s. g) In order to determine the thickness of corrosion of the 
reinforcement where cracks were found, a metalographic microscope was used. It was 
found that the magnitude of oxidation, is a function of crack width. Capillary cracks, 
corresponded to thickness of corrosion between 10µm and 20µm, while cracks, 
0,2<w<2mm corresponding to thickness between 200µm and 300µm. It appears that 
in order to have a crack (even a capillary one) corrosion with thicknesses of the order 
of 10µm is sufficient.  

Tests on Poles in situ  
The next step, of the research was to compare the above findings with the performance of 
poles in the network. The examination of poles in the network would also serve to 
evaluate the environmental influence on the development of damage, from the point of 
view of quantitative parameters, related to durability. It is to be noted that it has already 
been found that the poles are damaged more quickly and more drastically, when found at 
an unfavourable environment, from the point of view of physico-chemical effects (areas 
under the sea splash, areas with great humidity changes). Consequently, it was decided to 
select also poles from four areas of the Attica county, that represented different 
environments. The poles examined were all damaged. The selection was made so as to 
have poles of all ages, and of all degrees of damage. In these poles, one characteristic 
damage was located, at an accessible position (usually a crack). At the position of this 
damage, measurements were taken of the concrete cover thickness and, the depth of 
carbonation using phenolphthaleine, while the condition of the steel reinforcement, where 
there was one, underneath the damaged position, was checked. Small quantities of 
concrete taken from damaged locations were brought to the laboratory where the 
concentration of chloride ions was determined. The results of all these tests are shown in 
the Table 3 below.  
Table 3: Measurements on Damaged Poles used in the Network  

s/n Area  Pole 
type 

(date) 

Kind of 
Damage  

Thickness 
of Cover 

(mm)  

Carbonation 
Depth (mm) 

%Cl− 
w/w 

Concrete 

Reinforcement 
under location 

of damage  

1  EVOIKOS  P 12 
(1970) 

Medium 
crack in the 

seam  

27  >27  0,02  Corroded  

2  EVOIKOS  P 40 
(1975) 

Longitudinal 
hair-like 

crack  

17  0  0,14  Corroded  

3  EVOIKOS  B 15 
(1984) 

Longitudinal 
hair-like 

crack  

20  >20  1,05  Corroded  

4  EVOIKOS  B 13 
(1986) 

Medium 
crack in the 

10  >10  0,05  Corroded  
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seam  

5  ELEFSINA E 95 
(1966) 

Large crack 
in the seam 

20  >20  0,01  Corroded  

6  ELEFSINA E 121 
(1974) 

Longitudinal 
hair-like 

crack  

15  >15  0,01  Corroded  

7  PENTELI  NΠ10 
4 

(1961) 

Medium 
crack in the 

seam  

18  >18  0,04  Corroded  

8  PENTELI  ΠΠ 17 
(1967) 

Longitudinal 
hair-like 

crack  

28  >28  0,66  Corroded  

9  PENTELI  ΠΠ 33 
(1967) 

Medium 
crack in the 

seam  

20  >20  0,03  Corroded  

10 MESOGIA MM 
64 

(1968) 

Longitudinal 
hair-like 

crack  

27  >27  0,02  Corroded  

From the above results the following conclusions were drawn:  

a)   The carbonation depth extends as far as the reinforcement, independently of the cover 
thickness.  

b)   Underneath every longitudinal crack, seam or not, there is always a corroded 
longitudinal reinforcement to be found.  

c)   The concentration of chloride ions is critical only in the area of the Evoikos Gulf, 
where the poles are in direct contact with the sea breeze.  

On the above poles, measurements were also made to determine carbonation depth and 
concentration of chloride ions, at healthy positions. The aim of these tests was to zv479 
compare quantitatively the substances that pollute concrete and reinforcement (carbon 
dioxide, chloride ions, rust) at the damage locations, and at locations where damage has 
started. The results are shown, on Tables 4 and 5 below:  
Table 4: Tests on healthy and damaged locations of poles in situ. Evoikos area, damaged 
locations.  

s/n Type 
of pole 
(date)  

Degree of 
damage  

Kind of 
damage  

Thickness 
of cover 

(mm)  

Carbonation 
depth (mm) 

%Cl−w/w 
of 

concrete 

Reinforcement 
under location 

damage  
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1  Λ 38 
(1967)  

MEDIUM Longitudinal 
hair-like 

crack  

10  >10  0,13  Corroded  

2  P 12 
(1970)  

LARGE  Medium 
crack in the 

seam  

27  >27  0,02  Corroded  

3  P40 
(1975)  

MEDIUM Longitudinal 
hair-like 

crack  

17  >17  0,14  Corroded  

4  B 15 
(1984)  

MEDIUM Longitudinal 
hair-like 

crack  

20  >20  1,05  Corroded  

5  B 13 
(1986)  

MEDIUM Medium 
crack in the 

seam  

10  >10  0,05  Corroded  

6  Λ 122 
(1986)  

MEDIUM Medium 
crack in the 

seam  

13  >13  0,20  Corroded  

Table 5: Tests on healthy and damaged locations of poles in situ. Evoikos area, healthy 
locations.  

s/n Poles 
(date)  

Degree of 
damage  

Thickness of 
cover (mm) 

Carbonation 
depth (mm)  

%Cl−w/w of 
concrete  

Condition of 
reinforcement  

1  A 38 
(1975)  

MEDIUM — 5  0,02  Non corroded  

2  P 12 
(1970)  

LARGE  — 4  0,01  Non corroded  

3  P 40 
(1975)  

MEDIUM 8  6  0,02  Non corroded  

4  B 15 
(1984)  

MEDIUM 16  0  0,02  Non corroded  

5  B 13 
(1986)  

MEDIUM 16  4  0,02  Non corroded  

6  A 122 
(1986)

MEDIUM 24  0  0,04  Non corroded  
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(1986)  

These Tables show that the differences in the carbonation depth, as well as in the 
concentration of chloride ions, in neighboring positions of the same pole, are enormous. 
zv480 This finding justifies the term «pollution» that is used for the very high 
concentration of harmful substances that may appear at some locations of a healthy, in all 
other respects, concrete, resulting in local damage. Based on this difference, we may also 
explain the entirely different condition, in which the reinforcement underneath, is found.  

Comments  
The basic conclusion of this research, applying to the locations of damage, is the 
following:  

(a)   the concrete was carbonated,  

(b)   the reinforcement was corroded,  

(c)   in places near the sea, chloride ions concentration was very high.  

The main cause of damage is considered to be due to the fact that longitudinal 
reinforcement was completely unprotected at the locations of seams, resulting in easy 
entrance of humidity and other harmful substances. In addition to seam locations 
longitudinal reinforcement was corroded at other locations, where either cover thickness 
was small, or where the environmental effects were unfavourable (e.g. salt 
contamination). Design and construction inadequaties such as the non-existence of any 
spiral reinforcement, and the high non-homogeneity have favoured stress concentration 
which caused a large number of cracks, reinforcement corrosion and spalling of concrete. 
As a result, one out of the two poles, in the statistical sample out of the 1500 poles 
examined, was damaged.  

SUGGESTIONS FOR CONSTRUCTION IMPROVEMENT  
The most usual cause of premature damage was found to be deffective construction. The 
main cause was the low quality of concrete at the seam locations (very porous), and the 
non-homogeneity. These lead to the creation of an entrance gate for harmful substances, 
humidity and carbon dioxide, and also to the development of internal differential stresses. 
At the same time, the non-existence of any spiral reinforcement left concrete underneath 
unprotected from the effect of stresses in a horizontal plane. Thus, under the effects of 
environmental exposure, reinforcement, sooner or later was corroded, resulting to 
cracking and subsequent progressive failure and consequent dramatic reduction of the life 
expectancy of the poles involved. It was, therefore considered necessary to establish new 
specifications with new design criteria and construction requirements, such, that would 
lead to renewal of construction equipment. In addition to the above, the new 
specifications would include clear recomendations and requirements regarding the 
materials (steel, concrete aggregates) in harmony with the existing regulations and 
instructions for durable structures [7].  

The improvement of pole quality has to do with the following parameters: design, 
quality of materials, manufacturing equipment, construction process. Therefore, any 
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attempt for improving future poles, should pass through reconsideration of the above 
parameters.  

Design improvement had three targets: (a) Protection of poles from environmental 
effects, (b) standardization of materials and other pole characteristics, and, (c) designing 
for torsional in addition to bending stresses. In order to increase the life span of the poles, 
the following steps were taken:  

1.   
Spiral reinforcement was included with a minimum diameter of 3mm (for poles with a 
small load) and 4mm for the rest. The maximum spiral pitch was 5cm for the top 2 
meters and 10 cm for the rest of the length of the pole.  

2.   
It was specified that poles which presented loose tissue would be rejected and no 
zv481 patching up was allowed. Also, it was specified that deffective steel forms 
would not be permitted.  

3.   

The maximum diameter of the concrete aggregates (Φmax) was set to 12mm, and the 
minimum distance “e” between two longitudinal rods was specified to be not less than 
20mm (>1,5Φmax). In this way, the risk of separation of fresh concrete, because of 
close spacing of the longitudinal rods, was avoided.  

4.   The minimum thickness of the concrete cover “c” outside the spiral reinforcement 
was increased from 15mm to 20mm (>1,5Φmax).  

5.   
Clearly, it was specified that poles with accumulation of cement paste in their interior 
cavity would be rejected. Such accumulation would indicate non-homogeneity, 
originating from bad composition of concrete and compaction procedure.  

6.   Quality of concrete C40(or B450 under the old regulations) was required.  

7.   Recommendations were made for waterproofing the heads of the poles, which are 
now shaped flat (without a cap).  

8.   The addition to the concrete of any accelerators that may contain harmful substances, 
favouring corrosion of reinforcement, such as those having CaCl2, was prohibited.  

9.   
Clear criteria were set, as to the methods of accelerated curing, that could be applied, 
in order to avoid problems of uncontrolled chemical reactions, quick drying, and 
development of differential temperature at the cross-section.  

CONCLUSIONS  

1.   

The reinforced concrete poles used by PPC for supporting the Distribution Overhead 
Lines, present damages, some of them less and some, more. Damage is mainly in the 
form of longitudinal cracks and corrosion of the underlying longitudinal 
reinforcement.  
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2.   

From the recorded damage it was found that the longitudinal cracks were located 
mainly (more than half of them) at the two seams of the concrete forms. It is to be 
noted that the poles are made by centrifuging in forms consisting of two halfs. This 
procedure results in two anti-diametric seams.  

3.   Laboratory tests and data taken from 50 poles removed from the network and 70 poles 
still in operation indicated that:  

•    Corroded reinforcement was always found underneath longitudinal cracks 
independently of crack width.  

•    Concrete along the crack was carbonated up to the underlying longitudinal 
reinforcement, even when reinforcement was at depths of 20 or 30mm.  

•    At damage locations of poles installed near seaside, high concentrations of chloride 
ions were found, higher than the critical limit of 0,05% w/w of concrete.  
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Radical Concrete Technology. Edited by R K Dhir and P C Hewlett. Published in 1996 
by E & FN Spon, 2–6 Boundary Row, London SE1 8HN, UK. ISBN 0 419 21480 1.  
ABSTRACT. For better use of reinforced concrete it is necessary to study 
experimentally the real state of structures during assembly and service. The design of 
constructions and their members is based on an idealized and simplified pattern of stress, 
strain and force distribution, quite a bit of which in practice works out otherwise. The 
actual structural behaviour may, to a marked degree, differ from the rated one. Multiple 
reserves, sometimes also a near-collapse condition may exist. The determination of the 
technical resources and the reliability of structures, the verification of their actual state 
need examination of structures on site. Development of concrete oriented specific 
measuring means and test methods has become a vital necessity and the aim of the 
activity of the Estonian Building Research Institute. Three microprocessor complexes 
BCM, BPM and BTM have been developed for testing and direct measuring of strength, 
stress, and strain state in concrete structures. A new “negentropic prediction method for 
the determination of the serviceability of concrete structures” is proposed.  
Keywords: Concrete, Strength, Stress, Strain, Measurement, Testing, In situ, Reliability, 
Method.  
Olav Sammal, D.Ph., is Head of the Building Test Department, Estonian Building 
Research Institute, Estonia. He is specialized in the development of the new concrete 
oriented test methods and measuring devices BCM, BPM and BTM and using them in 
situ in building service. He is the author of the “impact-pulse (magnetoelastic) method” 
and the “negentropic prediction method” for the determination of the serviceability of 
concrete structures. He is individual member of I.A.B.S.E.  

INTRODUCTION  
Concrete/reinforced concrete is a very important material for structural service of 
mankind nowadays and in the future. At the same time there exist great difficulties in 
testing or investigating the real behaviour and reliability of concrete structures. 
Heterogeneity and anisotropy of concrete, inconsistency of its physical and mechanical 
properties as well as discontinuity of the concrete medium differ to a considerable extent 
from the hypotheses accepted in calculations. The internal forces in precast and in-situ 
concrete structures as well are distributed according to the spatial force system. The role 
of the initial stresses induced in structural members during manufacturing and erection 
cannot be forgotten either. The actual structural behaviour may, to a marked degree, 
differ from the rated one. At the Estonian Building Research Institute microprocessor 
complexes BCM, BPM, BTM have been developed for testing and direct measuring of 
strength (BCM), stress (BPM) and strain (BTM) state in concrete structures. Negentropic 
prediction method for the determination of the serviceability of concrete structures is 
proposed.  



CONCRETE STRENGTH MEASUREMENT (BCM)  
Task  
Nowadays the concrete strength checking system, based on destructing specimens (cubes, 
cylinders) made concurrently with the structural member of the same mortar, is quite 
doubtful because it is impossible to secure the uniformity of compacting (vibration) 
conditions and climatic factors during hardening of specimens and structures. In the 
world practice cases are known where buildings have collapsed due to poor strength of 
the concrete structures, although all specimens proved to meet the requirements.  

The idea of the development of a new non-destructive, so-called “impact-pulse 
(magnetoelastic) method” for concrete strength and uniformity determination lies in using 
the magnetoelastic transducer developed at the Estonian Building Research Institute for 
force measurements in the hand-held impact device (sclerometer). The basic principle of 
this method is the following [1]:  

At the moment of impact of the sclerometer to the surface of concrete, in the 
magnetoelastic transducer of the sclerometer a process of conversion takes place: where,  

 
P and σ=force and mechanical stress in the magnetic core of the magnetoelastic 
transducer;  

µ and Wb=magnetic permeability and magnetic flux in the same;  
t and U=time and output signal of the sclerometer CK.  

zv485  
The process of converting the signal in the magnetoelastic transducer in the 

sclerometer CK by impact is shown in Figure 1.  
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Figure 1 Converting process in sclerometer CK  
W=displacement by indentation of the indenter into concrete surface;  

v=f1(dW/dt)=indentation speed;  
P=f2(d2W/dt2)=acceleration (or force) in the CK transducer at indentation;  
dP/dt =f3(d3W/dt3)=change of force in the CK transducer by indentation;  
U=f(t)=output signal of the magnetoelastic transducer of CK;  
UM=first amplitude value of the output signal of the CK transducer at the moment tM;  
1=process with a higher and 2=with a lower strength of concrete. Thus the principle of 

the method lies in recording the maximum speed of change in the contact force 
dP/dt�UM in the magnetoelastic transducer of the sclerometer CK (see Figure 1). The 
generated signal UM is converted into digital code.  
zv486  
Complex BCM/CK  
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The complex BCM/CK has been developed to deliver multipoint impacts (for example, 
ten impacts to a test area within 10 seconds) and after that receive simultaneous 
indication on the display of the computed mean value and the statistical estimation as 
well as to memorize up to 1600 testing results in the memory of the recording unit BCM. 
The complex BCM/CK is calibrated by preliminary testing. There is a good correlation 
(>0.90) between the electric signal and concrete strength in the range of 10…70 N/mm2 
(MPa). The impact energy of the sclerometer CK does not exceed 0.15 J. Set up routines 
are handled by menus and a 8 button keyboard. The instrument is fully operational 
immediately after turn-on. Memorized data are not lost even when the instrument is 
turned off. The instrument is powered by a built-in rechargeable battery with a capacity 
of 6 hours normal operation. The stored data can be offered to a printer or PC for further 
processing.  

Concrete Strength Test Results  
Determination of concrete strength and uniformity of four columns after erection in a 
building in Tallinn is shown in Figure 2 and 3.  

 
Figure 2 Test results of four columns after erection in a building  
zv487  
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Explanation  
°−1…40=local test areas of 10 impacts (test No);  

Ri=concrete cubic strength in an area (mean value of test results of 10 impacts) 
measured by means of BCM/CK;  

K-1…K-4=four reinforced precast columns after erection in a building, designed  
fcm-cube=40 N/mm2 (40 MPa).  
In reality the columns K-1 and K-3 do not meet the requirements, although the average 

strength of four columns does, fcm-cube=40,8 N/mm2>40 MPa.  

 
Figure 3 Testing columns by means of BCM/CK  
The complex BCM/CK is well qualified for operative discovering of concrete regions or 
zones with a low strength in prefabricated and in-situ manufactured structures.  
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CONCRETE STRESS MEASUREMENT (BPM)  
Task  
Many concrete/reinforced concrete structures are calculated as statically determinate but 
nearly always they are subjected to the spatial (hyperstatic) force system. They depend 
basically on the actual rigidity of structural members and joints. It is obvious that the 
emergence and introduction of new measuring devices will allow to get a better insight 
into the state of stress in structures, perfect their calculation and raise their reliability.  

The ambiguity of the dependence between strains and stresses in concrete (due to 
shrinkage, creep, microcracks, etc.) makes it impossible to precisely determine stresses 
on the basis of strain measurement.  

A possibility of direct measurement of compressive stress in concrete has been shown 
by R.W.Carlson [2]. He determined the basic principle of stress meter/transducer: it must 
be disc-shaped and more rigid than the medium (concrete) surrounding the stressmeter. In 
that case the stressmeter is immune to inelastic deformations (shrinkage, creep) of 
concrete. Figure 4 shows the test results of a concrete prism with a stress transducer M 
moulded in the centre of it. We see the typical relation between strain εσ and normal 
stress in the prism at loading (see hysteresis loop), but the stress transducer M 
readings G show a very high correlation and a very small hysteresis.  

 
Figure 4 Strain and stress measurement in a concrete prism  
It has been proved theoretically and by experiment [1] that the compressive stress to be 
determined (along the normal axis z of M) may be determined by the formula  

 
(2)  
where, K1=correction factor (0.95…1.10) which depends on the type of the 
stressmeter/transducer; =transducer reading after external loading of concrete sample; 
σo=initial reading.  

As that, there is no need to know the modulus of elasticity and strains of concrete. In 
case of two- or three-dimensional state of stress in concrete the stress transducer records a 
small additional stress (~6%) caused by transverse stresses.  
zv489  
Complex BPM/M  
The new device BPM/M, developed at the Estonian Building Research Institute [1] 
consists of a small-sized concrete stress transducer M and a recording unit BPM. Stress 
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transducer M (see Figure 5) consists of a metal (passive) disc in which a magnetoelastic 
transducer type AK is accommodated, actively responding to compressive stress along its 
normal axis, after moulding into concrete. There may be several separate transducers in a 
set to increase the accuracy of measurement and to receive the information about stress 
heterogeneity in concrete.  

 
Figure 5 Stress transducer M20  
AK=magnetoelastic transducer; P=metal (passive) disc; 1…5=set with five transducers 
M20.  

The main characteristics of the concrete stress transducers M20-B and M20-C are  

Seq. No.  Parameters  M20-B  M20-C  

1.  Range of measurement of compressive stress,  MPa 2 to 20 3 to 30  

2.  Basic instrumental error, MPa  1.0  1,5  

3.  Operating temperature, °C  up to 50  up to 50  

4.  Correction factor K1  0.95  1.10  

5.  Dimensions, mm      

  diameter  23  23  

  thickness  5  5  

The modification of the recording unit BPM with a microprocessor system and 
connection with PC enables to carry out the necessary analysis of test results practically 
simultaneously with the measurement. BPM records and memorizes information from the 
transducers, calculates the stress state and internal forces in concrete sections tested (see 
test results).  
zv490  
Concrete stress measurement results  
Figure 6 shows the test results of a fragment of a reinforced concrete column (cross 
section 20×20 cm) in which 12 stress transducers M20 were embedded.  
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Figure 6 Determination of stresses and internal forces in a section of a fragment of a 
reinforced concrete column  
Uniaxial compressive stresses σZ were approximated with a polynomial (plane)  

 
(3)  
Approximation accuracy=residual standard deviation sz=3.07 MPa  

Internal forces in the concrete sections:  
 

(4)  
 

(5)  
 

(6)  
 

(7)  
 

(8)  
Stresses and forces in reinforcement are determinated by the reduced section rule:  

 
(9)  

 
(10)  
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where, Es, Ec=module of elasticity of steel and concrete; x, y=co-ordinates; As,i= cross 
section of reinforcement.  

If tensile stresses (strains) are expected in concrete structures, concrete strain 
measurement using BTM/T is necessary.  

CONCRETE STRAIN MEASUREMENT (BTM)  
Task  
In the last half century of the service of concrete/reinforced concrete structures there has 
become very important the problem of the dangerous cracks in many constructions.  

15 years after the erection of the Tallinn TV tower there were noticed over 500 cracks 
on the surface of the concrete shaft and in the ceiling at the connection of the steel and 
reinforced concrete part at the level of +180m. To investigate how dangerous the radial 
cracks in the ceiling were the device BTM/T was developed at the Estonian Building 
Research Institute and used in situ.  

Complex BTM/T  
BTM/T is a two channel electronic device with microprocessor system, working with 
standard strain gages or special strain transducers, for example, type T moulded within 
concrete medium. Both channels operate with separate commutators. There is a special 
routine for differential measurement, memorizing the test results and working with PC.  

Concrete strain test results  
For the investigation of the changes in the radial cracks in the ceiling 64 standard strain 
gages were glued across the cracks. Analysis of the measurement results during two years 
shows that there is no correlation between the change in deformation of the cracks εC and 
time h, days;  

 
(11)  
coefficient of correlation r=0.08.  

But there exists a correlation with the open air temperature t, °C (at the level of 200m) 
and εC:  

 
(12)  
coefficient of correlation r=0.71.  

It means that the changes in the radial cracks in the ceiling (+180m) have no 
progressive character and they do not represent any danger to the serviceability of the TV 
tower.  

NEGENTROPIC PREDICTION METHOD  
It is known that in a concrete medium heterogeneities (pieces of aggregate, microcracks, 
pores, etc.) are distributed stochastically. According to the classical probability theory the 
problem arises: which should be the probability level in deciding, particularly when the 
probability distribution differs considerably from the normal (Gaussian) law. With the 
increase of the probability level P the confidence interval of uncertainty widens 
respectively, and when P=1 it is equal to ±∞ (seems zv492 to be useless).  
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In his information theory C.Shannon [3] proposed to determine the misleading effect 
by the formula  

 
(13)  
and call H(x) noise entropy. Entropical bounds of uncertainty ±∆e(x) are defined as the 
bounds of random events with sharply bounded uniform distribution with the equal value 
of noise entropy (or amount of misleading information) as by any other actual probability 
distribution  

 
(14)  
To denote the concept “measure of ordering” L.Brillouin [4] proposed the term 
“negentropy” meaning negative entropy. Proceeding from the initial positions presented 
above, we propose the so-called “negentropic prediction method of the serviceability of 
concrete/reinforced concrete and other structures” [1]. According to this method, any 
loading of a structural member (e.g., formation of a stress field) may be regarded as 
certain ordering. In this way, any state of loading of a structural member or its section is 
juxtaposed by its negentropy. The maximum negentropy corresponds to some ultimate 
limit state, for instance, as that before failure of the structural member. This maximum 
negentropy we call “negentropic capacity ΠC“. The negentropy at the moment A of the 
structural examination which is determined by measurement results we call “negentropic 
charge ΠA”. There are several variants possible for calculating the negentropy in the 
structures. For normal sections  

 
(15)  
where,  
σZ=normal stresses in the section A; K=constant depending on the material of the 

section; l=length of the section being examined (e.g., l=1cm).  
The negentropic capacity ΠC is calculated in accordance with the distribution of 

internal stresses/forces corresponding to the ultimate limit state (ULS) which is 
established by the standards and rules. The negentropic charge ΠA is calculated from the 
actual stress distribution determined by testing structures, for example, with BPM/M. The 
most probable failure of a structural member is predicted by comparing the negentropic 
capacity with the negentropic charge by their mean values and .  

The corresponding index is  
 

(16)  
According to the information theory, every determination contains a certain lot of 
misleading information that is characterized by the entropical bounds of uncertainty 
±∆e(x). The prediction of the serviceability is possible according to the bounds of 
uncertainties, i.e., the loading of a structure can be raised until the upper bound does 
not exceed the lower bound The corresponding index  

 
(17)  
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means that there exist technical reserves regarding the service load. The values for 
additional load can be predicted or the structure can be tested by increasing the load until 

For example, testing results in Figure 6 show and [5], [6].  

CONCLUSION  
The practical application of the described methods and devices gives the researches, 
designers, inspectors and contractors some more confidence in erection and maintenance 
of new and more effective and reliable constructions and buildings.  

© Estonian Building Research Institute. 7 Estonia Blvd, EE0100 Tallinn, ESTONIA  
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ABSTRACT. In some applications of steel fibre reinforced concrete (SFRC), structural 
behaviour depends on the post-crack strain characteristic of the concrete. The durability 
of fibres in this case can be of great influence for the stability of the system. Whereas 
durability of fibres in cracks of concrete under chloride influence cannot be ensured, the 
behaviour of steel fibres in carbonated cracked concrete is hardly known. This paper 
presents results on the corrosion behaviour of different types of steel fibre in carbonated 
cracked SFRC-beams under outdoor conditions, showing that under unfavourable 
conditions, corrosion of fibres in the cracks can affect the durability of the SFRC.  
Keywords: Carbonation, Cracks, Corrosion due to carbonation, Durability structural 
assessment, Steel fibre reinforced concrete (SFRC).  
Professor Dr.-Ing. Peter Schiessl is Director of the Institute for Building Materials 
Research at the Technical University of Aachen. Besides other fields of activities he is 
working in the field of durability and repair of concrete structures with particular 
reference to corrosion of steel in concrete. He is active in CEN-, CEB-, RILEM- and 
various national committees.  
Remain Weydert is a Research Engineer at the Institute for Building Materials Research 
at the Technical University of Aachen. He is specialised in corrosion of reinforcing steel 
and steel fibres in concrete and in corrosion protection.  

INTRODUCTION  
A lot of research programs and publications deal with durability of steel fibre reinforced 
concrete (SFRC) under severe conditions (e.g. marine environments). Good durability is 
attested to steel fibres in uncracked concrete, even with high chloride contents of the 
concrete, whilst in cracked concrete, fibres corrode when chlorides can penetrate the 
cracks /3/. Sufficient durability can only be obtained when using stainless steel fibres.  

Corrosion of steel in carbonated concrete occurs through the reduction of the pore 
fluid alkalinity caused by carbonation, thus allowing the loss of normal passivation of the 
steel /4/. In cracks of the concrete, steel is partly not protected by concrete so that the 
corrosion risk is unlike higher than in uncracked concrete. Corrosion can only be avoided 
if the high concrete alkalinity is transferred to the crack penetrating moisture.  

The durability of steel fibres in carbonated cracked concrete has only been subject of 
few research programs /1/. For many application cases e.g. tunnel linings, precast garage-
cells or other thin concrete members, the corrosion risk is mainly due to carbonation of 
concrete. Many attempts have been made to improve rules for design and construction of 



SFRC in guidelines and standards, with consideration of the structural behaviour in state 
II (cracked). The design of fibre reinforced concrete structures is mainly based on the 
determination of equivalent flexural strength values or toughness parameters of fibre 
reinforced bending test beams. The mostly unknown effect of fibre corrosion in cracks 
may be for example taken into account by reducing the structural depth of a certain 
structural member, thus allowing fibres to corrode in the section not used for loading 
design.  

This paper presents the results of a research program dealing with corrosion of steel 
fibres in carbonated cracked and uncracked concrete, being of major interest for further 
guidelines and standards. The results are completed by investigations at 10 year old 
cracked reinforced fibre concrete members, stored under outdoor conditions.  

EXPERIMENTAL DETAILS  
Nine different types of fibre were used, the fibre contents varying between 30 and 120 
kg/m3. The cement content (OPC) of the used mixes was 350 kg/m3 with w/c-ratios of 
0.40 and 0.50. Additionally one shotcrete-mix was examined. An overview of the used 
types of fibre is given in Table 1. The fibre reinforced test beams had dimensions of 
700mm×150mm×100mm. To guarantee a uniform fibre orientation and eliminate 
formwork effects, the beams were sewed cut of a larger slab. At an age of 28 days one 
part of the beams were pre-cracked under third point loading with registration of the load-
deflection behaviour. After the pre-cracking, one part of the beams has been exposed to 
quick-carbonation conditions under high carbon dioxide content of the air in special 
“carbonation chambers”. After carbonation, the beams were exposed to normal outdoor 
conditions. The second part of the beams was zv497  
Table 1 Types of fibre used in the tests  

FIBRE 
TYPE  

PROFILE AND CROSS-
SECTION SHAPE  

SIZE 1×d, 
mm  

DESCRIPTION  

1  

2  
 

60×0.8  drawn wire fibre, hooked ends/ 
type 2 galvanized  

3   32 length milled steel fibre  

4  45×1.0  

5  
 

50×1.0  

drawn straight wire fibre  

6   60×1.0  drawn waved wire fibre  

7  54×1.0  

8  
 

60×0.9  

drawn wire fibre, 
enlarged/clinched ends  

9   30×0.5  drawn wire fibre, hooked ends  
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exposed under the same conditions, being pre-cracked but not pre-carbonated. The crack 
widths of the beams varied between 0.2 and 0.4mm, the crack opening being orientated 
upside. To adjust the crack width, the beams were put in special steel constructions as 
shown in Figure 1.  

 
Figure 1 Schematic view of the loaded cracked test beam  

RESULTS  
After an exposure time of about 1.5 year the beams were loaded to failure under third 
point loading to determine the residual flexural strength. The crack zone was examined 
visually to determine the “area of corroded fibres” (see Figure 2), the failure mode of the 
fibres (percentage of broken and pulled out fibres) and the corrosion induced loss in cross 
section.  

The carbonation depth at the end of the exposure time was between 8 and 10mm in 
uncracked concrete and between 1 and 3mm within the cracks for the pre-carbonated 
zv498 beams. Without pre-carbonation, the determined carbonation depths were 2 to 
3mm in uncracked concrete and below 1mm within the crack.  

The residual strength after 1.5 year for most of the beams was higher than the initial 
strength after 28 days. This was also true for beams where most of the fibres showed 
corrosion. As most fibres have been pulled out during rupture of the beam, irrespective of 
corrosion, the load increase of the beams is due to higher bond stress of the fibres. This 
strength gain is commonly observed, even when subjected to severe chloride application, 
and is probably due to a strength gain of the concrete as a consequence of ongoing 
concrete hydration processes under humid outdoor conditions.  

 
Figure 2 cross section of a test beam in the crack (example)  
For further examinations, some corroded fibres were taken out to determine the reduction 
of the cross section due to corrosion in percent of the initial cross section. In some cases 
the reduction of cross section exceeded 20%, the reduction being smaller with increasing 
crack depth. In the uncracked carbonated concrete, fibres were taken out and examined 
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visually. Even with carbonation depth up to 10mm, corrosion at mild steel fibres was 
only found for fibres with less than 2mm concrete cover. No spalling of the concrete due 
to corrosion of the fibres was found. Apart from some visual affection of the concrete 
surface, fibre corrosion had no negative effect for uncracked carbonated concrete. The 
galvanized steel fibres showed less corrosion at the concrete surface.  

In the crack, corrosion was observed for nearly all fibres at the upper half, surface near 
area of the crack. No major difference was found for pre-carbonated and other beams, 
although the corrosion induced loss in cross section and the percentage of broken fibres 
was slightly higher for pre-carbonated beams. Corrosion was less for smaller crack 
widths and was diminishing with increasing crack depths, but no critical crack width 
where no corrosion occurred could be found. In this context, further beams with smaller 
crack-widths are actually exposed.  

Galvanized steel fibres did not show sufficient corrosion resistance in the crack zone. 
Compared with mild steel fibres, the galvanization leads to a time delayed start of 
corrosion. As expected, the corrosion behaviour of the different mild steel fibres was 
zv499 similar, whereas a loss in cross section is more serious for small fibre diametres 
than for bigger ones. This is shown by the fact that the percentage of broken fibres was 
higher for the smaller fibre diametres.  

The fact that no major difference was found between pre-carbonated and other test 
beams shows that depassivation of fibres in concrete cracks cannot be avoided if air and 
humidity can penetrate the crack. After short time, the water penetrating the crack is no 
more influenced by the high alkalinity of the surrounding concrete, so that the free steel 
surface of the fibres can depassivate. In how far this process is followed by corrosion 
mainly depends on the “water history” of the crack, i.e. how often and how many water 
penetrates the crack. So, the results of this research program are only valid for the given 
test conditions with a horizontal surface being exposed to rain and cannot be transferred 
to other micro environmental conditions.  

The examined cracks of the 10 year old cracked reinforced steel fibre concrete slabs 
were orientated vertically, not being exposed to direct rain. Fibres were taken out of the 
cracked zones after removing the surrounding concrete. Corrosion was found on the 
crack-crossing part of the fibres, this for crack-widths between 0.2 and 0.4mm and up to 
40mm from the concrete surface. The corrosion induced reduction of cross section 
reached up to 25%, being not much higher than for the fibres in the laboratory tests after 
1.5 year of exposure.  

DISCUSSION OF RESULTS AND PRACTICAL CONSEQUENCES  
The research carried out shows, that fibre corrosion in cracks with crack-widths larger 
than 0.2mm cannot be excluded under normal outdoor conditions. Until now, no critical 
crack-width can be given below which no corrosion is to be expected. Due to the great 
influence of the environmental conditions of the concrete (wet-dry cycles) on fibre 
corrosion, a critical crack-width in any case needs to be related to micro environmental 
conditions. The micro environment chosen in the test programme can be considered to be 
the worst for carbonation induced corrosion. This can be confirmed by the fact that 
corrosion of the fibres of the 10 year old concrete members is similar to the test beams 
after only 1.5 years of exposure. As the corrosion process is supposed to continue, a loss 
in strength with time has to be expected.  
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The consequence of possible fibre corrosion in cracked SFRC has to be assessed 
thoroughly. For most applications of SFRC however, post crack strain behaviour of the 
fibre reinforced concrete is not essential and corrosion of steel fibres can be considered to 
be harmless. This is true for all cases where fibres are used for crack limitation and crack 
control at early age concrete, for an increase of freeze-thaw-resistance of concrete or an 
increase of abrasion resistance of concrete.  

In cases where steel fibres are expected to replace partly or totally the usual 
reinforcement in the state II (cracked), fibres are needed to ensure the equilibrium of 
forces and fibre durability must be guaranteed for the service life of the construction. 
Some questions remain for the application of SFRC in hyperstatic systems where zv500 
fibres are expected to transmit forces. In the example of SFRC tunnel linings, the rotation 
capacity of the hyperstatic system leads to redistribution of the loads and plays an 
important role to ensure the stability of the tunnel system. For such hyperstatic structural 
systems, the effect of fibre corrosion until now has not been subject of investigations. It 
can be expected that the weakening through corrosion of fibres leads to a redistribution of 
the loads to neighbouring parts, thus not necessarily affecting the stability of the system. 
Further results are expected from research being actually done on SFRC-beams with 
smaller crack-widths and different environmental conditions.  

CONCLUSIONS  
Depassivation of steel fibres in cracks can occur even if there is no measurable 
carbonation at the inner crack surfaces. This means that under unfavourable conditions 
(crack wettings), corrosion cannot be excluded, even for very small crack-widths. 
Corrosion intensity strongly depends on the environmental conditions. Galvanizing of the 
fibres provides no sufficient corrosion protection.  

Durability of steel fibres in cracks depends mainly on crack-width, fibre type, 
diametre and content, environmental conditions and water ingress in the crack. These 
factors must be taken into consideration when evaluating the durability of steel fibres in 
cracked concrete.  

In most application cases fibre corrosion must not be overrated as it does not affect the 
stability of the construction.  
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ABSTRACT. This paper outlines the sequence of events that have to be followed on a 
large roadworks construction site in order that the Engineer acting on behalf of the 
Employer can demonstrate compliance of the concrete supplied with the relevant 
Specification. It sets out the information to be supplied by the Contractor to demonstrate 
compliance of the constituent materials, the workability, durability and finally the 
strength of the hardened concrete. It explains how potential problems such as Alkali—
Silica Reaction are dealt with. It compares the testing arrangements on a “conventional” 
contract with those on a Design and Build contract and suggests that irrespective of the 
type of contract that is used there will always be a need to demonstrate compliance of the 
concrete used with the Specification.  
Keywords: Compliance, Specification, Constituent Materials, Workability, Durability, 
Strength, Alkali—Silica Reaction.  
Mr W G Shearer BSc, MSc, FICE was the Resident Engineer on the St James 
Interchange project in Glasgow (value £27.5m) and the M8 Extension contract in 
Edinburgh (value £40m)—both were Design and Build Projects. Prior to that he worked 
as Depute Resident Engineer on the M80 Stepps Bypass Contact (value £36m) which was 
a ‘conventional’ remeasurable contract based on the ICE 5th Edition Conditions of 
Contract.  

INTRODUCTION  
Acceptance that concrete delivered to a construction site can be incorporated in a pour 
means it is deemed to have complied at that stage with all the requirements of the 
relevant Specification. Checks on the concrete’s strength are subsequently made to ensure 
compliance with the specified characteristic strengths required by the design. Removal of 
defective concrete, after it has hardened, because the strength has failed to meet the 
specified requirements is however time consuming and costly.  

It is therefore essential that prior to the final on site checks for workability and air 
entrainment being made there is a high degree of confidence that both the constituent 
materials comply with the Specification and that they have been mixed in the correct 
proportions. An examination of Figure 1 reveals the many varied factors which influence 
the strength of concrete and which therefore have to be checked prior to and during 
construction.  



 
Figure 1 Factors Influencing Concrete Strength  
Control of the maximum chloride content, the maximum sulphate content and of the 
alkali—silica reaction are particularly important in achieving sound concrete. The tighter 
too the standard of control exercised on site the lower the variation in test results will be 
and the higher the confidence level will be about the quality of the final product.  

This paper examines how the process for checking compliance works on a large 
Design and Build roadworks construction project works and what records are kept to 
prove this compliance.  
 
SPECIFICATION OF CONCRETE REQUIRED BASED ON 
PURPOSE  
When deciding what concrete mixes will be specified the designer will have given 
consideration primarily to the conflicting demands of strength and workability so that 
what will result is a concrete of adequate durability. Consideration may also have been 
given to other factors such as the likelihood of chemical attack, the type of aggregate 
available locally, the means by which the concrete is to be mixed and placed, the degree 
of supervision and standard of quality control and the standard of finish to be achieved.  

Having decided the requirements of the contract, a job specific list will probably be 
provided by the designer classifying the mixes to be used. Such a list is shown in Table 1.  
Table 1 A typical list of job specific concrete specifications  
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Supplementary to the above, the Contract will dictate the Specification to be used. This 
paper is based on the requirements of the Specification for Highway Works (hereafter 
referred to as the “Specification”). Table 1 is used in conjunction with the requirements 
of the Specification to enable the concrete manufacturer to design the mixes required.  
zv504  
CHECKING COMPLIANCE OF CONSTITUENT MATERIALS  
Cement  
The Specification or Table 1 will dictate the British Standard or Standards with which the 
cement has to comply. The Specification also dictates that the only accepted Quality 
Assurance Scheme for the manufacture of Portland Cement is that of the British 
Standards Institution. Part of the concrete supplier’s Quality Plan should stipulate that the 
cement to be used in the Works has to be supplied by a company holding a National 
Accreditation Certificate. This Company will regularly sample and test their cement and 
provide the concrete manufacturer with Test Reports demonstrating compliance with the 
British Standards listed in the Specification. These Reports are in turn provided to the 
Engineer.  
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Aggregates  
The criterion for a good aggregate is that it should produce the desired properties in both 
the fresh and hardened concrete. The properties of the aggregate known to have a 
significant effect on concrete behaviour have been shown in Figure 1.  

The Specification requires that the type of aggregate to be used (ie as required by the 
design) shall comply with the following British Standards as appropriate:  

normal aggregates  
(i) BS 882 (Aggregates from natural sources for concrete).  

(ii) BS 1047 (Air-cooled blast furnace slag coarse aggregate for 
concrete).  

Lightweight 
aggregates  

(iii) BS 877 (Foamed on expanded blast furnace slag coarse 
aggregate for concrete).  

(iv) BS 3797 (Lightweight aggregates for concrete).  

The engineer may specify or approve on request the use of aggregates other than those 
specified above, including gradings not covered by the appropriate British Standards, 
provided that there are satisfactory data on the properties of concrete made with them. If 
we assume that the aggregates to be used are to BS 882 then the Appendix in BS 882 sets 
down the information that the supplier should provide to demonstrate compliance viz:  

(a)   Source of supply  

1.   Name and location of quarry.  

2.   County or origin.  

(b)   Aggregate type.  

(c)   Typical Properties—see Table 2 below.  

Table 2 Details of properties to be submitted as required by BS 882  

Details of Properties to be 
submitted as required by 
BS 882  

Relevant part of B.S. 812 
(Testing Aggregates)  

Approval Date  

1. Shape    

2. Surface Texture    

3. Flakiness Index  Pt. 105.1:1989  

4. 10% Fines value  Pt.111:1990  

5. Aggregate Impact value Pt.112:1990  

Test results shall be not more than 
5 years old for 1–5 properties.  

Specification of durability     493



6. Particle Density  Pt.2:1975}  

7. Water absorption  Pt.2:1975 }  

8. Grading  Pt.103.1:1985  

9. Fines  Pt 103:1985  

10. Shell Content  Pt.106:1985  

11. Acid soluble sulphate 
content  

Pt.118:1988  

Pt.119:1985  

Test results shall be not more than 
1 year old.  

Test results shall be not more than 
3 yrs old for 8–11.  

12. Chloride ion content  Pt.117:1988  If typical result less than 0.01% 
then yearly, otherwise most recent. 

13. Drying shrinkage  Pt.120:1989  If less than 0.05% then no more 
than 5 yrs old otherwise no more 
than 1 yr old.  

The frequency of the tests carried out on site to check these properties will normally have 
been set down in the Contractor’s Quality Plan and agreed with the Engineer. Failure to 
agree the frequency of testing prior to work commencing may lead to conflict later. 
Confidence based on consistent compliance may allow the frequency to be reviewed.  

With the exception of alkali—silica reaction, the list of tests covers all the properties 
of the aggregates which are known to have a significant effect on concrete behaviour.  

The submission of the above information in conjunction with that set out in Table 2 
from the supplier per the Contractor will provide the above information as proof of 
compliance of the aggregates with the Specification.  

Control of Alkali-Silica Reaction  
Although rarely a problem in the United Kingdom, some cases have been reported since 
1976 (BRE Digest 258).  

The Specification allows the contractor two options to control alkali-silica reaction:  

(i)   

by using non reactive aggregates ie those which contain at least 95% by weight of 
one or more of the rock or artificial types listed in Table 17/3 of the Specification. 
BS 812 also gives details of how the petrographical examination of aggregates for 
alkali-silica reaction is to be carried out. When the coarse and fine aggregates are not 
accepted as wholly non reactive the amount of sodium oxide is not allowed to 
exceed 3.0kg per cubic metre of concrete.  

(ii)   
by restricting the content of equivalent sodium oxide in the mix. The Specification 
sets out the method of determining the equivalent sodium oxide in the mix which 
accounts for not only the aggregates but also the concrete, slag and any admixtures.  
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Whatever method is used the Contractor has to demonstrate to the Engineer that alkali-
silica reaction will not be a problem. There are many documented cases of the deleterious 
effects of this concrete cancer.  

Water  
Most water used in concrete in this country will be taken from a Public Utility supply and 
under these circumstances it is generally taken as read that the water is acceptable for 
mixing concrete. The location of the site however may require that the water needs 
checked. Seawater can cause efflorescence and staining and would therefore be avoided. 
Some impurities which are likely to have a detrimental effect when present in significant 
quantities include acids, alkalis, salts, silt, clay, organic matter and sewage. If 
contamination is suspected then the Engineer should request that the water be tested in 
accordance with BS 3148.  

Admixtures  
The principal types of admixtures used in concrete are:  

(i)   Air entraining agents  

(ii)   Water reducing agents  

and there are many proprietary brands of each available.  
Air-entraining agents are by far the most commonly used workability admixtures 

because they also improve both the cohesiveness of the plastic concrete and the frost 
resistance of the resulting hardened concrete.  

Water-reducing admixtures are used to increase workability while the mix proportions 
are kept constant or to reduce the water content while maintaining constant workability. 
The former may result in a slight reduction in concrete strength.  

The Specification states that the quantity and method of using the admixtures shall be 
in accordance with the manufacturer’s recommendations and in all cases shall be subject 
to the approval of the Engineer. Normally they will have to comply with either BS 1014 
(Pigments for Portland Cement and Portland Cement products) or BS 5075 (Concrete 
admixtures).  

The Contractor will in any case have to provide the following information for the 
Engineer’s approval.  

(a)   the quantity to be used, in accordance with the manufacturer’s requirements.  

(b)   the detrimental effects caused by adding a greater or lesser quantity in kilograms per 
cubic metre of concrete;  

(c)   the chemical name(s) of the main active ingredient(s);  

(d)   whether or not the admixture leads to the entrainment of air.  

If required by the Engineer the Contractor will also have to demonstrate the action of an 
admixture by means of trial mixes. The use of calcium chloride in any form is not 
permitted.  
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CONCRETE MIX DESIGN  
There are two basic types of concrete mix—prescribed mixes and design mixes. The 
basic difference is that for prescribed mixes the mix proportions (cement, coarse and fine 
aggregate) are specified and tested for compliance whereas for designed mixes the 
concrete grade (characteristic concrete strength) is specified and tested for compliance.  

The Specification requires however that all concrete shall be a designed mix. Table 1 
has already set down the mixes for the Contract. It should be noted from Table 1 that with 
durability in mind the Engineer is responsible for specifying the minimum cement 
content and the maximum water/cement ratio. In addition the Engineer per the 
Specification will set down:  

(i) the Maximum Cement Content  
(ii) the Maximum Chloride Content  
(iii) the Maximum Sulphate Content  
and (iv) how the control of Alkali-Silica Reaction is to be achieved. 

Armed with the above information and the Specification requirement already discussed 
for the constituent materials, the contractor will be in a position to design the required 
mixes.  
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The concrete manufacturer will now provide the Engineer per the Contractor with 
evidence for each grade of concrete that the intended workability and mix proportions 
and manufacturing method which will produce concrete of the required quality. The 
target mean strength of the design mixes has to exceed the specified characteristic 
strength by at least the current margin. For the mix references 1–5 shown on Table 1. the 
current margin is 15N/mm2 until statistical evidence provided by the supplier 
demonstrates otherwise.  

The current margin is a statistical control introduced to reflect the normal distribution 
assumed for the spread in concrete strength typically found on road construction projects. 
This normal distribution (see Figure 2 under QUALITY CONTROL) forms the basis of 
mix design and statistical quality control procedures for satisfying the strength 
requirement.  

It is possible that the concrete manufacturer will have used a similar mix design 
before. In this case he may alternatively submit to the Engineer full details of tests on 
trial mixes previously carried out in accordance with the Specification.  

Once the mix designs have been approved in principle the concrete manufacturer will 
be asked to prepare trial mixes as follows: For each mix a set of six cubes is made from 
each of three consecutive batches. Three from each set of six is tested at an age of 28 
days and three at an earlier age (normally 7 days) approved by the Engineer. The tests are 
carried out in a laboratory approved by the Engineer.  

The Specification requires that the average strength of the nine cubes tested at 28 days 
has to exceed the specified characteristic strengths by the current margin minus 
3.5N/mm2 Once the trial mixes have demonstrated compliance any adjustments to the 
mix proportions can only be made with the Engineer’s approval (minor changes in 
cement content up to 20kg/m3 are allowed dependent on the cement or cement mixes 
being used). This could be done for example to minimise variability of strength and to 
maintain the target mean strength.  
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CHECKING THE PRODUCTION  
It is particularly important to check that the gradings of the aggregates used in the trial 
mixes are similar to those of the samples from the pit or quarry or other source of supply. 
Whilst the Specification calls for weekly testing it is more usual that they are tested 
daily—particularly at the start of concrete production.  

It is also advisable to check the accuracy of the batching plant measuring equipment 
by periodical calibrations prior to and during production. The water content of each batch 
of concrete should be adjusted to produce a concrete of the workability consistent with 
the trial mixes.  
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CHECKING DELIVERY REQUIREMENTS  
There are essentially four items to be checked when concrete is delivered to site ie:  

(a)   timing  

(b)   temperature  

(c)   air entrapment  

(d)   workability  

(a)   

The Specification requires that the concrete has to be compacted and in its final 
position within 2 hours of the introduction of the cement to the aggregate. Delivery 
slips with the batching time noted are handed over and checked by the testing staff 
and the Engineer’s staff to ensure compliance.  

(b)   

The temperature of concrete is checked if a pour is being carried out under extremely 
cold conditions. If the air temperature is below 2°C then the surface temperature at 
the time of placing has to be >5°C and �30°C and be maintained at a minimum of 
5°C until the concrete has reached 5N/mm2. If the temperature is below 2°C then 
checks are also made at the plant to ensure that the aggregates and water used in the 
mix are free from snow and frost.  

(c)   

The air content of fresh concrete is checked as described in BS 1881: Part 106. It is 
normally done for each batch unless sufficient confidence has been built up on a 
large pour to allow the Engineer to relax this requirement. The typical requirement 
for a 40/20 mix is 5%±1 1/2%.  

(d)   

It is normal practice on roadwork construction sites to check the suitability of fresh 
concrete by carrying out a Slump Test as described in BS 1881. The Specification 
will set limits allowed for the slump to deviate from the designated value (based on 
those stated in BS 5328).  

For a given water-cement ratio the principal factors affecting workability are the 
shape and grading of the coarse and fine aggregates and the aggregate cement ratio. 
Hence the emphasis that was noted earlier to check that the gradings are consistent 
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with the trial mix gradings.  
As with air entrainment it is normal to check the slump of every batch. If we 

define workability as the work required to produce full compaction then it could be 
argued that the Slump Test does not measure this property. It is useful however in 
detecting changes in workability.  

If any of the above items do not comply with the Specification it may at best mean 
additional cost to the Supplier, but at worst could result in a major interruption to a 
concrete pour and serious cost implications for all concerned.  
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DURABILITY OF CONCRETE  
Although no tests are set down to measure durability of concrete it is nevertheless at least 
as important as strength. Mention has already been made at the Mix Design stage of those 
factors that the Engineer is responsible for specifying—all of which were concerned with 
combating the following internal factors which affect durability ie salts, alkali—silica 
reaction, volume changes, permeability and absorption. The spray application of silane to 
fully cured concrete surfaces to protect against the ingress of road salts is now common 
practice.  

The choice of aggregate is also important—aggregate having high shrinkage 
properties should be avoided in exposed concrete. For roads where salt is likely to be 
used for deicing purposes, the use of air entrained concrete is recommended. Sulphate—
resisting cement should be used if there is the likelihood of sulphate attack and so on. A 
reduction in durability is accompanied by an increase in the water cement ratio and a 
corresponding reduction in concrete strength. Hence the emphasis in control testing is on 
determining the concrete strength.  

CONCRETE STRENGTH  
If all the steps outlined so far have been followed and comply with the requirements of 
the Specification then providing proper compaction and curing is applied on site, the 
concrete should achieve its characteristic strength.  

Compliance with the specified characteristic strength is almost always based on tests 
made on cubes at an age of 28 days. The Specification sets down the rate of sampling 
required but on a large deck pour it would be normal (at least at the start of the pour) to 
take one cube from each ready mixed concrete wagon.  

For compliance purposes as required by the Specification:  

(a)   
the average strength determined from any group of four consecutive test cubes has to 
exceed the specified characteristic strength by not less than 0.5 times the ‘current 
margin’.  

(b)   each individual test result has to be greater than 85% of the specified characteristic 
strength.  

For mix references 1–4 shown on Table 1 the current margin is specified as 15N/mm2 so 
that for mix reference 1 for example the above requirements become:  

(a)   the average of 4 consecutive test cubes >50+0.5×15 ie >57.5N/mm2.  
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(b)   each individual test result >0.85×50=42.5N/mm2.  

Copies of all the test results are passed to Engineer to demonstrate compliance.  
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QUALITY CONTROL  
Until fairly recently it would have been normal on large road construction projects for the 
Employer to engage a firm of Consulting Engineers to carry out the design (Local 
Authorities may have done it in house) and to have a Contractor build it under the 
supervision of the Engineer. The preferred option now in the United Kingdom is for 
Design & Build contracts where the design becomes that of the Contractor who will 
engage the services of a Consulting Engineer himself.  

With regard to testing the change is a significant one. Before the Testing Consultant 
would have been under the control of the Engineer who in turn would be engaged by the 
Employer. Under Design & Build all testing is the responsibility of the Contractor. It is 
therefore essential that the Contractor is asked to operate a Quality System to 
demonstrate that all goods and services provided conform to the Specification. It is also 
prudent to specify in the contract documents that the laboratory used has NAMAS 
Accreditation (National Measurement Accreditation Service). Poor Quality Control by 
the concrete supplier for example will increase the mean strength required to produce the 
characteristic strength as shown in Figure 2.  

 
Figure 2 Effect of control on required mean strength  
The poorer the control the higher the mean strength required and this will mean a lower 
water—cement ratio, this in turn will require a smaller aggregate—cement ratio for a 
given workability and a consequent increase in the total cost of materials. However there 
are also implications for the Employer or Purchaser, if poor quality control is being 
exercised by the Contractor or his sub-contractors then he may have to increase his own 
site supervision. Apart from the increased cost of such action there may be longer term 
concerns over the quality of the product and a maintenance burden on the Purchaser.  
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Whilst Design, Build, Finance and Operate contracts seek to place this long term 
maintenance obligation with the Contractor there will still be a duty on the Engineer to 
ensure that the Contractor discharges his new found duties under the Contract and that all 
the necessary records set down in this paper are properly provided to demonstrate the 
compliance of the concrete supplied with the Specification.  
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ABSTRACT. This paper is based on the experiences of the author during 19 years of 
assessing Quality Management Systems within the N Ireland ready mixed concrete 
industry. It shows how improved supplier quality management has extended to the 
construction site by means of improved specifications and designs, by closer liaison 
between suppliers, contractors and designers, and by improved motivation and training of 
all concerned with production and supply of concrete.  

Across the United Kingdom the development of an industry-wide product certification 
scheme based on ISO 9001 principles and on BS 5328 for Concrete [1] has culminated in 
the newest QSRMC Quality and Product Conformity Regulations [2]. These apply to all 
of the processes involved in the design, production and supply of concrete, and are the 
result of a major review of certification standards by a balanced group of producers, 
specifiers and customers. Essential requirements are identified and clarified for all 
parties. The costs and benefits of operating a third-party certified Quality Management 
System are examined in some detail, although these aspects can be difficult to quantify 
precisely.  

The paper shows how partnership between producers and customers has resulted in a 
Quality Scheme which has reduced purchasers’ costs yet increased the assurance to 
customers of the UK ready mixed concrete industry that their specified requirements will 
be achieved. A number of lessons learnt from the 12 year experience of QSRMC 
members are discussed and some international comparisons with regard to quality 
schemes for ready mixed concrete are drawn. This method of reducing the risk of 
defective concrete for all involved is put forward as a model for the entire construction 
process to follow.  
Keywords: BS 5328, BS EN ISO 9000, Defects, Ready Mixed Concrete, Risk 
Reduction, Quality Management Systems.  
Mr J G Gunning is a chartered Civil Engineer and a Fellow of the Institute of Quality 
Assurance and of the Chartered Institute of Building. He is a Senior Lecturer in the 
School of the Built Environment at the University of Ulster specialising in the teaching of 
construction management. Since 1977 he has also been involved in the assessment of 
quality management systems within concrete producers, and concrete testing laboratories. 
He has presented many papers on Quality Management at international conferences.  

INTRODUCTION  
Quality assurance is a term with which most of the construction industry have become 
familiar in the past decade. Many have used it as the basis for rationalising their work 
practices, and there has been a rapid rise in the number of third party certification bodies. 



QA has mistakenly been expected to provide a cast iron guarantee of satisfactory quality, 
and the disappointment which results from failure to achieve full satisfaction has led to 
some scepticism about the benefits of a quality system. Some risk of defects still remains.  

Many of these doubts have arisen because of the emphasis placed by quality assessors 
and auditors upon whether people have done what they said they would do, rather than 
whether what was being done was appropriate to the process and product in question. In 
other words many quality systems have failed to provide the necessary assurance because 
they are based on procedures which do not fully address the problem of achieving full 
product conformity. Instead they concentrate on a paper exercise which is dominated by 
form-filling and observation of documented procedures, regardless of whether these 
procedures actually ensure product conformity. This may be regarded as another example 
of the computer programmers’ motto of “Garbage In, Garbage Out” (The GIGO 
Principle).  

What is required in an effective quality system is that it is based on stringent 
regulations which specifically lead to increased consistency in achieving specified 
requirements. It must focus on the important criteria and not merely upon adherence to 
procedures for their own sake. In the case of the QSRMC Quality and Product 
Conformity Regulations [2], the important criteria have been clarified over the years by 
suppliers and consumers across the industry, resulting in a Quality Scheme which does 
provide real assurance of quality to the user. This is an example which might usefully be 
followed by other sectors of the construction industry who wish to minimise their quality 
risks.  

THE LINK WITH QMS STANDARDS  
Quality Management Systems have been based on BS 5750/ISO 9000 principles since 
1979. Whilst many have queried the application of this Standard to construction, based as 
it is upon manufacturing philosophy, it has shown itself to be very durable throughout its 
transformation from BS 5750 [3] to the latest ISO 9000 series [4]. Research by Bentley of 
the Building Research Establishment [5] has shown that a relatively small proportion of 
construction defects (10–20%) are due to inadequate quality in the manufacture of 
materials and components. Other reasons for poor quality were ascribed to poor design 
information, poor supervision/management and poor site workmanship. In the case of 
ready mixed concrete, any of these three categories of weakness can undo all of the good 
work of a quality system for production.  

Fletcher and Scivyer [6] have examined the performance of a range of building 
products (excluding concrete) in relation to published quality standards. They found that 
an ISO 9000 system for production was a prerequisite for, but not a guarantee of quality 
in the finished product installed on site. They emphasised the need for quality principles 
based on ISO 9000 to be applied to every stage of the construction process, from 
inception and design through to site construction by contractors and sub-contractors, and 
even to use of the completed structure. This was consistent with the findings of Bonshor 
and Harrison [7] that 50% of faults in traditional housing lay within the design sphere, 
and 40% were caused by site construction deficiencies. Faulty materials caused only 
10%.  

In reviewing quality management practices within the British Property Services 
Agency, Dalton [8] highlighted the need for QA to be a dynamic system with procedures 
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for the regular review and updating of design, construction and maintenance procedures, 
based on integration and feedback. As with all standards, BS 5750 has been regularly 
reviewed and revised, to the point that it is now identical to the International Standard 
ISO 9000 and to the European EN 29000. Its latest incarnation is as BS EN ISO 9000 
series, prepared under the direction of the BSI Quality Management and Statistics 
Standards Policy Committee. This was the outcome of a review process based on the 
Vision 2000 Strategy [9] for the long term development of international standards in the 
quality arena.  

In 1994 the European Committee for Standardisation (CEN) accepted the ISO 9000 
series, so that there now exists a Europe-wide, if not quite a world-wide, family of quality 
standards. These standards are generic, and independent of any specific industry or 
economic sector. They specify requirements which determine what elements have to be 
encompassed by a quality system, but they are not intended to enforce conformity. In 
particular, the Introduction to each Standard within the series emphasises that their 
requirements are complementary to and not alternative to the technical requirements 
which are specified or appropriate. The design and implementation of a quality system 
are necessarily influenced by the particular objectives, products, processes and individual 
practices of the organisation.  

BS EN ISO 9004 emphasises that a successful organisation should offer products 
which:  

a.   meet a well-defined need or purpose;  

b.   satisfy customers’ requirements;  

c.   comply with applicable standards and specifications;  

d.   comply with the requirements of society;  

e.   reflect environmental needs;  

f.   are made available at competitive prices;  

g.   are provided economically.  

It is precisely in order to achieve these objectives for the UK’s ready mixed concrete 
industry that the QSRMC exists in its present form. The technical, administrative and 
human factors affecting the quality of its products are controlled within the QSRMC 
operations in satisfying the needs and interests of both customers and producers. The 
objectives of QSRMC are therefore directly in accordance with the principles of BS EN 
ISO 9000 series, The new Regulations incorporate the requirements of BS EN ISO 
9001:1994 [Quality Systems; Model for quality assurance in design, development, 
production, installation and servicing], combined with the technical specifications of BS 
5328; 1991 to provide assurance of product conformity of all concrete produced by 
QSRMC Member Companies. The Regulations now follow the BS EN ISO 9001 format 
in each of their 6 technical parts;  
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1.   Quality System Requirements  

2.   Order Processing  

3.   Purchase and Control of Materials  

4.   Concrete Mix Design  

5.   Shipping, Production and Delivery  

6.   Control of Concrete  

This consistent format enables clauses to be found in the same numbered sub-section in 
each of the 6 modules. The foundation of QSRMC Regulations as being upon the 
principles of the ISO 9000 series of Quality Management Standards is therefore quite 
transparent.  
zv518  
THE EVOLUTION OF QSRMC  
The author (Gunning [10]) has set out the origins of QSRMC, which was established in 
1984 to further the principles embodied within the BRMCA Authorization Scheme in 
1968. BRMCA and BACMI merged their QA interests in ready mixed concrete in order 
to satisfy the emerging need for third party certification schemes to be independent of 
their members. QSRMC was therefore founded with an independent chairman of 
international reputation, and with a Governing Board made up with equal representation 
between suppliers and consumers. No single interest can dominate, and a wide-ranging 
view of concrete is embodied within these representatives. All Regulations must be 
approved by the Governing Board, having been drafted by working parties representing 
all interests.  

In 1989, QSRMC joined the growing list of certification bodies holding accreditation 
from the National Accreditation Council for Certifying Bodies (NACB), which now 
forms part of the UK Accreditation Service (UKAS). It was the 9th third-party certifier to 
do so, and the list has now expanded into more than 50. Membership of NACB is the 
official Government seal of approval for QSRMC, which is supported by all major UK 
specifying authorities, including the Department of Transport, the Water Services 
Association, the National House-Building Council, the Ministry of Defence and the 
County Surveyors Society. NACB itself conducts annual assessments of all its accredited 
members, using as a basis its own regulations plus the procedures set out in the certifying 
body’s own Quality Manual. QSRMC has a particularly detailed in-house management 
system, based on ISO 9000 principles and covering all aspects of its operations. Few 
comparable bodies have the same level of detail, or intensity of assessment of its own 
membership and staff.  

QSRMC, as an independent, non-profit making organisation, challenges the concept of 
competition amongst certification bodies within a specific industry (except for general 
quality management systems). Courtier [11] argues strongly that one cannot compare the 
procedures and regulations of one quality scheme for a product with another for the same 
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product. Hence a difference of assurance will arise—two schemes based on different 
requirements are unable to be identical. Therefore, in the United Kingdom, it is held by 
QSRMC that their own scheme, based as it is on industry-wide collaboration and 
covering at least 90% of the industry’s production, is the only one capable of providing 
real assurance of product conformity. Widespread endorsement of this view by specifiers 
has reinforced the belief that to have more than one system of quality regulations 
covering a particular specialised industry is at best inefficient, and at worst self-deluding.  

THE COSTS AND BENEFITS OF A QUALITY MANAGEMENT 
SYSTEM  
It is relatively simple to quantify the costs of formulating and implementing QA in a 
construction organisation, although the costs of staff time are often overlooked. It is 
much more difficult to quantify the benefits, since they are primarily the absence of 
deficient work and an enhanced reputation. Juran [12] has categorised quality costs as;  

1.   Prevention Costs such as auditing and training.  

2.   Appraisal Costs, including inspection, checking, testing and control.  

3.   Internal Failure Costs resulting in reworking of defective items.  

4.   External Failure Costs such as replacement, complaint investigation and the 
consequential delays arising from failures.  

Oakland [13] argues that all such costs should progressively reduce once a quality system 
is up and running. He has estimated the costs of failure as being up to 40% of turnover. 
Baden Hellard [14] has claimed that construction disputes in the UK come to a value of 
7% of the industry’s turnover, and if we assume that only 1/3 of the defective work 
becomes the subject of a formal dispute, we could estimate the costs of failure as around 
20% of turnover. Sjoholt, of the Norwegian Building Research Institute [15], has 
identified some projects as being much worse, at a value of 25–30% of total project costs. 
Feigenbaum [16] has assessed that non-QA companies allocate 5% of total quality costs 
to Prevention, 25% to Appraisal and 70% to Internal and External Failure Costs. In the 
United Kingdom construction industry these costs could reach £10 billion per year. An 
estimate of the failure costs within the ready mixed concrete sector would certainly run 
into millions of pounds.  

The costs of introducing a quality system into a small organisation has been estimated 
by Gunning [17] as £20,000 minimum. Others have estimated the costs as 2% of a firm’s 
turnover. A common assessment is that initial costs are repaid within 3 years by the drop 
in failure costs, although there remains the ongoing expenses of auditing and reviewing, 
testing and quality control, maintenance of system documentation, operating QMS 
procedures and periodic reassessment/surveillance by the certifying body. The major 
single contribution to quality costs has been shown as the consequential costs of having 
to remove defective work. For example it might cost £50,000 to remove one load of 
defective concrete costing £300 from a high rise building several weeks after casting. It is 
important to have an appropriate method of measuring the costs of conformance, and of 
non-conformance, in order to validate the operation of the quality system. It is much 
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more difficult to evaluate the benefits of a certified QMS. Marketing factors are seen as 
being by far the most important, but other benefits include;  

•    increased productivity, with less defective work;  

•    increased quality awareness, motivation and job satisfaction;  

•    equality of competition based on achieving quality standards;  

•    more effective planning, communication and problem solving;  

•    reduced costs of rectification of deficient work, and lower risk of its occurrence.  

Obviously few of these benefits can easily be quantified, but companies with an effective 
costing system can at least compare on a year to year basis, the expenditure on repairs 
and replacement arising from failures. It may thus be possible to identify through cost-
benefit analysis, the value to a company of a Quality Management System. Unfortunately 
the nature of some of the costs and of many of the benefits make this a very approximate 
exercise, but it is still worth doing.  

Many companies have found that the discipline of a QMS makes them operate 
procedures which they should always have been following, and that staff become better 
motivated once clear lines of management responsibility are being observed. Gunning 
[18] reported that a major concern of concrete producers was a less than whole-hearted 
level of specification of a Quality Management System as a pre-condition of supply by 
some UK specifying authorities. Even today, the support by Government for QSRMC has 
not yet resulted in certification being made mandatory for the supply of ready mixed 
concrete to the Ministry of Agriculture, Foods and Fisheries. However, there is a growing 
requirement for QSRMC certification amongst specifying authorities, so the vast majority 
of the UK ready mixed concrete industry does indeed see positive benefits in being 
members of QSRMC. The cost-benefit comparison appears to justify any expense 
incurred, because of risk reduction.  

THE REDUCTION OF DEFECTS WITHIN QSRMC MEMBERS  
Statistics on the quantity of defective concrete are almost impossible to obtain. Producers 
are reluctant to admit any deficiencies which may have arisen, whilst contractors and 
designers are embarrassed at being connected, however slightly, with publicised failures. 
Nevertheless people associated with ready mixed concrete over the past twenty years 
have reported a steady reduction in the amount of defective concrete, together with a 
growing confidence in suppliers. This growth in confidence has been accompanied by 
some reduction in the quantity of compliance testing. Where this occurs the QSRMC 
scheme provides, through its regulatory processes (according to Barber [19]), assurance 
that there will be full compliance with specified requirements. Additional verification is 
possible through the checking of mix design certificates and the declaration of specified 
criteria on the delivery ticket. The strength of QSRMC lies in its regular and rigorous 
programme of assessments. Gunning [20] has outlined the procedures followed and the 
problems encountered in assessing quality systems for ready mixed concrete. Barber [21] 
has identified the following 3 major conditions required for assessment to be effective;  
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1.   Assessors must be well-trained and fully conversant with Regulations (Regular staff 
audits ensure that standards are consistently maintained).  

2.   
The assessment process must be properly structured, with due emphasis on the key 
factors affecting quantity and quality, (Well developed assessment schedules form the 
basis of each assessment).  

3.   

There must be a system of ensuring prompt correction of any deficiencies identified 
during the assessment. (The method of discharge varies with the seriousness of the 
discrepancy, varying from written declaration, through detailed statements of 
corrective actions, to a full reassessment and possible eventual suspension)  

Each assessment examines key aspects such as:  

•    the provision of clear data and work instructions;  

•    the adequacy of procedures, personnel and training;  

•    the setting of appropriate limits and targets;  

•    the effectiveness of action taken when limits are exceeded.  

Essentially the system relies on in-house consistency, with regular in-house auditing to 
ensure continuing compliance with all Regulations. It should not be run simply with the 
objective of satisfying the assessor, but with quality and quantity (as ordered) being the 
key focus. The role of the third-party assessor should therefore be mainly to confirm and 
ensure that things are being done correctly rather than to try to score points by identifying 
minute deviations from the Regulations.  

The experience of the past twelve years of QSRMC has seen a continuing decline in 
the number of deficiencies identified by assessors. The Central Records department keeps 
a running “score” of members’ performance in the number and scale of breaches of 
Regulations, and the pattern shows a steady downward trend for almost every member, 
despite some tightening of the requirements over the years. It is generally felt, therefore, 
that use of an industry-wide Quality Scheme has resulted in a clear improvement in the 
performance of that industry, and to increased confidence in its ability to meet specified 
criteria, Product conformity means proper quality assurance through a disciplined 
management of all elements of supply. This in itself presents enormous benefits to 
suppliers and customers alike, and well repays any costs incurred in its achievement.  

THE QSRMC EXPERIENCE  
Many lessons can be learned from the history of QSRMC. The pattern of its evolution 
shows how technical requirements have finally been properly aligned to modern Quality 
Standards. Numerous Interpretations and Guidance Notes are now incorporated into the 
Regulations in clear sequential elements covering all aspects of the supply process.  

The recent review process revealed that customers did not understand the control 
systems operated by producers across a family of related mixes with common 
characteristics. Most deficiencies were found to arise from human error, and can be 
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prevented by good management practices and procedures. Hence there is an increased 
emphasis in the new Regulations upon effective systems of management at every stage of 
the production process from receipt of order to delivery on site. The 1995 Regulations 
incorporate many minor changes which increase efficiency without any deterioration in 
quality. There is a new emphasis upon positive action to avoid waste or increased costs. 
Some earlier concentration upon minor procedural and technical matters has been 
reduced, so that suppliers can focus on the economic achievement of full Product 
Conformity.  

An improved Customer Complaints Procedure forms an important part in identifying 
and correcting any downward trends in quality. All complaints have to be documented, 
investigated and resolved in a way which prevents recurrence. Serious complaints can be 
referred by customers to QSRMC in writing, and an independent investigation made by 
an assessor. However most complaints can be resolved directory with the producer. 
Annual in-house reviews form another important “plank” in achieving Product 
Conformity. Full examination of systems and procedures, together with an analysis of the 
results of complaint and anomaly investigations, in-house audits and third-party 
assessments should enable a company to continue to improve its performance towards 
that elusive “Zero Defects” target.  

One must distinguish between certification for Quality Systems only and certification 
which covers both Quality Systems and Product Conformity. When Product Conformity 
assurance is required, as it generally should be for concrete products, it is important to 
examine exactly what is meant by this term. The cliché definition of quality as “fitness 
for purpose” is inadequate because it is too vague. Most products have multiple purposes 
or requirements, and one needs to specify what is meant by “fitness”. Many organisations 
are given Product Conformity certificates on the basis of an extremely sketchy 
specification of what will be deemed to conform. Customers, and others involved, should 
therefore carefully investigate what forms the basis of producers’ claims to have Product 
Conformity certification for their products. In the case of the QSRMC, there is no debate 
as to what regulations or requirements are being satisfied—the QSRMC Quality and 
Product Conformity Regulations [2] lay down explicitly, over dozens of pages and 
hundreds of clauses, the basis upon which members achieve Quality System and Product 
Conformity compliance. Unlike many other criteria or Schedules of Requirements, these 
Regulations are widely publicised and open to comment and suggested improvements 
from any interested party. Not many Quality Schemes can match this degree of detail, or 
of openness to public scrutiny.  

The development of QSRMC over the past decade has broadly mirrored the evolution 
of the ready mixed concrete industry in Denmark, Belgium and Netherlands where 
similar quality schemes operate. France has a certification scheme with partial coverage 
of the ready mixed concrete field, whilst the countries of southern Europe tend not to 
operate national schemes. Germany does not operate a national system, but has broad 
requirements in each of the Landers. North America seems less advanced with formal 
quality assurance for concrete.  

CONCLUSIONS AND RECOMMENDATIONS  
The development of QSRMC has shown how a Product Conformity scheme, fully 
reviewed and approved by representatives of all sectors of an industry, and operated 
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through a professionally organised team of assessors, can provide great “added value” for 
purchasers, specifiers and their clients. The ordering, materials procurement, mix design, 
production, delivery and quality control are all performed through highly trained 
specialist staff working to appropriate procedures approved by QSRMC. Customers can 
have faith in suppliers’ own quality control and records, even if they still feel a need for 
some compliance testing. This is reducing, as purchasers gain increasing confidence in 
the performance of the ready mixed concrete industry. Davies [22] feels that large sums 
of money are spent on compliance tests, the results of which often cause more concern 
about the quality of the testing regime than about the product itself. A responsible site 
quality plan for reducing deficiencies could more efficiently rely upon QSRMC as a 
basis, only carrying out compliance verification such as non-destructive testing on very 
critical structural elements.  

The recent review of QSRMC has resulted in a detailed set of Regulations as a 
consensus of best practice. There have been extensive discussions with every sector of 
the construction industry, from manufacturers of cements, chemical admixtures and 
batching equipment, through calibration authorities and aggregate producers to 
contractors, specifying authorities and client bodies. The outcome of these discussions 
has been synthesised through various working parties into a clearly documented set of 
achievable requirements meeting the aspirations of all who wish to see high quality 
concrete, and who wish to minimise the risk of defects on their projects.  

The DOE Quality Liaison Group [23] agrees that “many sector certification schemes 
have undoubtedly succeeded in providing added confidence in their users”. Their report 
warns against using the Standard as a goal in itself rather than as a means to an end, and 
against allowing bureaucracy to dictate. It also recommends that “Procurement Policy 
should consider giving preference to tendering belonging to the accredited certification 
schemes for construction activities based upon common interpretation of the BS EN ISO 
9000 series, to include continuous improvement, which should form the basis for industry 
sectoral schemes”.  

Forward thinking concrete companies are now adding Safety Management and 
Environmental Management Manuals to their Quality Manuals, based on similar format 
and on broad ISO 9000 principles. This epitomises how some producers have fully 
adopted and internalised quality assurance philosophy in every aspect of their business. 
Total Quality Management may be the next step for some of them. The author contends, 
that producers of ready mixed concrete and precast concrete products from most parts of 
the world could learn from the experience of QSRMC and develop their own quality 
certification schemes tailored to meet local requirements. The outcome of this would 
almost certainly be a reduction in the risk of low quality production, and enhancement of 
their own reputation and profitability.  
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ABSTRACT. Over the past 20 years, high-strength concrete has come into widespread 
use throughout most of the world. This paper reviews the techniques that have been 
developed to improve the fluidity of high-strength concrete, and demonstrates that these 
fluidity-improving methods have contributed greatly to the popularity of high-strength 
concrete. The fluidity-improving techniques emphasized in this paper are: 
superplasticizers, long-life superplasticizers, silica fume, and super-superplasticizers. An 
outline of each technique is given here, together with examples of their application. Since 
they are prerequisites to understand these methods, pre-superplasticizer high-strength 
concrete technology and the rheological characteristics of high-strength concrete made 
with superplasticizers are reviewed.  
Keywords: High-strength concrete, Superplasticizer (SP), Long-life superplasticizer (L-
SP), Silica fume (SF), Super-superplasticizer (S-SP), Fluidity, Viscosity  
Dr Toshio Yonezawa is a Chief Researcher, Research and Development Institute, 
Takenaka Corporation, Chiba, Japan. He specializes in the corrosion of steel 
reinforcement, pore solution chemistry, light-weight aggregate concrete and high-strength 
concrete. He is also a member of the committees for the Japan Concrete Institute, the 
Japan Society of Civil Engineers, and the Architectural Institute of Japan.  

INTRODUCTION  
The use of high-strength concrete—that is, concrete with a compressive strength of 50 to 
100 N/mm2—has now become common throughout the world in the construction of large 
structures such as super-high-rise buildings, bridges, and oil production platforms. Such 
very high compressive strengths are of great practical importance in the structural design 
of these structures.  

Material costs for high-strength concrete is higher than for ordinary concrete due to 
high cement content and usage of extra materials such as superplasticizers and silica 
fume. However, the increase in concrete cost is more than compensated by the increase in 
concrete strength. The cost of a 60 N/mm2 concrete is 1.5–2.0 times the cost of a ordinery 
20 N/mm2 concrete. This is why high-strength concrete is used for super-high-rise 
buildings and large span structures, to reduce construction costs.  

High-strength concrete technology derives from a synthesis of research results related 
to concrete’s basic characteristics, such as mechanical properties, durability, and fire 
resistance, with development results on concrete pumping techniques, high-speed 
formwork systems, and advanced quality control methods. The factor that has had most 
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influence in promoting the widespread use of high-strength concrete, however, is the 
fluidity-improving techniques such as superplasticizers.  

In this paper, a technical outline of four techniques developed to improve the fluidity 
of high-strength concrete are reviewed, together with examples of their application; the 
first-generation superplasticizer developed by Hattori et al., the long-life superplasticizer 
which increased fluidity retention, silica fume for decreasing viscosity, and the super-
superplasticizer for ultra-high-strength concrete.  

PRE-SUPERPLASTICIZER HIGH-STRENGTH CONCRETE 
TECHNOLOGY  
Since concrete was first used as structural material in construction work, the development 
of stronger concrete has been the dream of concrete engineers and researchers and has 
been an important research field of concrete engineering.  

In 1930, Yoshida [1] produced concrete with a compressive strength of 104 N/mm2 by 
molding a concrete material with a water-cement ratio of 31% under a pressure of 10 
N/mm2. Around the same period, Menzel [2] produced concrete with a compressive 
strength of more than 100 N/mm2 by steam curing. The high-strength concretes of this 
period differed substantially from today’s high-strength concretes, because they had no 
fluidity whatsoever, and so could not be placed using ordinary forms.  

In 1932, Scripture came up with a water-reducing agent in which lignosulfonic acid 
was the main component, and he patented this technology in 1939 [3]. Several other 
water-reducing agents based on organic acids were also reported around the same time. 
The zv527 basic aim of these water-reducing agents was to reduce the water content or 
increase the fluidity of ordinary concrete. At the same time, they made it possible to 
produce high-strength concrete with some fluidity at water-cement ratios of 35 to 40%.  

The Willows Bridge, constructed in Toronto in 1966 [4], is a good example of this 
type of high-strength concrete in use. A water-reducing agent based on an organic acid 
was used to give the concrete a design strength of 42.2 N/mm2 (6,000 psi) with a water-
cement ratio of 33 to 37%, and a slump of 4 to 6 cm. This is a much lower strength than 
is possible with today’s high-strength concrete, and the slump of 4 to 6 cm is very much 
lower than the present technology offers.  

RHEOLOGICAL CHARACTERISTICS OF HIGH-STRENGTH 
CONCRETE WITH SUPERPLASTICIZERS  
The superior characteristics of today’s high-strength concrete, high fluidity at the same 
time as high strength, were made possible by the invention of the superplasticizer (SP). 
High-strength SP concrete has different rheological characteristics from ordinary 
concrete, and this difference is important in evaluating its fluidity.  

Figure 1(a) [5] shows the relation between the yield stress of cement paste and the 
dosage of SP, while Figure 1(b) gives the results of measuring the relation between 
plastic viscosity and SP dosage. As the water-cement ratio falls, both yield stress and 
plastic viscosity increase considerably, and the result is poor fluidity. However, while the 
addition of SP considerably reduces the yield stress, its effect on the plastic viscosity is 
weak.  
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Figure 1 Effects of SP dasage on rheological properties of cement paste [5]  
Figure 2 [6] shows the results of measuring concrete viscosity with an L-flow meter [6] 
in the case of a slump value of 23 cm. The L-flow meter is an instrument for measuring 
fluidity, as shown in Figure 3. The larger the L-flow rate, the smaller the viscosity. It is 
clear that plastic viscosity increases with falling water-cement ratio at a particular slump 
value.  

This is the major Theological characteristic of high-strength concrete. The slump and 
flow can be easily controlled by using SP, but the viscosity cannot be reduced easily. In 
other words, high-strength concrete is characterized by extremely high viscosity and poor 
flow rate.  

 
Figure 2 Effects of water-cement ratio on L-flow rate [6]  
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Figure 3 L-flow meter [6]  
Figure 4 schematically compares the Theological characteristics of ordinary concrete and 
high-strength concrete. When the slump or flow of ordinary concrete is measured, the  

 
Figure 4 Schematic presentation of Theological characteristics of high and ordinary 
strength concrete  
 
fluidity of the concrete is sufficiently evaluated, because ordinary concrete has a 
relatively linear correlation between yield value and plastic viscosity. For this reason, 
slump or flow has been used as an index of fluidity of concrete. In high-strength concrete, 
however, there is only a weak relationship between these two parameters, making 
separate measurements of yield value and plastic viscosity necessary. These 
measurements are typically made with an L-flow meter, a two-point tester [7, 8], LCL 
apparatus [9], or other testers.  

FIRST GENERATION SUPERPLASTICIZERS  
The first SP in history came out of study by Hattori et al. [10] in the early 1960s, and it 
appeared on the market as early as 1964. The main component of this SP was a 
formaldehyde condensate of beta-naphthalene sulfonate (BNS) with the chemical 
structure shown in Figure 5(a). Toward the end of the 1960s, Aignesberger et al. [11] 
developed another SP with a formaldehyde condensate of melamine sulfonate (MS) with 
the chemical structure shown in Figure 5(b), and this came into practical use in the early 
1970s in Germany.  
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Figure 5 Chemical structure of first generation SP  
Figure 6 [10] shows much higher fluidity of a mortar with BNS compared with a mortar 
with lignin sulfonate as an ordinary water-reducing agent. Figure 7 shows the results of 
an experiment by Kasami et al. [12] in which they studied the slump and slump flow  

 
Figure 6 Effects of admixture dosage on the flow value of mortar [10]  
increase of a concrete, containing water-reducing agent, by addition of SP. This 
demonstrates that the addition of BNS contributes considerably to improved fluidity.  

 
Figure 7 Effects of BNS dosage on slump and slump flow of concrete [12]  
 
Figure 8 shows the results of an experiment by Aigensberger [13] in which the 
compressive strengths of concrete using MS and concrete without MS was measured for 
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the same mix proportion. Concrete containing MS reached a strength of 64 N/mm2 at a 
water-cement ratio of 37%, higher than that attained by the non-MS concrete.  

 
Figure 8 Effects of MS on compressive strength [13]  
 
These first-generation superplasticizers thus realized high fluidity and high strength, but 
with a serious drawback in terms of concrete work. Figure 9(a) shows data by Perenchio 
et al. [14] for the effects of an SP on slump loss in ordinary concrete having a water-
cement ratio of 59 to 61%. Figure 9(b) shows similar data but for high-strength concrete 
with a water-cement ratio of 33%. In both types of concrete, the use of the SP gave rise to 
a larger slump loss, but the loss was particularly noteworthy in the case of the high-
strength concrete. This means that, when using high-strength concrete with an SP, the 
time between mixing and placing is greatly restricted.  

 
Figure 9 Slump loss of concretes with and without SP [14]  
The first Japanese concrete bridge [15] using BNS concrete of 60 N/mm2 was constructed 
in 1974. The concrete for the bridge was produced taking into account the rapid slump 
loss; the concrete must be placed within 30 minutes after mixing. However, when 
temperature, transportation, etc., varied, it was difficult to place concrete before a serious 
loss of slump occurred.  
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The problem was solved by adopting a process in which the SP is added at the ready-
mixed concrete plant, the mixed concrete is transported to the construction site, and then 
fluidity is recovered on site by re-dosage. The concrete is then placed before any harmful 
drop in fluidity takes place.  

There are now many examples of construction around the world in which this SP re-
dosage technique has been used. One is the Pacific First Center Building in Seattle (46 
floors), where concrete with a slump of 15 cm was worked back to 25.5 cm at the site 
[16]. Another is the Melbourne Central Building in Melbourne (55 floors), where 
concrete of 6 or 7 cm was returned to 16 to 18 cm at the site [17].  

For the construction of Melbourne Central Building [16], SP tank of 2.5 m3 and SP 
supply pump were necessary at the construction site. In addition, technicians for adding 
SP were neccesary. The SP re-dosage method had a drawback of necessitating extra 
facilities and manpower. There was an underlying need for a long-life superplasticizer 
which has a feature of a small slump loss over a period of 1 to 2 hours.  

LONG-LIFE SUPERPLASTICIZERS  
Long-Life superplasticizer (L-SP) is a particular superplasticizer that can provide 
concrete with extremely small slump loss. Most development work on L-SPs took place 
in Japan during the 1980s, and the admixtures that resulted from this work can be 
classified into two types according to the mechanism by which they maintain fluidity: 
one type compensates for the amount of SP taken up by the cement hydrates, while the 
other changes the structure of the SP such that is not easily taken by the cement hydrates.  

The mechanism of a typical L-SP of the former type is shown in Figure 10 [18]. The 
reactive polymer shown in the figure is a non-water-soluble compound mainly 
comprising carboxylic acid salt, amide, and carboxylic anhydride. As a result of 
hydrolysis triggered by the alkaline condition in concrete, it releases a water-soluble 
dispersant little by little. This dispersant compensates for the decreased dispersing action 
of the SP. Figure 11 [18] shows changes in slump with time for concrete made with BNS 
and this reactive polymer. The figure clearly demonstrates that fluidity is maintained for a 
long period.  

 
Figure 10 Mechanism of reactive polymer based L-SP [18]  
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Figure 11 Slump loss of a reactive polymer based L-SP [18]  
An example of the second type of L-SP is the graft copolymer. It has a steric structure 
which is easily adsorbed onto the surface of the cement, as shown schematically in Figure 
12 [19]. This L-SP causes the cement to disperse as a result of steric hindrance effect and, 
unlike BNS which adheres to the cement surface two-dimensionally, it cannot easily be 
taken by the cement hydrates because of its steric structure. This gives it a 
characteristically low slump loss [20]. There are many variations on this type of L-SP, 
but they are often known as “carboxylic L-SPs” in general. Figure 13 [19] shows the 
results of an experiment to investigate the change in slump of concrete made with this 
type of L-SP.  
zv533  

 
Figure 12 Steric structure of carboxylic type L-SP [19]  

 
Figure 13 Slump loss of a carboxylic type L-SP [19]  
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Such long-life superplasticizers entered practical use in the mid-1980s. The majority of 
concrete super-high-rise buildings constructed in Japan since around 1986 were 
constructed with L-SP concrete. Figure 14 shows slump measurements of high-strength 
concrete with a water-cement ratio of 33 to 37% at the batcher plant and at the 
construction site during construction work [21]. Despite the 30 to 40 minutes taken to 
deliver the concrete, no loss in slump was measured, and it even rose slightly over time.  

 
Figure 14 An example of the relation between the slump of L-SP concrete at plant and 
site [21]  
Figure 15 [22] shows the machine layout used to pump L-SP concrete up to the 45 floor 
of a building (about 160 m above the ground). A high-pressure (maximum: 22.5 N/mm2) 
zv534 pump, made by Putzmeister Corporation of Germany, and a concrete distributor 
was used for pumping and placing concrete.  

 
Figure 15 Arrangement of construction machines for concreting at site [21]  
Placing high-strengh concrete using concrete pump and distributor enabled efficient 
concreting, compared with placing concrete using concrete buckets. According to the 
estimation for 311 South Wacker Drive Project [23], 9 minutes were required for placing 
the concrete at 40–50 story floors with an 1.5 m3 bucket; the placing rate was 10m3/hour. 
By contrast, the placing rate was approximately 40 m3/hour, when concrete pump was 
used. This efficient concrete placing expedited construction time. The high-rise building 
shown in Figure 15 was constructed spending only 7 days at each floor. 311 South 
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Wacker Drive Building was constructed at a rate of 5 days in each floor. The rapid 
construction of structures obviously reduces the construction costs.  

SILICA FUME  
Although SP and L-SP admixtures have made it possible to produce high-strength 
concrete with good fluidity, the concrete has extremely high viscosity when the water-
cement ratio is below 30%, so workability and pumpability are very poor. The silica fume 
(SF) helped to solve the problems associated with high viscosity.  

Silica fume comprises ultra-fine spherical particles of diameter of 0.1 to 0.5 micron 
and consisting mainly of amorphous silicon dioxide (SiO2). It is a by-product of silicon 
metal or ferrosilicon manufacture and it came into practical use in Norway at the 
beginning of the 1970s [24].  

It is a pozzolan and reacts with cement hydrates to fill the gaps between cement and 
cement hydrates. This action is known to make the concrete stronger. Figure 16 [24] 
shows an example of the effects of SF on the compressive strength of concrete. The early 
strength of the concrete is low, but over the long term it becomes 10 to 15% superior.  
zv535  

 
Figure 16 Effects of SF replacement on the strength of concrete [24]  
This 10 to 15% gain in compressive strength when SF is used naturally has great 
importance as regards the efficiency of high-strength concrete. In the author’s view, 
however, the improvement that SF brings to the fluidity of high-strength concrete is 
crucial. Not all types of SF on the market effectively improve fluidity, however, so 
careful selection is recommended. It is also worth giving the reminder that SP or L-SP are 
prerequisite to the use of SF.  

Figure 17 [25] shows measurements of the L-flow rate [6] of high-strength concrete 
using an as-produced (undensified) SF. This clearly demonstrates that the addition of an 
SF leads to lower plastic viscosity since a higher L-flow rate means a lower viscosity.  

Figures 18(a) [26] shows the results of tests to determine the amount of L-SP required 
to obtain concrete with a slump of 23 cm, a water-binder ratio of 28%, and an SF/(C+SF) 
ratio of 10% for eight types of as-produced SF and six types of densified SF. Figure 18 
(b) [26] shows the results of L-flow rate on the same concretes. The amount of L-SP 
needed is lower with the as-produced SF than with the densified SF. The L-flow rate also 
tends to be greater with the as-produced SF (that is, it has a lower plastic viscosity).  
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Figure 17 Effects of silica fume on the plastic viscosity of high-strength concrete [25]  
Figure 19 [27] is an elevation of the Gullfaks C oil production platform and a layout of 
the concrete pipeline and batching plant used in its construction. Figure 20 [27] gives the 
pressure distribution along the pipeline as concrete was pumped. A very small amount of 
SF was used (2% replacement), but this agent clearly led to lower pressure in the 
pipeline. zv536 This ties in with the experimental result [28, 29] that, with a fall in plastic 
viscosity, the friction loss per unit length inside a pipeline falls for a particular value of 
slump.  

 
Figure 18 Effects of silica fume types on L-SP dosage and L-flow rate [26]  

 
Figure 19 Arrangement of pipeline and batcher plant on Gullfacks C [27]  
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Figure 20 An example of pumping pressure reduction by silica fume [27]  
The mechanism by which SF improves the fluidity of high-strength concrete has not yet 
been fully clarified. Bache [30] has proposed a DSP model to explain the improvement, 
according to which fine particles of SF uniformly disperse around cement particles which 
are in mutual contact, filling the gaps between them. This is shown in Figure 21(a). A 
zv537 previous study by the authors on the cement-SF system [31]—in which a laser 
diffraction particle size analyzer and laser microscope were used—demonstrated that the 
fine SF particles agglomerate on the surfaces of cement particles, as shown in Figure 21 
(b). This infers that the fluidity improvements arise both from the bearing action of the 
SF and electrical repulsive action of SP or SF.  

 
Figure 21 Proposed models of SF-cement system in fresh condition  
Silica fume is an ultra-fine powder and is essentially bulky. Accordingly, haulage is 
inefficient and it is difficult to store and handle in ready-mixed concrete plants. To 
overcome such handling problems, a plant as shown in Figure 22 [32] has been 
developed to supply SF in slurry form to batcher plants in Norway and North America. In 
Japan, the system shown in Figure 23 [33] has been developed for the supply of as-
produced SF to batcher plants.  
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Figure 22 A slurry-SF supply plant to concrete batcher [32]  
In North America, many super-high-rise buildings, such as Two Union Square Building 
[35], were constructed using the high-strength concretes made in combination with 
slurry-SF or densified-SF and SP.  

Figure 24 [34] shows a super-high-rise building (39 floors) constructed with concrete 
from the Japanese plant. The concrete had a specified design strength of 60 N/mm2, a 
water-binder ratio of 28%, a SF(C+SF) ratio of 10%, and a slump flow of 45 to 50 cm. 
The 700mm by 700mm colums of this building consist of concrete-filled steel tube 
(CFT), into which concrete was filled in a single action to a height of 61.9m by means of 
bottom-up concreting. The bottom-up concreting without compaction as shown in Figure 
25 [33] is possible only by using high-strength concrete with very high fludity. zv538 
This concreting can be conducted with few workers under clean condition as shown in 
Figure 26 [33].  

 
Figure 23 An as-produced SF supply plant to concrete batcher [33]  
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Figure 24 New Shinagawa Prince Hotel (39-story, CFT-structure) [34]  

 
Figure 25 Outline of bottom-up concreting of CFT column [34]  

 
Figure 26 Outlook of bottom-up concreting of CFT columns [34]  
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SUPER-SUPERPLASTICIZER  
Use of SP or L-SP in combination with SF has made it possible to obtain high-strength 
concretes with good fluidity at water-binder ratios of 25 to 30%. However, when the 
water-binder ratio drops to 20 to 25% or below, the concrete once again becomes 
extremely viscous, thereby making construction work difficult.  

This problem has been overcome through development of a super-superplasticizer (S-
SP), which greatly reduces the viscosity of a cement-SF system when the water-binder 
ratio is 20 to 25%. This enables ultra-high-strength concrete to be produced with good 
fluidity [37, 38].  

The compounds used as S-SP have the chemical structure shown in Figure 27 [36] 
According to the results of tests to measure adsorption onto cement and zeta potential 
[36], S-SP appears to be characterized by both steric hindrance effects like carboxylic L-
SPs and electrical repulsion effects like BNS.  

 
Figure 27 Chemical structure of S-SP [36]  
Figure 28(a) [37] shows the level of dosage required to give concrete a slump flow of 
about 60 cm. Figure 28(b) [37] compares the results of measuring the relation between L-
flow rate and water-binder ratio. Compared with a BNS-based L-SP and a carboxylic L-
SP, S-SP has a low admixture dosage and low viscosity in the region with a water-binder 
ratio of 25% or less. The S-SP has a steric structure and offers a long life—like L-SP—
and extremely small slump loss.  

 
Figure 28 Comparison of superplasticizer types on admixture dosage and L-flow rate [37]  
Figure 29 [38] shows a bridge built with concrete specified to have a design strength of 
100 N/mm2. To achieve this strength, an ultra-high-strength concrete based on the S-SP 
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and with a water-binder ratio of 20% and a slump flow of 65 cm was used. This concrete 
was made in the plant shown in Figure 23 and was transported spending 2 hours followed 
by 30 minutes of placing. Reports indicate that it retained its fluidity for a period of 2.5 
hours [38].  

A 38 stories high-rise building using the S-SP concrete of water-binder ratio of 23–
25% and specified design strength of 80 N/mm2 is now under construction in Osaka, 
Japan. The high fludity concrete with extremely low water-binder ratio is, again, used for 
bottom-up concreting of the concrete-filled steel column without compaction.  

 
Figure 29 CNT Super Bridge [38]  

CONCLUSION  
Since the 1970s, structural engineers’ demands for increased concrete strength have 
always been met, as concrete engineers and researchers endeavored to develop methods 
of securing both strength and fluidity. As this paper makes clear, first-generation 
superplasticizers, long-life superplasticizers, silica fume, and super-superplasticizer have 
each in their turn offered a successful response to the demand for concrete with increased 
strength and yet with adequate fluidity. Through these efforts, we are now able to make 
practical use of high-strength concrete of high fluidity at water-binder ratios as low as 
20%.  
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ABSTRACT This paper provides design guidance which allows a floor constructed by a 
laser screed machine to be constructed to meet loading, durability and surfacing 
requirements. The design method presented has been developed as part of a research 
project conducted under the guidance of the Newcastle University Floors Research 
(NUFLOOR) Committee. It permits ground bearing concrete floors to be designed. A 
study has been undertaken of the movement of two floors over a nine months period and 
the data is presented.  
Keywords: Concrete Floors, Laser Screed, Fast Track Floors, Steel Fibres, 
Polypropylene Fibres, Joints, Microsilica, Floor Design Charts, Field Monitoring.  
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INTRODUCTION  
Automatically laser controlled screeding machines have been introduced into the UK in 
order to increase the quality of industrial floors and to speed up their construction. Their 
introduction has encouraged the use of fibre reinforced concrete since the placing of 
conventional mesh immediately in front of the laser screeder militates against the high 
levels of production achievable with laser screeders. Steel fibres not only govern joint 
spacings in the same way as mesh, but additionally increase the strength of the concrete 
so permitting thinner floors. Polypropylene fibres increase concrete toughness and 
durability but do not influence joint spacings or slab thickness. For these reasons, 
automatically laser controlled screeding of concrete floors has an impact upon design as 
well as construction. This paper describes a method for designing laser screeded 
industrial floors using design charts. The charts introduce the concept of Single 
Equivalent Wheel Load, whereby combinations of point loads of differing values and 
contact areas can be converted into a single load value and then used to choose a slab 
thickness. Data is presented showing how joints in slabs open over the initial life of the 
slabs. The data confirms that the recommendations presented in this paper lead to slabs in 
which joints form correctly then operate in a manner to reduce stresses in concrete. 



 

CONCRETE  
Unlike most structural applications of concrete, floor slab design is based on the flexural 
strength of the concrete. A relationship between the 28 day characteristic compressive 
strength and the flexural strength of concrete is given in Table 1[1]. From Table 1 the 
relevant flexural strength can be determined and factors of safety applied resulting in the 
design flexural strength used in this paper.  
Table 1 Relationship between concrete grade, compressive strength and flexural 
strength  

Concrete Grade  C30  C40  C50  

Characteristic cube strength (N/mm2)  30  40  50  

Flexural strength (N/mm2)  3.8  4.5  5.1  

Table 2 shows mix design guidance[2] for various grades of concrete. To achieve a 
durable wearing surface, concrete with a minimum cement content of 325kg/m3 and 
water/cement ratio not exceeding 0.55 is commonly specified, although stricter limits 
may be applied if the floor is to be subject to heavy industrial use. The workability of 
fresh concrete should be suitable for the conditions of zv545  
Table 2 Relationship between free water/cement ratio cement content and lowest 
grade of concrete  

Maximum free water/cement ratio  0.65 0.60 0.55 0.50 0.45  

Minimum cement content (kg/m3)  275 300 325 350 400  

Grade of concrete N/mm2  C30 C35 C40 C45 C50  

handling and placing, so that after compaction and finishing the concrete surrounds all 
reinforcement and completely fills its formwork. Micro-silica concrete is specified for 
concrete floor construction where a tough marble-like wear resistant surface is needed. 
Tests commissioned by a manufacturer of micro-silica concrete concluded the results 
shown in Table 3[3].  
Table 3 Test results showing the increase in 28 day compressive and flexural 
strength obtained from samples of micro-silica concrete as opposed to conventional 
C40 concrete  

  Conventional C40 
concrete  

Micro-silica 
concrete  

Cement content (kg/m3)  330  300  

Water/cement ratio  0.55  0.45  

28 day compressive strength 
(N/ 2)

55  83  
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(N/mm2)  

28 day flexural strength (N/mm2)  5.9  7.7  

SUBGRADE AND SUB-BASE  
Subgrade is the naturally occurring ground or imported fill at formation level. 
Homogeneity of the subgrade strength is particularly important and avoiding hard and 
soft spots is a priority in subgrade preparation. Any subgrade fill should be suitable 
material of such grading that it can be well compacted. On very good quality subgrades, 
such a firm sandy gravel and sub-base may be omitted. The sub-base is the foundation to 
the floor slab and usually consists of zv546 an inert, well graded granular material 
although a cement-treated sub-base such as lean concrete or cement-bound granular 
material may be employed. In the case of wheel and rack loading the sub-base assists in 
reducing the vertical stress transmitted to the subgrade. In considering the value of the 
stresses induced in a slab under loading, the influence of the subgrade i treated as that of 
an elastic medium with a modulus of subgrade reaction (K). Modulus of subgrade 
reaction characterises the deflexion of the ground and/or the foundation under the floor 
slab. California Bearing Ratio (CBR) tests and plate bearing tests can be used to establish 
values. Values of modulus of subgrade reaction (K) for use in design are shown in Table 
4. Table 7 shows the complete range of values from which the design values in Table 4 
are developed.  
Table 4 Modulus of subgrade reaction (K) for typical British soils[1]  

  Typical soil description  Subgrade 
classification  

Assumed (K) 
(N/mm3)  

Coarse grained 
soils  

Gravels, sands, clayey or silty 
gravels/sands  

Good  0.054  

Fine grained 
soils  

Gravely or sandy silts/ clays, 
clays silts  

Poor  

Very poor  

0.027  

0.013  

Chandler and Neal[1] suggest that the sub-base can be taken into account by enhancing the 
effective modulus of subgrade reaction (K) as in Table 5.  

When a lean concrete sub-base is specified, the value of K of the subgrade material is 
used to calculate the required thickness of the concrete slab. This calculated thickness is 
then apportioned between the structural slab thickness (the higher strength concrete) and 
the lean concrete sub-base thickness. This relationship is shown in Table 6 when a C40 
concrete is used for the slab and a C20 lean concrete is used for the sub-base.  

SLIP MEMBRANES  
A slip membrane is used to reduce friction between a concrete slab and its sub-base. The 
coefficient of friction with the use of a membrane is 0.2, compared with values of up to 
0.7 when the concrete slab and sub-base are in direct contact Prevention of loss of 
moisture and fines from the fresh concrete into the sub-base does occur although a slip 
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membrane is not intended or required to serve as a damp-proof membrane. When damp-
proofing is to be provided, thicker sheets or more elaborate measures may be required.  
Table 5 Enhanced value of K when a sub-base is used  

Enhanced value of K when used in conjunction with:  

granular sub-base of thickness 
(mm)  

cement-bound sub-base of thickness 
(mm)  

K value of subgrade 
alone  

150  200  250  300  100  150  200  250  

0.013  0.018 0.022 0.026 0.030 0.035 0.050 0.070 0.090  

0.020  0.026 0.030 0.034 0.038 0.060 0.080 0.105 –  

0.027  0.034 0.038 0.044 0.049 0.075 0.110 –  –  

0.040  0.049 0.055 0.061 0.066 0.100 –  –  –  

0.054  0.061 0.066 0.073 0.082 –  –  –  –  

0.060  0.066 0.072 0.081 0.090         

Table 6 The modified thickness of a concrete slab with a C20 lean concrete sub-base  

Modified thickness of slab(mm) when used in conjunction with 
lean concrete sub-base of thickness:  

Calculated thickness of 
slab (mm)  

100mm  130mm  150mm  

250  190  180  –  

275  215  200  –  

300  235  225  210  

FIBRES AS REINFORCEMENT  
With the use of laser screeders, fibres are often specified instead of conventional mesh 
because of the inconvenience in positioning individual mats of mesh immediately in front 
of the laser screeding machine as the machine progresses.  
 
Table 7 Modulus of subgrade reaction values for a number common subgrade and 
sub-base materials  

  CBR  Modulus of subgrade reaction K(N/mm3)  

Humus soil or peat  <2%  0.005–0.015  
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Recent embankment  2%  0.01–0.02  

Fine or slightly compacted sand 3%  0.015–0.03  

Well compacted sand  10–25% 0.05–0.10  

Very well compacted sand  25–50% 0.10–0.15  

Loam or clay (moist)  3–15% 0.03–0.06  

Loam or clay (dry)  30–40% 0.08–0.10  

Clay with sand  30–40% 0.08–0.10  

Coarse crushed stone  80–100% 0.20–0.25  

Well compacted crushed stone  80–100% 0.20–0.30  

As a consequence, plain concrete or fibre reinforced concrete are often specified for laser 
screeded floors.  

Polypropylene fibres can be in fibrillated or monofilament form manufactured in a 
continuous process by extrusion of polypropylene homopolymer resin. Polypropylene 
fibres are not a substitute for conventional structural reinforcement or normal good curing 
procedures, but they may be used as an alternative to non-structural mesh for crack 
control purposes acting as a secondary reinforcement. The main purpose of 
polypropylene fibres is to provide crack control by distributing and absorbing tensile 
stresses which may occur as a result of shrinkage and temperature movements, 
particularly in the early life of the slab when the concrete has yet to reach sufficient 
tensile strength.  

Steel fibres may be used in place of mesh reinforcement The stresses occurring in a 
floor slab are complex and depending on the type of load, tensile stresses can occur at the 
top and at the bottom of the slab. There are, in addition, stresses that are difficult to 
quantify, arising from a number of causes such as sharp turns from fork lift trucks, 
shrinkage and thermal effects and impact loads. The addition of steel wire fibres to a 
concrete slab results in a homogenously reinforced slab achieving a considerable increase 
in flexural strength and enhanced resistance to shock and fatigue. The most commonly 
used steel fibre zv549 is the 60mm long hooked fibre. Hooked fibres are usually glued 
together (collated) with a special water soluble glue to form fibre plates which readily 
disperse in the concrete mixer. It is usual to consider only fibres with enhanced adhesion 
for reinforcement in concrete industrial floors. A manufacturer of anchored steel fibres 
commissioned TNO, Delft[4] to undertake flexural strength tests using fibres embedded in 
C30 concrete. Partly from these results and partly from work undertaken at the UK 
Cement and Concrete Association[1] the flexural strength values shown in Table 8 have 
been developed. 
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Table 8 Concrete design flexural strengths with steel fibres present  

Concrete grade and steel fibre dosage  Flexural strength (N/mm2)  

Plain C30 concrete  2.0  

20kg/m3 steel fibre C30 concrete  2.4  

30kg/m3 steel fibre C30 concrete  3.2  

40kg/m3 steel fibre C30 concrete  3.8  

Plain C40 concrete  2.4  

20kg/m3 steel fibre C30 concrete  2.8  

30kg/m3 steel fibre C40 concrete  3.8  

40kg/m3 steel fibre C40 concrete  4.5  

LASER SCREED CONSTRUCTION  
The laser screed machine has four wheel drive, four wheel steer and is operated by one 
person seated at a point of maximum visibility. Mounted on its twin axles a circular fully 
slewing turntable carries a counter balanced telescopic book having a 6.1m reach on the 
end of which is attached a 3.66m wide screed carriage assembly which comprises a 
plough, an auger to spread the concrete accurately and a vibrating beam for compaction. 
Test results have shown that the machine can compact concrete to depths in excess of 
300mm. A self levelling laser transmitter is fixed at a visible point close to the work so as 
to project a 360 degree rotating beam across the working area. Depending on the type of 
transmitter, various inclinations of floors can be achieved including level, single and dual 
grades. The level of the laser screed is controlled by the laser beam which activates 
receivers mounted on the screed carriage assembly. During concreting the signals are 
relayed continuously to an on-board control box which automatically controls the level of 
the working screed head by direct intervention on the machine’s hydraulic system. 
Outputs of between 2000m2/day and 4000m2/day are normal and 5000m2/day has been 
reported[3].  

Table 9 shows joint spacings for various types of concrete. These joint spacings have 
been used successfully for many years in the UK. Some consider that spacings can be 
greater than 10m for steel fibre reinforced floors but the additional joint movement might 
lead to loss of aggregate interlock.  
Table 9 Common concretes and suggested joint spacings  

Concrete Type  Joint Spacing  

Plain C30 concrete  6  
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Microsilica C30 concrete  6  

20kg/m3 ZC 60/1.00 steel fibre C30 concrete  6  

30kg/m3 ZC 60/1.00 steel fibre C30 concrete  8  

40kg/m3 ZC 60/1.00 steel fibre C30 concrete  8  

Plain C40 concrete  6  

Microsilica C40 concrete  6  

20kg/m3 ZC 60/1.00 steel fibre C40 concrete  6  

30kg/m3 ZC 60/1.00 steel fibre C40 concrete  10  

40kg/m3 ZC 60/1.00 steel fibre C40 concrete  10  

PERFORMANCE OF FLOORS INSTALLED BY LASER SCREED  
A site investigation has been undertaken of two grounds supported concrete industrial 
floors. Each 1000m2 floor was constructed using polypropylene fibre reinforced concrete 
constructed by laser screed. The two floors were Unit 114/14 and Unit 114/10 of the 
Boldon Business Park, Tyne & Wear. Once the floor slabs had been concreted and the 
saw cut joints made, an arrangement of measurement points shown in Figure 1 was 
established on the concrete surface to permit joint movements to be monitored. Using an 
extensometer with an accuracy of one hundredth of a millimetre weekly measurements 
were taken during a period of 9 months commencing December 1993. Figure 2 shows the 
movement of each of the measured joints from week to week. The larger movements at 
the beginning of the slabs’ life represent joint cracking and the influence of cracked joints 
on neighbouring joints can be seen. When all the joints had cracked and were working, a 
more uniform pattern became evident  
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Fig. 1 Location of joint monitoring points in two floor slabs  

 
Fig. 2 Opening of monitored joints over a period of 9 months  
throughout the slab. The data was used to calculate the cumulative movement of each 
joint with time in both floors. The cumulative movements are such that aggregate 
interlock can be assumed between cracked portions of slabs which means design can 
proceed on the basis of using mid-bay stresses. The cumulative movements are of the 
same order demonstrating uniform slab movement. This confirms that the laser screed 
machine and the design procedure set out in this paper together produce satisfactory 
durable industrial floors.  
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DESIGN  
The following design procedure has been developed specifically for laser screeded floors 
taking into account the data presented in Figures 1 & 2. The design procedure comprises 
calculating stresses resulting from the loading regime and ground conditions and 
comparing those stresses with the strength of the concrete. Fatigue often leads to floor 
distress and a fatigue factor is bulk into the design method by the load safety factor. A 
load safety factor of 2.0 is recommended for an infinite number of load repetitions and 
has been used conservatively in all cases.  

DESIGN METHOD FOR POINT LOADS  
A set of design charts has been developed based upon calculating stresses resulting from 
imposed loads and comparing them with permissible stresses calculated by Westergaard 
equations and taking into account safety factors. The maximum flexural stress occurs at 
the bottom of the slab under the heaviest wheel load. The maximum stress under the 
wheel can be calculated by the Westergaard and Timoshenko[5] equation for mid bay 
conditions:  

 
(1)  
σmax=flexural stress (N/mm2)  

P=point load (N i.e. characteristic wheel load×load factor  
µ=Poisson’s ratio, usually 0.15  
h=slab thickness (mm)  
E=elastic modulus, usually 20,000N/mm2  
K=modulus of subgrade reaction (N/mm)  
b=radius of tyre contact zone (mm)=(W/π.p)1/2  
W=wheel load (N)  
p=contact stress between wheel and floor (N/mm2)  
When two point loads act in close proximity, distance S apart, the stress beneath one 

point load will be increased because of the effect of the other point load. To calculate this 
stress magnification, the characteristic length (radius of relative stiffness, 1) has to be 
found from Equation 2. Solutions to Equation 2 are shown in Table 10.  
zv554  

 
(2)  
Once the radius of relative stiffness has been evaluated, the ratio S/I can be determined so 
that Fig. 3 can be used to find Mt/P, where Mt is the tangential moment. The stress under 
the heavier wheel or point load is to be increased to account for the stress produced 
beneath the heavier load by the lesser applied load. The additional stress is:  

 
(3)  
where P=greater point load, P2=lesser point load.  

Sum the stresses and verify that the flexural strength has not been exceeded for the 
prescribed concrete mix. The design procedure is as follows.  
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(1)   Assess the Actual Point Load (APL) and Modulus of Subgrade Reaction (K) values 
to confirm the category of subgrade.  

(2)   Determine distance between point loads.  

(i)   
If the distance between loads is greater than 3m, the APL can be used directly 
(depending on the radius of contact zone, see stage (6)) calculate the thickness of the 
slab using the relevant design chart.  

(ii)   If the distance between loads is less than 3m, the radius of relative stiffness (1) has 
to be determined from Equation 2 or Table 10.  

(3)   

Calculate the additional stress σadd resulting from the load nearby:  

 
(4)  

where P=greater load (N)  
P2=other point load (N)  

(4)   

From Table 2, a proposed concrete mix can be selected hence σflex. When two point 
loads are acting in close proximity (i.e. less than 3m apart), the greater point load (P) 
produces a flexural strength σadd beneath the larger load. To calculate σmax,  

 
(5)  

(5)   

Calculate the Equivalent Single Point Load (ESPL) which when acting alone would 
generate the same flexural stress as the actual loading configuration.  

 
(6)  

where APL=Actual Point Load zv555  
 
Table 10 Radius of relative stiffness values for different slab thicknesses and 
support conditions  

Modulus of subgrade reaction (K) (N/mm3)  

Slab thickness (mm)  0.013  0.027  0.054  0.082  

150  816  679  571  515  

175  916  763  641  578  

200  1012  843  709  639  
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225  1106  921  774  698  

250  1196  997  838  755  

275  1285  1071  900  811  

300  1372  1143  961  865  

E=Elastic modulus=20000 N/mm2 µ=Poissons Ratio=0.15  

 
Table 11 Point load multiplication factors for loads with a radius of contact outside 
the range 150mm to 250mm  

Modulus of Subgrade Reaction (K) N/mm3  

Radius of contact(mm)  0.013  0.027  0.054  0.082  

50  1.5  1.6  1.7  1.7  

100  1.2  1.2  1.3  1.3  

150  1.0  1.0  1.0  1.0  

200  1.0  1.0  1.0  1.0  

250  1.0  1.0  1.0  1.0  

300  0.9  0.9  0.9  0.9  

    

(6)   

Prior to using one of the design charts as shown in Figure 4, it is necessary to modify 
the APL (actual point load) to account for contact area as well as wheel proximity to 
obtain the ESP: (equivalent single point load). The design charts apply directly when 
point loads have a radius of contact between 150mm and 250mm. Some racking 
systems and pallet transporters have a contact radius of less than 150mm and some 
vehicles have a contact radius greater than 250mm. In these cases multiply the point 
load by a factor in Table 12 prior to use in the design chart  

(7)   Use the design chart for the mix selected in (3) to determine slab thickness.  
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Fig. 3 Proximity factor chart example  

POINT LOAD DESIGN EXAMPLE  
Two point loads rest on a concrete floor. A 60kN point load is situated 1m away from a 
50kN point load. The 60kN point load has a contact zone radius of 100mm and the 50kN 
point load has a 300mm radius. The ground conditions are poor (K=0.027N/mm3).  

Assume thickness of slab=200mm. Radius of relative stiffness, 1 is 843mm from 
Table 11.  
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Fig. 4 Typical design chart as used in point load  
Distance apart=1m (i.e. S=100mm) so, S/1=1000/843=1.186.  

From Figure 3, Mt/P=0.053  

From Equation 4,  
Try polypropylene fibre reinforced C40 concrete with a flexural strength of 2.4N/mm2  
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This is the maximum flexural stress which the 60kN load can be allowed to develop. 
Calculate the Equivalent Single Point Load using Equation 6:  

 
From Table 12, the modified factor to be applied to the ESPL is 1.2 i.e. 72×1.2 =86.4kN.  

From the design chart shown in Figure 4, thickness of slab=200mm.  
A 200mm thick C40 concrete slab incorporating 0.9kg/m3 polypropylene fibre is 

adequate for this design.  
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ABSTRACT Combining a new structural design concept and an unique construction 
scheme, the fast track construction of tall bridge pier is enabled by using a relatively 
simple site operation. The Hybrid-Slipform Method is intended to be applicable to a high 
pier structure exceeding 100m. The method has been applied to the piers of 31m and 34m 
high. The test project has been successful and shown greeter potential of the future 
deployment. Rapid construction, labor saving, cost competition and safety are major 
targets of the new method. The structure with hybrid of steel pipe and reinforced concrete 
also exhibit an advantage of the structural performance under destructive seismic loading, 
i.e., higher ultimate bending and shear strength as well as significant deformability. As 
we learned from Hanshin Earthquake Disaster (1995), the composite structure of the new 
method, which consists of steel pipe and concrete with prestressing strand spiral, is 
certainly a promising solution for an important tall structure to withstand the devastating 
dynamic forces.  
Keywords: Rapid construction, Composite structure, Steel pipe-concrete hybrid, 
Slipforming, Prestressing strand spiral, Tall bridge pier, Labor saving, Ductility.  
Dr Kenichi Ukaji is General Manager of Design Department, Obayashi Corporation, 
Tokyo, and Lecturer in Construction Engineering, University of Saitama and Musa shi 
Institute of Technology.  
Mr Keiji Yamagata is Manager of Structural Engineering Division, Japan Highway 
Public Corporation, and he is responsible of structural aspects in the corporation 
including research, development, design and construction.  

INTRODUCTION  
The design maximum traffic speed of a new expressway between Tokyo and Kobe is up 
graded to 120 km/hr from the current design speed of 80km/hr. The construction of such 
expressway tends to be planned in rather mountainous area. The design standard of 
higher traffic speed and sever Japanese topography are typical reasons of large 
percentages of bridges and tunnels. Subsequently, many of those bridges require tall pier 
structures, i.e., 50–100m high. In order to speedup the construction of such expressways, 
a drastic improvement on the pier construction is essential. The improvement should 
subject not only construction speed, but also work force needed, construction cost, and 
safety.  

Minor improvements of the traditional construction scheme as well as the 
conventional structural design of reinforced concrete structure can not meet the 



requirements. Therefore, a unique combination of construction scheme and structural 
design has been developed, namely, Hybrid-Slipform Method. The first part of the name, 
Hybrid, indicates a composite structure of steel pipe and reinforced concrete with 
horizontal reinforcement of prestressing strand spirals, while the second term, Slipform, 
represents slipforming construction.  

A superstructure of tall piers usually have longer spans exceeding 100m because of 
overall economy. Subsequently, the piers must provide the higher load carrying 
capacities against vertical and lateral loading. Sometimes, the lateral loading during 
earthquake may exceed 1G. The structural stability under severe earthquake loadings 
requires that the pier structure should exhibit ductile behavior, such as the large 
deformability with sustaining the load carrying capacity. The composite structure of steel 
pipe and reinforced concrete is expected to meet such difficult requirements.  

CONCEPT OF HYBRID-SLIPFORM METHOD  
The design of a conventional reinforced concrete pier is an appropriate solution in terms 
of material efficiency and cost, while the overall construction cost as well as the 
construction period may not be optimum. The left hand side of Fig. 1 shows a  

 
Figure 1 Conceptual Cross Section of Conventional and Alternative Designs  
zv561 typical configuration of the conventional hollow type structure, which have one- or 
two-boxes, and the right hand side of Fig. 1 illustrates a typical cross section of the 
Hybrid- Slipform design, which is a composite of steel pipe and reinforced concrete [1].  

A long term social trend in our society shows the shortage of skilled labor as well as 
the reduction of annual working hours. This trend enhances the need of drastic 
improvement on the construction schedule and labor force required for the bridge 
construction. The goal of Hybrid-Slipform is one half in construction period and one third 
in labor force compared to the conventional reinforced concrete construction. Figure 2 
illustrates the equipment and structural arrangements of the new method.  

Figure 3 shows the construction sequence of the method. The first step of construe tion 
is the erection of prefabricated pieces of steel pipe, which length is about 8m to 12m 
each. Those erected steel pipes should withstand wind load till concrete pour. At every 
8m to 12m of the pipe erection, the group of steel pipes is strengthened by bracing, which 
connect each pipe together. When the erection reached to the pier top a reaction frame is 
erected and fastened at the pipe head. The reaction frame supports the vertical 
slipforming load transmitted through the vertical pc strands.  
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Figure 2 Illustration of Structural System and Equipment of Hybrid-Slipform Method  
 

 
Figure 3 Construction Procedure of Hybrid-Slipform Method  
 
The second step follows the assembly of slipform, working decks, scaffolds and jacking 
system (center hole jack). The slipform system has three working decks. The top deck has 
a loop of rail track where the automated pc strand feeder runs on the track. The 
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intermediate deck is used for form work, re-bar installation, concerning and jack 
operation. The bottom deck is used for removal of the sheet-in-form and concrete curing. 
The number of center hole jacks depends on the dimension of pier structure. A typical 
configuration is 8 jacks, two jacks at each side. The computer controlled jacking system 
provides the self-leveling mechanism of the slipform at every 2.5mm slip. The accuracy 
of the slipform positions on the horizontal and vertical planes is detected by the 3-
dimensional positioning system.  

Once completed the slipform installation, the highlight of Hybrid-Slipform Method 
begins with the pier construction by the daily repetition of cyclic jobs. The cycle consists 
of jacking up of the slipform system, sheet-in-form placement, concreting, curing and re-
bar placement. The height of concrete placed by each daily cycle depends on the priority 
of construction schedule, the size and cost of the slipform system to be manufactured, the 
number of labor to be employed, the length of daily working hours, and the construction 
economy. It might be practical to chose the lift schedule of slipforming each day 
somewhere between 2m and 4m.  

The jack up of the slipform from the previous old position to the new position is done 
by at once and takes one and half hours. The old sheet-in-form persists its old position 
and attached to the concrete poured one day before. As soon as the slipform is settled to 
the new position, the new sheet-in-form is placed for the next concreting. The advantages 
of utilization of the sheet-in-form are significant: a smooth surface finish of concrete as 
same as the fixed form, a drastic change of the slipforming procedure from continuous 
from lifting to at once lifting at any time, a better curing protection to the concrete 
surface, and more easier positioning of the slipform.  

The horizontal reinforcement of pc strand is spiraled along the vertical reinforcement 
by using the automated strand feeder. The placement takes one and half hours by a few 
workers, which is needed for fastening the strands to the vertical re-bars.  

When the slipform reached to the top of the pier at the completion, the working decks 
and scaffolds are easily lifted down on the ground by the jacking system. During the 
down process, any necessary finishing jobs along the pier surfaces can be done by using 
the working decks.  

STRUCTURAL DESIGN  
In order to assure the advantages of the rapid construction scheme, the high priority on 
the structural design is given to: (1) minimize the amount of vertical re-bar by steel pipe 
replacement, (2) utilization of pc strand for horizontal reinforcement with taking account 
its high strength, and (3) develop a simple and economical treatment of the steel pipe 
anchorages at the top and bottom of the pier. The conventional design of tall pier tends to 
require the mufti-layer arrangements of 51mm re-bar for the vertical reinforcement. If the 
vertical re-bar reinforcement could be a single row, it has a great impact on reducing the 
number of jobs on site and, subsequently, the construction time required for re-bar 
placement. On the other hand, if the number of pier is more than one, the erection of the 
steel pipes can be done in advance of the slipforming so that the steel pipe erection is off 
the critical path of construction schedule. The design procedure is as follows:  
STEP 1: assume pier dimension, size and spacing of vertical re-bar (a single raw only), 
and diameter, thickness, spacing and number of steel pipe (see Fig. 1).  

STEP 2: calculate ultimate strength of the assumed pier cross section by replacing the 
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steel pipe to an equivalent cross sectional area of reinforcing bar.  
STEP 3: check bending and bond stresses.  
STEP 4: calculate and check shear strength of the cross section in assumption of 

neglecting the shear resistance of steel pipe. If necessary, calculate an appropriate shear 
reinforcement.  

STEP 5: design structural details.  
The bond stress and strength between steel pipe surface and concrete is one of the key 
factors of this composite structure to be monolithic. Most sever bending moment occurs 
at the both ends of the pier structure. Then, the pipe ends at the top and the bottom is 
required to be anchored to footing structure and/or superstructure by a simple and reliable 
manner. In order to increase the ultimate bond strength between the steel pipe and the 
surrounding concrete, an idea of deformed pipe surface is introduced to the steel pipe 
anchorage. This simple solution does not require any rigorous anchor bolt installation 
usually enforced by the conventional design. As an experimental test data shown in later, 
this solution tremendously saves construction time, labor and cost.  

To use of prestressing strand spiral in alteration of horizontal re-bar reinforcement is 
also an important decision on Hybrid-Slipform Method being successful. In terms zv564 
of structural performance the spiral increases the ductility and deformability of the 
composite structure. Additionally, on-site construction activities become simple (see Fig. 
2).  

MODEL TEST OF DEFORMED PIPE END ANCHORAGE  
The scaled model test of deformed pipe anchorage [2] has been carried out to investigate 
the load carrying capability of the new anchorage system. The test is also intended to 
verify the reliability of anchorage system as a vital part of rigid connection between the 
pier structure and the foundation and the superstructure. The steel pipe of the testing 
model is 60cm diameter and 9mm thick with the deformed outer surface of top 30cm. 
Non hoop reinforcement model is also tested for comparison purposes. The deformed 
pipe anchorage is strengthened by hoop reinforcement with 7cm clearance between the 
pipe surface. The concrete pedestal is jacked up by four jacks of 3000kN and the vertical 
force is applied at the target area of 30cm of deformed anchorage.  

The test result is summarized in Fig. 4. The peak bond strength of the models is 5.6 
N/mm2 and 6.8 N/mm2 for the non-hoop reinforcement model and the reinforced model, 
respectively. The design criteria of allowable bond strength 2.4 N/mm2 is obviously too 
conservative assumption according to the test data. The factor of safety is 2.8. It is 
worthwhile to note that the deformed pipe surface exhibits higher bond strength even in 
the range of large slippage occurrence. Because of radiation tensile cracking appeared in 
the pedestal, which has a small dimension compared to the real footing or superstructure, 
the bond strength of a full size composite pier should be higher than the test results.  
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Figure 4 Test for Non-Anchor Bolt Pipe Anchorage  

 
Figure 5 Lateral Loading Test of Composite Structure  

MODEL TEST UNDER LATERAL LOADING  
The model tests of Hybrid-Slip form structure is performed to evaluate the ultimate 
strength of composite structure. It is also investigated how large bending deformation of 
the structure can be attained with keeping concrete-steel pipe structure in tact. The pier 
structure experiences most critical loading during earthquake shaking. zv565 Therefore, 
the structural performance is most suitably represented by the cyclic lateral loading tests 
conducted herein. A typical experimental scaled model consists of a single steel pipe of 
60cm diameter with 9mm thick and a rectangular reinforced concrete cover around the 
pipe [3]. The horizontal loading is applied at height of 340cm and the maximum bending 
moment and shear force are induced at the rigid connection of column and footing.  

The testing models are designed to meet the following criteria in comparison of the 
full scale pier structure at Yokomichi Bridge project: (1) the ratio of ultimate bending 
strength of the steel pipe to the whole structure, (2) the ratio of shear span, and (3) the 
ultimate shear stress. The analytical computation of force-deformation relation ship is 
performed for the reinforced concrete model without a steel pipe. Then, it is compared 
with the test results. Before applying horizontal loads, the vertical compressive stress of 
1.5 N/mm2 is given to the model. The column angle due to the loading is controlled to 
1/200, 2/100, 3/100, 4/100, 5/100, and then increasing to failure.  

Figure 5 shows the test results which explicitly indicate structural characteristics of the 
composite structure, i.e., the peak strength is equivalent in both model while the 
composite structure maintain significant strength even at large bending angle beyond 
5/100. On the reinforced concrete model the bucking of re-bars occurred at the bending 
angle of 4/100, and then right after that, the collapse and falling down of concrete started, 
which follows to lose the structural strength. The ductile behavior of the composite model 

High strength concrete     549



is well indicated by the parameter of energy absorption calculated by integration of 
hysterics loops. The composite pier structure maintains the energy absorption increase up 
to the angle of rotation 8/100, while the reinforced concrete model decreases it after 
reaching the peak at 4/100.  

CONSTRUCTION OF YOKOMICHI BRIDGE  
The first application of Hybrid-Slipform method was done at Yokomichi Bridge, Oita 
Expressway, Kyusyu, which is owned by Japan Highway Public Corporation. The bridge 
is a three span of continuous concrete bridge with two piers with the height of 34.5m and 
37.5m. The pier has a typical cross section of 6.0m wide and 3.8m thick. Four steel pipes 
of 140cm in diameter and 14mm or 17mm thick are installed in each pier. A single row of 
vertical reinforcement by 38mm deformed re-bar and 12.7mm pc strand spiral with 5cm 
or 10cm spacing are arranged with 6cm concrete cover.  

Following the construction sequence previously shown in Fig. 3, the pier construction 
commenced in September 1993 and completed in February 1994. A single lift of one day 
slipforming is chosen to be 1.8m high in working hours from 8am to 5pm each day. 
Figure 6 summarizes the actual construction time schedule of the two pier structures. The 
figure’s left hand side illustrates the planned time schedule of the conventional reinforced 
concrete construction. Though the pier height is not tall enough as the Hybrid-Slipform 
method intended originally, the outcome seems to be successful that the total lobar force 
was reduced to 72%, and the time schedule was 60%, compared with the conventional 
method.  

 

 
Figure 6 Comparison of Construction Period and Total Number of Work Force at 
Yokomichi Bridge  
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Photo 1 Ykomichi Bridge at Completion  

 
Photo 2 Erection of Steel Pipe  
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Photo 3 Lift-up Slipform with Cast-in-Concrete Work  

 
Photo 4 PC Strand Automated Feeder  
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Photo 5 Installation of Slipform  
zv568  

 
Photo 6 Lift-down of Slipform  
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CONCLUSIONS  
The Hybrid-Slipform method provides an appropriate solution not only for rapid 
construction, but also for ductile structural performance suitable for the tall bridge pier. It 
is advantageous for a tall pier construction exceeding 40m high, i.e., a safe operation 
using even unskilled labor. As shown in the model tests, the composite structure of steel 
pipe and reinforced concrete is a promising way to strengthen any important 
superstructure built in highly seismic region.  

ACKNOWLEDGMENTS  
The authors owe to the advice made by Prof. H.Okamura and Associate Prof. K. 
Maekawa, University of Tokyo. The experimental model tests were conducted by 
Obayashi Research Institute under supervision of Japan Highway Public Corporation.  

REFERENCES  
1. Ichikawa, H, Hayakawa, S Sakai, H, Kato, T. Hashimoto, M, Rapid Construction of 

High Pier by Using Steel Pipe-Concrete Hybrid Structure, Annual Conference, Japan 
Society of Civil Engineers, 1993.  

2. Mizuta, T, Mabuchi, K, Ouchi, H, Ichikawa, K, Bond Strength of Deformed Steel Pipe, 
Annual Conference, JSCE, 1994.  

3. Ichikawa, H, Satuna, Y, Ouchi, H, Kobatake, K, Lateral Loading Test of Hybrid-
Slipfrom Pier Model, JSCE, 1994  

Radical concrete technology     554



THE INNOVATIVE DESIGN AND CONSTRUCTION OF 
TRICKLING FILTER TOWERS 

L G Mrazek 
Sverdrup Facilities Inc  

USA 
 
 

Radical Concrete Technology. Edited by R K Dhir and P C Hewlett. Published in 1996 
by E & FN Spon, 2–6 Boundary Row, London SE1 8HN, UK. ISBN 0 419 21480 1.  
ABSTRACT. This paper describes design concepts and construction methods associated 
with the construction of six (6) large trickling filter towers for the recent secondary 
wastewater treatment plant expansion at the Metropolitan St. Louis Sewer District’s 
Bissell Point Wastewater Treatment Plant in St. Louis, Missouri, USA. These circular 
towers were designed using tilt-up concrete panels, vertical cast-in-place concrete 
pilasters and a cast-in-place concrete ring beam at the top of the open tower. The site is 
located in a moderate seismic region, requiring the computation of seismic forces and 
establishing a load path for these forces. Wastewater receives biological treatment while 
flowing through layers of corrugated polyvinyl chloride media, supported on precast 
concrete media supports; there is no liquid pressure on the wall panels.  
Keywords: Environmental engineering concrete structures; tilt-up concrete; trickling 
filter towers; biological wastewater treatment; steel corrosion; concrete deterioration.  
Larry G.Mrazek, P.E., S.E., is a Senior Engineer with Sverdrup Facilities, Inc., St. 
Louis, Missouri, USA. He specializes in the design and construction of environmental 
engineering concrete structures and the repair of concrete structures. He is an active 
member of ACI 350, “ENVIRONMENTAL ENGINEERING CONCRETE 
STRUCTURES”, and he is a Fellow of the American Society of Civil Engineers, a 
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INTRODUCTION  
This paper describes the design and construction of trickling filter towers and precast 
media supports for the BISSELL POINT WASTEWATER TREATMENT PLANT, 
located in the City of St. Louis in the State of Missouri along the Mississippi River in the 
United States. (See Figure 1) Construction was accomplished in several contracts; the 
trickling filter towers project being one of the later contracts. Wastewater has received 
secondary treatment since October, 1992.  

Six trickling filter towers, 41m in diameter by 13.7m high are packed with 76,455 
cubic meters of corrugated polyvinyl chloride media which supports biofilm growth 
during the treatment process. Trickling filters at the Bissell Point Wastewater Treatment 
Plant biologically treat 568 million liters of high-strength wastewater per day. This 
treatment process occurs when the wastewater flows down through the packing media. 
Figure 2 indicates a partial site plan of the filters.  

The site is located in a moderate seismic zone. Geotechnical investigations indicated 
the requirements for deep foundations and special provisions to protect foundation 
concrete from the effects of high sulfate concentration in the soils. Since the project is 



located adjacent to the Mississippi River, groundwater was an important factor in the 
design and construction of most of the structures at this plant. However, the Trickling 
Filter Towers are supported at grade, with minimal influence of groundwater effects. 
Fortunately, the site for the trickling filters was of adequate size to accommodate the 
sitecast/tilt-up design and construction concepts selected for these structures.  

Construction materials in contact with this wastewater are subject to a highly corrosive 
environment. During conceptual and preliminary design, the design team investigated the 
effects of similar waste streams on concrete and reinforcing at other facilities. In addition, 
odor control was to be a future consideration by the Owner.  

CONCEPTUAL STRUCTURAL DESIGNS  
At the time of conceptual design, the size of trickling filter tower planned for this project 
was the largest in the United States (USA). Prior designs in the USA by the by the author 
and other engineers included precast, prestressed double tee walls, cast-in-place concrete 
walls and glass lined steel tanks. Due to architectural requirements by the Owner, the 
steel tank option was eliminated. Since the author was familiar with the tilt-up concrete 
concept, he pursued this approach from the beginning of the project. However, applying 
the tilt-up concept to this large a structure was new and an innovation to both the Owner 
and Sverdrup’s project environmental engineer. The tilt-up approach satisfied process, 
architectural and structural requirements. A final selection was not made until a cost 
study was completed.  

Table A shows alternative structural designs which were considered during the 
conceptual design phase of this project. Mat foundations were assumed to be pile 
supported for all alternatives. A rating system, shown in Table A, was developed for this 
study.  

 
Figure 1—Trickling Filter Towers at end of construction.  
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TABLE A—TRICKLING FILTER TOWER WALL SYSTEMS ALTERNATIVE 
CONCEPTUAL DESIGNS  

WALL SYSTEM 
AESTHETICS  

COST  MAINTENANCE FOUNDATION  

Description  Initial  Rating Rating  Rating  

Steel Tank Glass Lined  $350,000 4.5  8.5  3  

P/C, P/S Wire Wound  $435,000 8  5  5.5  

Cast-In-Place Reinf. Concrete  $240,000 7.2    6.5  

Tilt-up Concrete  $155,000 6.5  5  8.0  

Panels/Pilasters/ Ring Beam 
P/C, P/S  

$142,000 6  6.5  7.5  

NOTES:  
1. Costs are based on 1985 U.S. Dollars.  

2. Ratings are 1 (lowest-least acceptable) to 10 (highest).  

3. Based on government guidelines, a minimum acceptable structural life of the filters is 
40 years.  
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Figure 2—Partial Site Plan  
The coated steel frame with fiberglass panels was found to have several potential serious 
problems which included surface erosion of panels with exposure of fibers, susceptibility 
of panels to damage from ultra violet rays and possible deterioration of a translucent, fire 
retardant panel in three years.  

Also, a design team member suggested using a flat precast concrete panel as an 
alternate to the tilt-up panel. This concept was not accepted due to the panel size and 
resulting shipping limitations.  

A tilt-up concrete consultant provided guidance to the design team during this phase of 
the investigation and architectural concepts were developed for the higher rated 
alternatives.  

The tilt-up panel concept with cast-in-place ring beam and vertical pilasters was 
selected, since it proved to be cost effective, involved less time to complete and also met 
architectural requirements.  

BASIC DESIGN CRITERIA & STRUCTURAL MODEL OF 
SUPERSTRUCTURE  
Design was based on BOCA 1984, Reference 1, which referenced ACI 318–83, 
“Building Code Requirements for Reinforced Concrete” and Commentary, Reference 2. 
In addition, guidelines presented in ACI 350R-83, Reference 3 were followed in order to 
comply with the state-of-the-art design for environmental engineering concrete structures. 
The following design criteria were assumed:  

Design Method  
“Alternate Strength Design” in Appendix B of ACI 318. This method is sometimes 
referred to as the Working Strength Design Method (WSD) in earlier ACI 318 and other 
codes throughout the world. The basic approach of ACI 350 is to maintain low 
reinforcing steel stresses such that crack widths are limited in order to prevent steel 
corrosion and subsequent concrete deterioration. Presently, ACI COMMITTEE 350 is 
developing a code for environmental engineering concrete structures. In this code, 
Sanitary Durability Factors are applied to load factors when designing with the Strength 
Design Method. These factors limit steel stresses to those computed when using the old 
WSD METHOD.  
Compressive strength at 28 days=27.6 MPa  

Reinforcing Steel; fy=414 MPa  
fc, allowable compressive strength in concrete=9.32 MPa  
fs, allowable tensile strength in flexure of reinforcing steel equals 124.2 MPa for 

structural elements in direct contact with wastewater or gases,  
fs, allowable tensile strength when member is in direct tension for reinforcing steel 

equals 96.55 MPa.  
It should be noted that the design of all structures, not just the subject trickling filters, 
was accomplished by a joint venture of two consulting firms; as a result, the Alternate 
Strength Design Method was selected for the entire plant addition, prior to conceptual 
design of the Trickling Filter Towers.  

Other WSD design allowables are included in TABLES 2.6.4a and 2.6.4b of ACI 
350R-83.  
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TYPE II CEMENT, in accordance with ASTM C150, was specified for concrete in 
contact with wastewater or gases, even though the concrete was specified to receive a 
coating or liner. Our research indicated the potential corrosiveness of the wastewater was 
severe enough to require additional measures to protect the concrete.  

High sulfates in the soil resulted in specifying a TYPE II cement plus a Class F flyash 
for all concrete (primarily foundations) in contact with soils.  

Loads  
WIND−Velocity=113 kilometers/hr. Importance Factor I=1  

FUTURE DOME LOAD: Snow=958 Pa plus estimated dome load (aluminum)  
SEISMIC—ZONE 1 BY BOCA and ZONE 2A by ANSI A58.1–1982, Reference 4. 

We used the more conservative value which results in approximately 2.5 times the 
seismic force specified in BOCA 1984. Presently, BOCA and the City of St. Louis base 
seismic design on Zone 2A, very close to the values which were assumed.  

Concrete Weight−normal weight=2320 kg/m3  
Plastic Filter Media=719 Pa per 305mm of height.  
Center Column Loads/Forces: As Furnished by Manufacturer. {Torque, Thrust and 

Overturning Moment}  
Underground piping was designed for a temporary surcharge loading from heavy 

cranes operating near the tower during the erection of the tilt-up concrete panels.  

Structural Model  
Figure 3 shows a TYPICAL SECTION THROUGH THE “FILTER” WALL and Figures 
4 and 5 the assumed MODELS which were applied to computer solutions for the lateral 
loading cases. There is no fluid pressure on the Trickling Filter Walls. A temperature 
change of 56°C was assumed for the structure in service.  

The lateral load resisting system, which also provides lateral stability includes an 
assumed load path which transfers lateral loads from a cast-in-place concrete ring beam 
to pilasters and wall panels and then to the pile supported mat foundation. For 
conservatism, pilasters were initially assumed to transfer the total lateral loads, even 
though wall panels provided some shear wall action. At the time of design, conceptual 
connection details had already been developed in conjunction with state-of-the-art tilt-up 
concrete practices.  

Process design indicated the possible need for a dome cover over each filter as a part 
of a future odor control system. Within several years after operation, odor problems 
became a reality and aluminum domes were installed on all six filters. See Figure 6.  
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Figure 3—Typical Wall Section  
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Figure 4—Lateral Load Analysis—Structural Model Geometry & Local Axis 
Orientation for Columns  
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Figure 5—Lateral Load Analysis—Structural Model Local Axis Orientation—Ring 
Beam Segments  

 
Figure 6—Trickling Filter Towers in operation with aluminum domes  
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TYPICAL DETAILS AND CONSTRUCTIBILITY  
During the conceptual design, alternate panel sizes (widths) were discussed with the 
Architect and the tilt-up consultant, in order to provide a cost effective design. Early in 
the planning, consideration was given to precasting the panels off site at a precast 
concrete plant. However, shipping constraints eliminated this approach. Pilasters served 
both structural and architectural purposes—these elements helped tie the panels together 
and minimized the typical problems of joint alignment and sealant performance 
experienced in precast concrete panel construction.  

The cast-in-place concrete ring beam served as a structural member to transfer lateral 
loads and also served as a walkway to access the distributor mechanism supported on the 
center column. Mechanical threaded couplers were specified to splice the radial, curved 
ring beam reinforcing. This approach minimized the congestion which could occur with 
tension lap splices as specified in ACI 318. Ring beam and pilaster reinforcing were 
specified to be epoxy coated. Careful inspection by resident engineers was required to 
ensure damaged coating areas were repaired. This was especially true at the ring beam 
reinforcing splices with mechanical couplers. These couplers were specified to be shop 
coated before shipment to the site.  

When planning the construction sequences, a true tilt-up panel construction as usually 
conceived was found to be difficult for the circular configuration. Moreover, the erection 
of precast concrete media supports proved to be a hindrance to the planned sequence of 
construction. After several meetings with local tilt-up contractors and our tilt-up 
consultant, it was decided to locate casting beds at pre-established locations, such that 
large cranes could lift and set a certain number of panels before moving (Refer to Fig. 7). 
Strongbacks were fastened to the panel and mat foundation before the panel was released 
by the crane. On the first series of panel erections, a strongback brace buckled; 
fortunately, the crane operator and other workers were prepared and the panel was 
stabilized from spinning in a revolving motion which could have resulted in injury to 
workers as well as damage the adjacent panels. That afternoon, the Engineer and Owner, 
along with tilt-up consultants and the tilt-up subcontractor met for several hours to 
discuss the morning’s near accident and to develop further safety measures. There were 
no further problems with the remaining trickling filters during panel erection, when 
following additional safety guidelines and installing the heavier strongbacks 
recommended at the meeting.  

PRECAST CONCRETE MEDIA SUPPORTS  
During our research on similar facilities, environmental engineers discovered that quite a 
few media support systems at similar facilities had performed poorly. Hydrogen sulfide 
gases and the resulting mild acid attack led to reinforcing corrosion and concrete 
deterioration. Moreover, the frequently used precast concrete slat system was found to 
have minimal lateral support and was very labor intensive to install; moreover, this 
system was found to have resulted in several collapses, causing the plastic filter media to 
settle. Collapsing of the supports also occurred while the media, as high as 9.75m, was 
being placed, thus endangering the workers installing the modules of media. Cast-in-
place concrete media supports would be very time consuming and costly. For example, a 
special drain trough is required in the top of the supports. For this project, a system of 
cast-in-place concrete piers with dowels extending into the precast concrete media 
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support beams were designed for both this plant and another plant in the St. Louis area. 
Filter media zv579  
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Figure 7—Erection of tilt-up concrete panel.  
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manufacturers and installers of media concurred that this media support design was far 
superior to any installation for which they had been involved. Refer to Figure 7 which 
shows the erection of precast concrete media supports before most of the tilt-up panels 
were erected for the particular filter tower. Refer to Figures 8 and 9 for precast concrete 
media support details.  

Epoxy coated reinforcing bars for media support piers were drilled and grouted into 
the mat foundation, using an epoxy resin grout. The original design had specified 
reinforcing dowel bar substitutions which proved to be costly from both a labor and 
material aspect. Piers were designed as vertical cantilever beam/columns to provide 
lateral stability for the precast media support modules which were seated over dowels 
extending up from the piers. After alignment and leveling, dowels were grouted. The 
Engineer required periodic pull-out testing of the dowels to ensure adequate bond to the 
foundation concrete. The following erection tolerances were specified for the precast 
concrete media supports.  
PLAN LOCATION OF SUPPORT PIERS: ±12mm  

PLAN LOCATION—RADIUS OF SUPPORT LEDGE/FOUNDATION: +12mm, 
−6mm  

BEARING ELEVATION FROM NOMINAL ELEVATION AT SUPPORT  
MAXIMUM LOW 12mm  
MAXIMUM HIGH 6mm  
JOINT WIDTH BETWEEN UNITS: +10mm  
BEARING LENGTH: ±12mm  

DESIGNING AND DETAILING FOR DURABILITY  
Considerable research and discussions with manufacturers of coatings and membranes 
preceded the final design of the filters. After consultation with an in-house specialist on 
coatings, the following approach was taken.  
Use TYPE II cement concrete and uncoated reinforcing bars for panels.  

Install an unbonded hypalon membrane attached to the panels and pilasters with 
stainless steel battens and stainless steel anchors.  
Precast media supports received a coal tar epoxy coating after erection. It was necessary 
to specify an Architectural Grade B finish for the surfaces to receive the coating; i.e., bug 
hole sizes and honeycombed areas were limited. Before the painting contractor initiated 
work, the Engineer required both the painting contractor and coating manufacturer to 
meet at the site to verify the concrete finish was acceptable for the specified coating.  

SUMMARY AND RECOMMENDATIONS  
The design and construction of very large Trickling Filter Towers and media supports 
was discussed with an emphasis on practical considerations. Based on the writer’s 
experience with both conceptual and final design as well as construction, the following 
recommendations are made.  

1.   Develop a conceptual plan and study various alternative construction methods and 
materials. zv581  
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Figure 8—Plan—Typical P/C Media Support  
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Figure 9—Media Supports—Section A-A  

    

zv582 
2.   

Understand the basic process design.  

3.   Check the corrosiveness of both the fluids and gases.  

4.   Follow design guides established for environmental engineering concrete 
structures, such as ACI 350.  

5.   
Watch the effect of vapor drive when specifying coatings or adhered linings. The 
trickling filter towers are a prime example of potential problems with coatings; 
this is the prime reason why an unbonded liner was selected.  

6.   

Always require the geotechnical investigation provide the following:  

Soil pH  
Soil Resistivity  
Sulfate Concentrations in Soils  
Chloride Concentrations in Soils  

7.   
Develop a structural model with an established load path early in the conceptual 
design phase. Also, look at connections during the early design phase. There have 
been occasions an entire design has been found to be faulty due to lack of feasible 
connections. This is especially true of precast or tilt-up construction. In the case 
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of the Bissell Point Treatment Plant, seismic design was an important design 
factor when developing connection details.  
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ABSTRACT. Multi-level formworking is common practice in the concrete high rise 
construction industry whereby a limited number of formwork and shoring sets are cycled 
up the structure. This process allows freshly cast slabs to be supported on a number of 
lower level slabs rather than the building foundation. The primary purpose of this paper is 
to examine the effects of multi-level formworking for post-tensioned slabs with an 
emphasis on improving the safety and speed of the construction cycle. This paper 
demonstrates that post-tensioning is not necessarily as conservative as commonly 
believed but that it does enhance the safety during the multi-level formworking operation. 
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INTRODUCTION  
Formworking represents a significant proportion of the costs associated with the 
construction of a multi-level concrete structure. To minimise these costs, formwork and 
shoring sets are cycled up the structure as construction progresses, eliminating the need 
for a new set of formwork and shoring with each new slab. This cycling of formwork and 
shoring sets leads to freshly poured concrete slabs being supported by other lower level 
slabs. These slabs may not necessarily have attained their 28 day ultimate strength prior 
to their being required to support dead loads and construction live loads from slabs 
above.  

To determine the number of floors required to support a freshly cast slab during multi-
level formworking, requires the analysis of a considerable range of time and non-time 
dependent factors. Simple methods do exist, that together with a number of simplifying 



assumptions, allow designers to quickly assess the load distribution that occurs when 
multi-level formworking reinforced concrete slabs.  

It is a common practice when determining the multi-level formworking requirements 
for post-tensioned slabs to analyse the slab system as a conventionally reinforced system 
in the belief that this is a conservative approach due to the enhanced behaviour of a post-
tensioned slab. While post-tensioning appears to improve the safety of the multi-level 
formworking operation at certain stages, to believe it a conservative approach may be 
unjustified.  

FORMING MULTI-LEVEL STRUCTURES  
In an ideal formworking situation for a multi-level structure, the formwork shores 
required to support the formwork and freshly placed concrete would continue to the 
foundation or ground level of the structure. In this scenario, the slabs are not required to 
carry their own weight, the weight of slabs above or other applied construction loads. 
Instead, all such loads are carried from the point of application, via the shores, to the 
ground.  

Whilst maintaining a continuous load path to the foundations is certainly possible, and 
even common for low-rise structures, it is neither a practical nor a cost effective solution 
for the forming of most multi-level structures. Formworking for multi-level structures 
relies on a number of lower level slabs supporting the freshly placed slabs. In essence, 
this means that freshly placed slabs are often supported on lower level slabs that have yet 
to attain their full strength. There are three common shoring options: undisturbed 
supports, backpropping and reshoring.  

With a system of undisturbed supports, the shores supporting the formwork remain 
undisturbed in their original position for the entire period over which the slab is required 
to be supported. As the slab remains fully supported whilst the shores are zv585 
undisturbed, the slab is not required to carry any of its own load. The load from the 
freshly cast slab is fully transferred to the foundation level provided a continuous load 
path is available. If however load path to the foundation has been broken, the lower levels 
of slab interconnected by shoring support the new slab load in proportion to their relative 
stiffness.  

When adopting a backpropping (backshoring) procedure, there are two common 
variations. The more rigorous process involves the installation of a secondary shore, 
adjacent to the original shores, directly supporting the formwork. When in position, the 
original shore, framing and formwork up to this secondary shore is removed and the 
weight of the slab is transferred to the secondary shore. A third shore is then installed 
snugly under the exposed slab soffit, in the approximately the same position as the 
original shore. The secondary shore and remaining formwork is then able to be removed.  

A less rigorous but more practical process of backpropping involves stripping small 
areas of the slab, without the use of secondary shores and then backpropping the exposed 
area of the slab. This alternative allows the slab to deflect slightly but does not result in a 
significant redistribution of loads. As McAdam [1] explains:  
As the backprops have no load in them when first installed, there is a small amount of 
prop shortening and compatible slab deflection at the removal of the formwork supports. 
The result is a relaxation process with a small transfer of load up to upper and younger 
slabs.  
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The process of reshoring is similar to backpropping in that some portion of the slab is 
stripped prior to the installation of the shores (reshores). With reshoring however, larger 
areas of slab, often entire bays, are stripped prior to the installation of the shores. With 
the entire bay of the slab soffit exposed and unsupported, the slab is able to fully deflect. 
This forces the slab to support its self weight and some portion of the slab and 
construction loads over as a new load sharing equilibrium is reached amongst the 
interconnected slabs. Reshoring results in a load redistribution up through the structure of 
interconnected slabs, requiring the younger slabs to accept loads of greater magnitude 
earlier than that required with backpropping. Provided the shoring remains in contact 
with the foundations, the shoring loads are cumulative with a maximum shore load 
occurring at the lowest level (Nielsen [2], Grundy and Kabaila [3]). With reshoring, the 
only loads in the shores are due to the weight of the freshly cast slab and any applied 
construction loads. As Hurd [4] states:  
Such reshores are provided to transfer additional construction loads to other slabs or 
members and/or to impede deflection due to creep which might otherwise occur. 
Reshoring is done to facilitate maximum reuse of the formwork, making use of the 
strength of completed construction below as well as the partial development of strength 
in the member being reshored.  

DETERMINING THE SHORING PROCEDURE  
Designers, required to specify the number of floors to be used in the support of a fresh 
slab, are faced with a dilemma. As designers, they are primarily required to design for the 
safety and stability of the structure both during and after construction—the safety and 
stability of a structure is enhanced by increasing the number of interconnected floors. 
Secondly, building contractors require a formwork and shoring procedure that is 
economical in both time and cost considerations—time and cost can both be reduced by 
increasing reuse of the formwork and reducing the number of interconnected slabs 
required. Clearly, the greater the number of floors required to be used in the support of a 
new slab, the greater the formworking cost (although it is not a linear relationship).  

Many of the standards and codes of practice concerned with concrete construction and 
the formwork and shoring associated with such construction are vague and offer little 
advice to the design consultant with regard to shoring procedures for multi-level 
structures. It can be argued that these standards and codes of practice are deliberately 
vague due to the vast number of variables associated with multi-level concrete 
construction. ACI347R-88 cl. 2.5.3 [5] for example identifies the following variables:  

•    Structural design load of the slab or member,  

•    Dead load weight of concrete and formwork,  

•    Construction live loads, such as placing crews and equipment or stored materials,  

•    Design strength of concrete specified,  

•    Cycle time between placement of successive floors,  
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•    Strength of concrete at time it is required to support shoring loads from above,  

•    Distribution of loads between floors, shores, and reshores or backshores at the time of 
placing concrete, stripping formwork, and removal of reshoring or backshoring,  

•    Span of slab or structural member between permanent supports,  

•    Type of formwork systems; and  

•    Minimum age where appropriate.  

In addition to these construction-related variables, McAdam and Behan [6] examine a 
number of other construction and material property-related variables:  

•    The formwork system,  

•    Variations in the number of support sets and cycle times,  

•    Timing of the stripping/reshoring within the cycle,  

•    Formwork stiffness,  

•    The presence of stacked materials,  

•    The influence of the concrete frame including column and slab variations,  

•    Variations in the stiffness of the foundations,  

•    Slab shrinkage,  

•    Column shrinkage,  

zv587  
•    

Concrete creep, and  

•    Environmental effects including temperature and humidity.  

With such a wide range of variables, many design consultants are unwilling (and 
sometimes unable) to properly analyse the structure during the multi-level shoring 
process. As such, these design consultants often resort to past experience or local 
practice. In an examination of the design practices, Hurd [4] identifies what is probably 
the most common design practice while at the same time, identifying the inherent dangers 
of such a practice:  
Many multi-storey buildings have been built following a rule of thumb or local custom of 
using a certain number of stories of shores and reshores, often progressing at one storey 
per week. However, construction processes have become more mechanised and often 
significantly faster, at the same time that design practices are tending to produce 
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buildings without the margin of extra strength once available. Under these conditions it 
is prudent to make a more rational judgement of how many stories of shores and reshores 
are needed for a given speed of construction.  
Despite the number of variables, it is possible to approximate the load distribution that 
occurs during multi-level shoring using a simple procedure first developed by Grundy 
and Kabaila [3]. While this method of analysis does not necessarily include the effects of 
many of the variables, and in fact makes a number of simplifying assumptions, numerous 
researchers (Blakey, Feld, Noble, Agarwal [7–10], Neilsen [2]) have indicated that 
reasonable approximations to actual shoring loads are obtained.  

MULTI-LEVEL SHORING FOR POST-TENSIONED SLABS  
Much of the literature to date concerning multi-level shoring has exclusively examined 
conventionally reinforced concrete slabs. This is certainly reasonable as most concrete 
structures are still constructed in this manner. Post-tensioning however is becoming more 
popular with designers as clients demand greater clear spans, thinner sections and 
improved short and long term serviceability. A number of immediate questions are raised 
with post-tensioned slabs that as yet remain unanswered:  

•    As the load on the majority of shores is actually lessened (if not eliminated) by the 
post-tensioning, can the number of fully shored floors be reduced?  

•    
If the load balanced by the stressing of a lower level slab exceeds the dead load and 
construction loads applied, will this result in the lower level slab loading a higher level 
slab in reverse bending?  

•    Is it conservative to analyse the shoring procedure with the same assumptions as a 
reinforced slab? Are the factors of safety improved or worsened?  

•    Does the level of initial and final stressing play a significant role?  

Determining Shoring Loads for Post-Tensioned Slabs  
It is not the intention of this paper to provide a detailed, or even proven, method of 
analysis when examining the load distribution that occurs when post-tensioning multi-
level formworked slabs. Certainly the research in this area is still in its infancy. The 
intention of this paper is to raise awareness of the sensitivities of multi-level 
formworking, particularly with post-tensioned slabs. It is also the intention of this paper 
to demonstrate some possibilities of multi-level post-tensioned work.  

To examine the action of multi-level formwork load distribution with post-tensioned 
concrete slabs, the procedure developed by Grundy and Kabaila [3] is used. It should be 
noted at the outset that the method developed by Grundy and Kabaila [3] has a number of 
simplifying assumptions that limit the accuracy of the results obtained. As it is the 
intention of this paper to demonstrate some possibilities with multi-level post-tensioned 
work, the method of Grundy and Kabaila [3] will be sufficient to allow comparisons to be 
drawn between conventionally reinforced slabs and post-tensioned slabs.  

Hurd and Courtois [11] and Hurd [4] provide a detailed description of the procedure 
together with a number of worked examples. Simply, the procedure expresses the loads in 
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the interconnected system in multiples of typical slab loads and assumes that the loads are 
distributed between the interconnected slabs in direct proportion to their relative stiffness.  

Shoring Scenarios  
To demonstrate some possibilities for shoring procedures with post-tensioned flat plate 
slabs, four scenarios are examined:  

•    Conventionally reinforced—undisturbed support system (backpropping similar)  

•    Post-tensioned—undisturbed support system (backpropping similar)  

•    Conventionally reinforced—reshored system  

•    Post-tensioned—reshored system  

To model the effects of the post-tensioning, the full slab dead load is assumed to be 
balanced. That is, at the level of full stress the slab carries its full self weight, thereby not 
contributing to the supporting shore or reshore loads. The validity of this assumption is 
yet to be proven but preliminary research by Kajewski et. al. [12] has indicated that this 
assumption may not be without foundation.  

The concrete elasticity and compressive strength assumed in the scenarios are 
indicated in Figure 1.  

 
Figure 1 Assumed Concrete Properties  

Conventionally reinforced—undisturbed support system (backpropping similar)  
Reproduced from the classical example of Grundy and Kabaila [3], Figure 2 indicates a 
maximum slab ratio of 2.37 occurring on the level 3 slab at day 42. This slab has an age 
of 21 days. The level 3 slab was the last slab poured prior to the removal of the 
foundation level shores. Regardless of the number of shored levels, the last slab poured 
prior to the removal of the foundation level shores will be subjected to the largest slab 
load ratio.  
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Figure 2 Undisturbed Supports—Conventionally Reinforced  

Post-tensioned—undisturbed support system (backpropping similar)  
Subject to the load balancing assumption outlined previously, when stressing a slab, the 
shores supporting the slab are assumed to be relieved of the slab load. This is indicated at 
day 12 in Figure 3 (Kajewski et. al. [12]). As indicated, the maximum slab load ratio in 
the post-tensioned system is reduced to 1.35. The age of the slab is also 21 days. This 
maximum ratio no longer occurs at the last slab poured prior to the removal of the 
foundation level shores but now occurs at the lowest slab of the interconnected system. 
The slab load ratios indicated at day 28 repeat up the structure at each pour date with the 
lowest level slab in the interconnected system being subjected to a load ratio of 1.35.  

 
Figure 3 Undisturbed Supports—Post-Tensioned  
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Conventionally reinforced—reshored system  
The perceived benefits of reshoring a conventionally reinforced slab is highlighted in 
Figure 4. Reshoring, by allowing slabs to carry loads earlier, reduces the maximum load 
ratio from 2.37 to 1.85. This reduction is not as significant as it first appears as the age of 
the slab is 14 days rather than 21 days as was the case in the undisturbed system.  

Post-tensioned flat plate—reshored system  
The reshored stressed system in Figure 5 indicates a maximum slab load ratio of 1.35. 
The slab load ratios produced in this system are identical to the undisturbed system. This 
indicates that the undisturbed system utilises an extra level of full shoring and formwork 
that is not warranted, at least when considering load distribution.  

 
Figure 4 Reshored—Conventionally Reinforced  
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Figure 5 Reshored—Post-Tensioned  

Comparison of Shoring Scenarios  
Comparison of maximum slab load ratios is insufficient as a direct comparison. It is 
necessary to account for the relative age and hence strength of the slab in question. Hurd 
and Courtois [11] detail a method of determining factors of safety based on the zv592 
assumption that the strength of a slab at a given age is proportional to the percentage of 
the 28 day (ultimate) strength.  

Determining the factor of safety  
Assuming a slab thickness of 150mm, the slab dead load (G) is 3.53 kPa. The design live 
load (Q) assumed is 3 kPa which is equivalent to 0.85G. Concrete structures in Australia 
are designed according to AS3600 [13] for an ultimate load of:  

 
For the loads assumed, the 28 day ultimate capacity of a slab is therefore:  

 
AS3610 [14] indicates that during construction, the live loads to be assumed for the 
formwork system are 1 kPa on the uppermost slab and 0.25 kPa on lower level supporting 
slabs. As such, with 3 levels of supporting slabs and 1 freshly cast slab, the average live 
load during construction is 0.44 kPa or 0.12G. With 2 supporting levels and 1 freshly cast 
slab, the average live load during construction is 0.5 kPa or 0.14G. The actual load on a 
slab is the slab load ratio multiplied by the dead load plus average construction live load.  

As an example calculation, consider the slab load ratio of 1.07 for the 20 day old slab 
indicated at day 27 in Figure 2. From Figure 1, at 20 days, the concrete is assumed to 
have 92% of the ultimate strength. Thus the factor of safety for this particular slab would 
be:  
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Factor of safety for scenarios  
Table 1 indicates the lowest factor of safety for each of the four scenarios.  
Table 1 Factors of Safety  

SHORING SYSTEM SLAB 
LEVEL  

DAY SLAB AGE 
(days)  

SLAB LOAD 
RATIO  

FACTOR OF 
SAFETY  

Undisturbed—
Reinforced  

3 42 21 2.37 0.89 

Undisturbed—Post-
tensioned  

2 28 7 1.31 1.00 

Reshored—Reinforced 3 28 14 1.85 1.01 

Reinforced—Post-
tensioned  

3 28 7 1.31 1.00 

When comparing the undisturbed support systems, it is evident that post-tensioning, by 
relieving the shores of load, improves the factor of safety. In this case, from an overload 
situation of 0.89 to a factor of safety of 1.0. There is however negligible difference 
between the undisturbed post-tensioned systems and either of the reshored systems.  

While it is evident that reshoring produces a better factor of safety than undisturbed 
supports, there is no evidence that post-tensioning is significantly safer than 
conventionally reinforced systems. The belief that analysing a post-tensioned slab system 
as a reinforced system is a conservative approach appears to be a misconception. There 
also appears to be no indication that the cycle can be improved significantly for multi-
level post-tensioned slabs.  

Examining the factors of safety throughout the cycle however indicates that the safety 
during the stripping and reshoring operation is enhanced for the post-tensioned systems. 
Examining level 2 at day 27 (strip) of the reshored systems for example indicates an 
improved factor of safety from 1.14 for the reinforced system to 2.04 for the post-
tensioned system as indicated in Table 2.  

 
Table 2 Factors of Safety During Stripping and Reshoring  

SHORING 
SYSTEM  

SLAB 
LEVEL  

DAY SLAB AGE 
(days)  

SLAB LOAD 
RATIO  

FACTOR OF 
SAFETY  

Reshored—
Reinforced  

2  27 13  1.51  1.14  

Reshored—Post-
tensioned  

2  27 13  1.00  2.04  
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REDUCING FORMWORK MATERIALS  
Examining the shore loads for the reshored post-tensioned scenario indicates that the 
formwork shores are fully relieved of their load when the slab is tensioned and are not 
reloaded until the next slab is poured.  

The scenario presented in Figure 6 details a situation in which the formwork is 
stripped and the slab reshored immediately following the tensioning of the slab. As the 
original formwork shores were not carrying load, there is no load redistribution as a result 
of this procedure.  

This procedure allows for the slab formwork to be stripped at an earlier date than 
would normally be the case. In this particular scenario, the formwork from each slab is 
able to be removed 7 days earlier than the scenario presented in Figure 4 and Figure 5. 
This reduces the formwork material quantities from 2 sets of operational zv594 formwork 
with 1 set of reshores to 1 set of operational formwork with 2 sets of reshores. This is 
obviously subject to the development of suitable factors of safety.  

 
Figure 6 Early Reshoring Scenario  

CONCLUSIONS  
It was not the intention of this paper to present a fully detailed examination of the load 
distribution that occurs when multi-level formworking post-tensioned concrete slabs. The 
simple analysis method used however does serve to highlight the potential limitations of 
post-tensioned slabs.  

It is evident from the examination of the four scenarios that while the load distribution 
is different for the conventionally reinforced and post-tensioned systems, the safety of the 
overall multi-level formworking process is not necessarily improved by the post-
tensioning. As such, analysing a post-tensioned slab system as a conventionally 
reinforced system when considering multi-level formwork load distribution does not 
appear to be as conservative as one would first believe. Under certain circumstances 
(such as under-stressing) this may result in an overload situation. It appears however that 
post-tensioned slabs improve the safety of the formwork stripping and reshoring 
operation.  

When using undisturbed supports on a multi-level project, it appears that the 
construction cycle could be improved marginally as there is an improvement in the factor 
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of safety from the conventionally reinforced system to the post-tensioned system. This 
indicates that, to achieve a similar factor of safety for the post-tensioned system as would 
normally be achieved for a conventionally reinforced system, the construction cycle 
could be shortened, resulting in the slabs being loaded zv595 at an earlier age. This is not 
the case with a reshored system as the factor of safety was the same for both the 
conventionally reinforced and post-tensioned systems. Hence, an improvement in cycle 
time for a reshored system appears unlikely.  

The overriding assumption in this paper is that the shores are completely relieved of 
the equivalent of 1 slab load when the slab is stressed to balance full dead load. This is 
currently the subject of research [12] but preliminary results are proving, at least to some 
extent, encouraging.  

Further research is needed to fully assess the load distribution that occurs with multi-
level formworking post-tensioned concrete slabs. Issues as the effect of the time 
dependent actions of creep, shrinkage, concrete elasticity and concrete strength need to be 
examined.  
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ABSTRACT. Polymethyl methacrylate (PMMA) mortars are prepared with the proper 
binder formulations and mix proportions to have working lives of 30±5 minutes 
underwater and in air at temperatures of 0, 10, 20 and 30°C, and tested for flexural and 
compressive strengths and adhesion in flexure. From the test results, the effects of water 
temperatures in underwater placing or bonding and curing processes on the strength and 
adhesion of PMMA mortars are discussed. It is concluded from the test results that the 
use of PMMA mortars underwater in the water temperature range of 0 to 30°C is 
recommended for practical underwater construction work.  
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INTRODUCTION  
Polymethyl methacrylate (PMMA) mortar and concrete are normally made by mixing 
methyl methacrylate monomer-based binders with dried aggregates and polymerizing 
methyl methacrylate under proper curing conditions, and their properties are temperature-
dependent because of the thermoplasticity of polymethyl methacrylate in the hardened 
mortar and concrete [1–3]. This fact also is a very important point to be considered in the 
underwater placing or bonding of PMMA mortar and concrete. Therefore, some 
investigations must be conducted to examine the effects of water temperatures in 
underwater placing or bonding and curing processes on the properties of PMMA mortar 



and concrete. The data obtained from such investigations will be effective to decide the 
allowable temperature range in the underwater applications of PMMA mortar and 
concrete.  

PMMA mortars are prepared with the proper binder formulations and mix proportions 
to have working lives of 30±5 minutes underwater and in air at temperatures of 0, 10, 20 
and 30°C, and tested for flexural and compressive strengths and adhesion in flexure. 
From the test results, the effects of water temperatures in underwater placing or bonding 
and curing processes on the strength and adhesion of PMMA mortars are discussed.  

MATERIALS  
Materials for Binder Systems  
Binder systems were based on methyl methacrylate (MMA) monomer, together with 
trimethylolpropane trimethacrylate (TMPTMA) as a crosslinking agent, unsaturated 
polyester resin (UP) and polyisobutyl methacrylate (PIBMA) as shrinkage-reducing 
agents, benzoyl peroxide (BPO) as an initiator, and N, N-dimethyl-p-toluidine (DMT) as 
a promoter.  

Filler and Fine Aggregates  
Commercially available ground calcium carbonate (size; 2.5 µm or finer) was used as a 
filler, and silica sands (sizes; 0.04–0.30mm and 0.21–1.19mm) were done as fine 
aggregates. The water contents of the filler and silica sands were controlled to be less 
than 0.1% by heat drying.  

TESTING PROCEDURES  
Control of Working Life of PMMA Mortars  
The working lives of PMMA mortars with the binder formulations shown in Table 1 and 
the mix proportions given in Table 2 were determined underwater and in air  
Table 1 Formulations of binders for PMMA mortars  

FORMULATIONS BY MASS  

%  phr*  

TEST TEMPERATURE, °C  

MMA TMPTMA UP  PIBMA DMT  BPO  

0  67.40 1.80  23.10 7.70  1.50 1.50  

10  67.40 1.80  23.10 7.70  1.00 2.00  

20  67.40 1.80  23.10 7.70  0.50 2.00  

30  67.40 1.80  23.10 7.70  0.25 0.25  

Note, * Parts per hundred parts of resin (MMA+TMPTMA+UP+PIBMA)  
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Table 2 Mix proportions of PMMA mortars  

MIX PROPORTIONS BY MASS, %  

Silica sand  Binder  Filler  

No. 4  No. 7  

Binder-filler ratio, B/F  

15.00  15.00  35.00  35.00  1.00  

at temperatures of 0, 10, 20 and 30°C according to the Finger-Touching Methods 
specified in JIS A 1186 (Measuring Methods for Working Life of Polyester Resin 
Concrete), and controlled to be 30±5 minutes.  

Preparation of PMMA Mortar Substrates  
According to JIS A 1181 (Method of Making Polyester Resin Concrete Specimens), 
PMMA mortars were mixed with the binder formulations and mix proportions as shown 
in Tables 1 and 2 respectively. PMMA mortar substrates 40×40×80 mm for adhesion test 
in flexure were placed underwater and in air at temperatures of 0, 10, 20 and 30°C, and 
then cured underwater and in air at the respective temperatures for 1 day. After curing, 
the wet and dry bonding surfaces of PMMA mortar substrates were treated with the AA-
150 abrasive papers specified in JIS R 6252 (Abrasive Papers). Then the wet and dry 
surfaces of PMMA mortar substrates were washed with pressurized water and blown by 
pressurized air respectively to remove all the dust particles.  

Preparation of Specimens  
In the preparation of specimens for flexural and compressive strength tests, PMMA 
mortars were placed into molds 40×40×160mm underwater and in air at temperatures of 
0, 10, 20 and 30°C, cured in the molds kept underwater and in air at the respective 
temperatures for 1 hour, and then demolded. After demolding, the specimens were cured 
underwater and in air at temperatures of 0, 10, 20 and 30°C for 0, 2, 5, 11, 23, 167 and 
671 hours for strength development. In the preparation of specimens for adhesion test in 
flexure, PMMA mortars were bonded to PMMA mortar substrates 40×40×80mm in the 
molds 40×40×160mm underwater and in air at temperatures of 0, 10, 20 and 30°C, cured 
in the molds kept underwater and in air at the respective temperatures for 24 hours, and 
then demolded.  

Strength and Adhesion Tests  
According to JIS A 1172 (Method of Test for Strength of Polymer-Modified Mortar), the 
flexural strength test and adhesion test in flexure of cured specimens were conducted by 
use of the Amsler-type universal testing machine at the same temperatures as the curing 
temperatures. After flexural strength test, the broken portions of the specimens were 
tested for compressive strength by using the same testing machine according to JIS A 
1172. After adhesion test, the failed crosssections of the specimens were observed for 
failure modes which were classified into the following three types: A: Adhesive failure 
(failure at the interface), M: Cohesive failure in the bonded PMMA mortar, and S: 
Cohesive failure in PMMA mortar substrates. The total area of the bonded surfaces was 
supposed to be 10, and the respective approximate rates of A, M and S areas on the failed 
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crosssections were expressed as suffixes for A, M and S. The relative flexural strength, 
compressive strength or relative adhesion in flexure of the specimens was calculated by 
the following equation:  

 
where Fw and Fa are the strengths (MPa) or adhesions (MPa) of the specimens, placed or 
bonded and cured underwater and in air, respectively.  

The ratio of adhesion in flexure to flexure strength of the specimens, bonded or placed 
and cured underwater and in air, was calculated by the following equation:  

 
where σa and σf are the adhesion in flexure (MPa) and flexural strength (MPa) of the 
specimens, respectively.  

TEST RESULTS AND DISCUSSION  
Effects of Water Temperatures on Strengths  
Figures 1 and 2 show the curing period vs. flexural and compressive strengths, and 
relative strengths of PMMA mortars placed and cured underwater and in air at different 
test temperatures. In general, the flexural and compressive strengths of PMMA mortars 
placed and cured underwater and in air increase sharply till a curing period of  

Radical concrete technology     586



 
Figure 1 Curing period vs. flexural and relative flexural strengths of PMMA mortars 
placed underwater and in air at different test temperatures  
3 hours, and become nearly constant at a curing period of 24 hours. Regardless of the test 
temperature, PMMA mortars placed and cured underwater and in air develop more than 
about 80% of 672-hour (28-day) flexural and compressive strengths at a curing period of 
3 hours because of the quick setting of their binders. The relative flexural and 
compressive strengths of PMMA mortars placed and cured at different test temperatures 
range from about 40 to 75% at a curing period of 3 hours.  
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Figure 2 Curing period vs. compressive and relative compressive strengths of PMMA 
mortars placed underwater and in air at different test temperatures  
Figure 3 represents the effects of test temperatures on the flexural and compressive 
strength developments of PMMA mortars placed and cured underwater and in air. In 
general, the flexural and compressive strengths of PMMA mortars placed and cured 
underwater reach maximums at a test temperature of 10°C, but the flexural and 
compressive strengths of PMMA mortars placed and cured in air do maximums at test 
temperatures of 10 and 20°C, respectively. Such strength development tendency due to 
the different test temperatures is attributed to the temperature dependence of 
polymerization reaction for the hardening of the binders and the themoplasticity of the 
polymeric binders after the hardening of PMMA mortars.  

Radical concrete technology     588



 
Figure 3 Test temperature vs. flexural and compressive strengths of PMMA mortars 
placed and cured underwater and in air  

Effects of Water Temperatures on Adhesion  
Figure 4 exhibits the effects of test temperatures on the 24-hour adhesion in flexure of 
PMMA mortars to PMMA mortar substrates, bonded and cured underwater and in air. 
The 24-hour adhesion in flexure of PMMA mortars to PMMA mortar substrates, bonded 
and cured underwater and in air, decreases almost linearly with a raise in the test 
temperature. The failure modes in the adhesion test in flexure of PMMA mortars to 
PMMA mortar substrates, bonded and cured underwater, are almost cohesive failures in 
the bonded PMMA mortars and PMMA mortar substrates, which prove good adhesion 
between the bonded PMMA mortars and PMMA mortar substrates underwater.  
zv604  
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Figure 4 Test temperature vs. 24-hour adhesion in flexure of PMMA mortars to PMMA 
mortar substrates, bonded and cured underwater and in air.  
Figure 5 illustrates the test temperature vs. 24-hour relative adhesion in flexure and 24-
hour ratio of adhesion in flexure to flexural strength of PMMA mortars. Like the 
adhesion in flexure as seen in Figure 3, the 24-hour relative adhesion in flexure of 
PMMA mortars decreases almost linearly with a raise in the test temperature, and ranges 
from about 60 to 70%. The 24-hour ratio of adhesion in flexure to flexural strength of 
PMMA mortars bonded or placed and cured underwater and in air tends to decrease with 
raising test temperature. The 24-hour ratio of adhesion in flexure to flexural strength of 
PMMA mortars underwater is larger than that in air irrespective of the test temperature.  

CONCLUSIONS  
The conclusions obtained from the above-mentioned test results are summarized as 
follows:  

1.   

Generally, the flexural and compressive strengths of PMMA mortars placed and cured 
underwater and in air increase with additional curing period, and become nearly 
constant at a curing period of 24 hours. The flexural and compressive strengths of 
PMMA mortars placed and cured underwater tend to reach maximums at a test 
temperature of 10°C. By contrast, the flexural and compressive strengths of PMMA 
mortars placed and cured in air are inclined to reach maximums at test temperatures of 
10 and 20°C, respectively. Such strength development tendency due to the different 
test temperatures is zv605  
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Figure 5 Test temperature vs. 24-hour relative adhesion in flexure and 24-hour ratio of 
adhesion in flexure to flexural strength of PMMA mortars to PMMA mortar substrates, 
placed or bonded and cured underwater and in air  

   

attributed to the temperature dependence of polymerization reaction for the hardening 
of the binders and the themoplasticity of the polymeric binders after the hardening of 
PMMA mortars. The flexural and compressive strengths of PMMA mortars placed 
and cured underwater range from about 40 to 75% of those in air.  

2.   

The 24-hour adhesion in flexure of PMMA mortars to PMMA mortar substrates, 
bonded and cured underwater and in air, decreases almost linearly with raising test 
temperature. The 24-hour adhesion in flexure of PMMA mortars to PMMA mortar 
substrates, bonded and cured underwater, ranges from about 55 to 70% of that in air. 
The failure modes in the adhesion test in flexure of PMMA mortars to PMMA mortar 
substrates, bonded and cured underwater, are almost cohesive failures. The ratio of 
adhesion in flexure to flexural strength of PMMA mortars bonded or placed and cured 
underwater and in air tends to decrease with raising test temperature. The 24-hour 
adhesion in flexure of PMMA mortars to PMMA mortar substrates, bonded and cured 
underwater, ranges from about 70 to 75% of the flexural strength of PMMA mortars, 
and is larger than that in air.  

3.   
It is concluded from the test results that the use of PMMA mortars underwater in the 
water temperature range of 0 to 30°C is recommended for practical underwater 
construction work.  
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ABSTRACT. This study is aiming to compile the knowledge about durability of sprayed 
concrete and to elucidate the areas were further research is needed. The study is treating 
materials, additions, additives and their effect on durability. Further are factors like bond, 
cracking, freeze-thaw action, corrosion and leaching and their effect also included. In 
areas where little or no information specific for sprayed concrete is available, parallels 
with conventional concrete are drawn. The processes for durability should be fairly 
similar. Except from performance are the differences mainly the w/c-ratio (affects 
permeability) and the usage of accelerators for concrete sprayed with the wet-process.  

The conclusion in this paper is that sprayed concrete with correct composition and 
good performance is a durable material. The durability in combination with advantages in 
performance makes sprayed concrete a very useful material.  

Further research is needed about corrosion of steelfiber reinforcement in sprayed 
concrete, freeze-thaw action in combination with chlorides and methods to determine 
permeability in situ.  
Keywords: Sprayed concrete, Durability, Cement, Aggregate, Reinforcement, Additions, 
Additives, Performance, Bond, Cracking, Freeze-thaw action, Corrosion, Leaching, 
Chemical attack  
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MATERIALS  
Cement  
The chemical composition of the cement is the main factor affecting durability of sprayed 
concrete. Low C3A-content increases the sulphate resistance and low content of alkali (K+ 
& Na+) reduces the risk for alkali aggregate reactions. The resistance against damage due 
to freeze-thaw action is also increased since the airpore structure is more fine and dense 
(Fagerlund [1]). Some authors claim that low content of C3A would give a reduced 
chemical bonding of chlorides and therefore increased rate of corrosion. This is though 
refuted by Byfors & Tuutti [2]. Increased cement content reduces the rebound which 
gives an increased durability, but at the same time the risk for cracking due to shrinkage 
increases when more water is normally needed.  



Aggregate  
The aggregate should have sufficient strength, be resistant to freeze-thaw action and not 
be reactive to alkali. The gradation and the maximum aggregate size also affects the 
durability by affecting compaction, permeability, mechanical properties and rebound. 
Alkali-aggregate reactions arise from aggregate dissolving in the strongly alkaline 
environment the cement paste gives. Figure 1 shows the principle for the reaction, and if 
any of the components is missing the reaction will not take place.  

 
Figure 1. Basic sketch for alkali aggregate reactions (Lagerblad & Trägårdh [3])  

Reinforcement  
Fibres are gradually replacing the conventional net reinforcement due to economy and 
performance criteria’s. The fibres give effects like reduced plastic shrinkage, increased 
toughness at failure and limited crack widths. Glassfibres or other types of plastic fibres 
mainly affects the properties of the fresh sprayed concrete whereas steel fibres more 
affects the properties of the hardened concrete. According to Opsahl [4] the risk for 
debonding caused by shrinkage is reduced with addition of fibres. Other authors claims 
this is not the case (Holmgren [5]). Concerning durability zv609 performance is an 
advantage with fibres compared to conventional net reinforcement since it is easier to 
make a homogeneous concrete with fibres.  

Additions  
Commonly used additions are silica fume, fly ash and ground granulated blast furnace 
slag. They are used to achieve good workability, reduced permeability, higher resistance 
to leaching and chemical attack and reduced risk for alkali aggregate reactions. As the 
additions react with the free content of calciumhydroxide this could reduce the possibility 
of “self-repairing” small cracks (Fagerlund [6]). Material properties are shown in table 1.  
Table 1. Material data for Portland cement, silica and fly ash (Burge [7])  

  Density of particles 
[kg/m3]  

Bulk dens, 
[kg/m3]  

Spec. surface 
[m2/kg]  

SiO2 content 
[%]  

Portlandcem. 3.12–3.15  1.4  250–500  17–25  
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Silica  2.16  0.20–0.22  18 000–22 000  88–98  

Fly ash  2.35  1.00  300–500  40–55  

Silica  

Silica is added either with the dry materials or as a slurry. Addition of silica in 
combination with a superplasticizer gives a cohesive mix which will give reduced 
rebound and better bonding to the sprayed surface (Durand, Mirza & Nguyen [8]). This 
also enables increased layer thickness and reduced usage of accelerators (Wolsiefer & 
Morgan [9], Fidjestøl [10]).  

The hardened concrete will receive reduced permeability and therefore increase 
durability against freeze-thaw action (Burge [11], Glassgold [12], Mailvaganam & 
Samson [13], Morgan & al. [14], Wolsiefer & Morgan [9]). Addition of silica also gives 
increased durability against breaking down due to chemical attack and higher electrical 
resistivity which reduces the risk for corrosion (Wolsiefer & Morgan [9]).  

If damages occur due to freeze-thaw action, in a concrete with silica fume but without 
entrained air, the breaking down is very fast compared to ordinary concrete (figure 2.) 
(Fagerlund [1]). Addition of silica also gives increased plastic shrinkage at early age and 
therefore higher demands on proper curing. Pettersson [15] points out the risk for a 
reaction between undispersed silica-gel and the alkaline cement paste. At normal dosage 
of well-dispersed silica is the risk for alkali aggregate reactions instead reduced 
(Lagerblad & Trägårdh [3]).  

 
Figure 2. Freeze-thaw test with salt solution of concrete with and without silica fume and 
with no air entrainment. W=water, C=Portland cement, S= silica fume (Fagerlund [1]).  

Fly ash  

In the fresh sprayed concrete fly ash has the effect of increased cohesion and reduced risk 
for separation. The early strength growth is slower and this behaviour is accentuated at 
low temperatures. Fly ash gives increased durability against sulphate attack, reduced 
permeability (Mailvaganam & Samson [13]), increased freeze-thaw resistance and 
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reduced risk for alkali aggregate reactions. High content of fly ash also gives reduced 
diffusivity for chloride ions. (Tuutti [16], Johansson, Sundbom & Woltze [17]).  

Variations in the remaining coal content can affect the water demand for the sprayed 
concrete and possibly be the reason for the reduction of the air content of approx. 1% 
(Fagerlund [1]). To high addition of fly ash gives an increased tixotropic effect, reduced 
strength, increased shrinkage at desiccation (Mailvaganam & Samson [13]) and increased 
carbonation rate (Ljungkrantz, Möller & Petersons [18]).  

Slag  

GGBS makes the concrete less water demanding and reduces the risk for separation. 
Other effects are increased resistance to sulphate attack and reduced chloride 
permeability. A temporarily increased resistance to freeze-thaw attack is, in the long run, 
replaced with reduced resistance. The reason is the increased water absorption in the air-
pore system. With freeze-thaw load in combination with water containing chlorides the 
resistance is due to the amount of added GGBS. Luther, Mikols, DeMaio & Whitlinger 
[19] claim that amounts of added GGBS between 35–65% gives a reduction of the freeze-
thaw resistance.  
zv611  
Additives  
There are several various additives for sprayed concrete, both dry- and wet-mix. Their 
effect could be both on the fresh and the hardened concrete. The most commonly used 
additive for wet-mix sprayed concrete is the binder accelerator. Other types of additives 
are retarders, air-entraining agents, plasticizers, water reducers and polymers.  

Accelerators  

Accelerators are used to achieve early support in rock stabilisation and to make it 
possible to spray thicker layers. This gives reduced amount of discontinuities and a more 
homogeneous concrete with increased durability. The most commonly used binding 
accelerators consists water soluble salts of alkali metals or alkaline-earth metals. Most 
known are chlorides, silicates, carbonates and aluminates. Chlorides are used only to a 
limited extent because of the increased risk for corrosion. Many investigations (Burge 
[11], Manns & Neubert [20]) points out the effect of accelerators on durability. Alkaline 
accelerators give a reduction of the compressive strength at high dosages. Gebler & al. 
[21] also discovered a connection between reduced compressive strength and reduced 
resistance to freeze-thaw load. Probably is the phenomenon due to increased porosity and 
increased micro-cracking caused by the accelerated hydration. This is the reason to why 
Opsahl [22] observed increased permeability with the usage of accelerators. Other effects 
caused by alkaline accelerators are increased shrinkage with 20–50% both with wet- and 
dry-mix sprayed concrete (Manns & Neubert [20]). They also discovered doubled creep 
with normal addition of accelerators based on potassium carbonate/aluminate (wet-mix) 
and sodium carbonate/aluminate (dry-mix).  

Air entraining agents  

The purpose with air entraining agents is to create a concrete with small, well-distributed 
air pores. The air pores will act as expansion tanks for water pressed away by freezing. In 
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dry-mix sprayed concrete the air entraining agent is added to the dry materials or in to the 
mixing water. This leads to difficulties in predicting the air pore content before spraying. 
There are many different opinions about the effect of air entraining agents in dry-mix 
sprayed concrete. According to ACI 506 R-90 there is no effect while Durand & Mirza 
[8] claims there is with reference to their tests. When using wet-mix sprayed concrete the 
air entraining agent is added in advance and the air pore content could therefore be 
measured before spraying. Generally known is that the air pore content is reduced with 
50% at spraying (Durand & Mirza [8], Seegebrecht & al. [23], Morgan & al. [14], 
Schrader & Kaden [24]). To high addition of air entrainers gives reduced strength.  

PERFORMANCE  
The performance is very important to achieve high durability and the skill of the 
personnel is essential. An optimally composed concrete could easily be wasted with 
erroneous performance.  

Wet-mix sprayed concrete  
High addition of accelerators at wet-mix spraying or variations of added water at dry-mix 
spraying reduces the possibility to achieve durable sprayed concrete. Non homogeneous 
concrete surrounding reinforcement could cause corrosion. Preparation and curing should 
also be correctly performed. To obtain an unobjectionable performance the staff should 
be competent and well experienced. The conditions when it concerns equipment, 
materials, planning of the site should also be satisfying.  

For wet-mix sprayed concrete the advantage is that the concrete is ready mixed and 
can be controlled before spraying. Other advantages compared to dry-mix spraying is 
high capacity, less dust and reduced wastage. It is difficult to keep the dosage of 
accelerator at a constant level and uneven dosage can give differences in strength and 
discontinuities. An other disadvantage is that the equipment normally requires more 
water-rich concrete, but this can be solved with usage of water reducers or plasticizers.  

Dry-mix sprayed concrete  
The main advantage of dry-mix sprayed concrete is the possibility of making sprayed 
concrete with low w/c-ratio and that accelerators are not needed. It is also possible to use 
pre-bagged material and equipment with relatively low capacity, which can be an 
advantage at smaller repair jobs. When using dry-mix sprayed concrete the worker is 
adjusting the water content manually and this could make the properties vary 
considerably. Uneven distribution of the dry materials will give a variation of the water 
content in the sprayed concrete. The wastage is often greater with dry-mix sprayed 
concrete.  

Preparation & Curing  
Sufficient preparation of the surface that is to be sprayed is important. Anything that 
could reduce the bond has to be removed. When repairing concrete constructions all 
damaged concrete must be removed. Morgan & Neill [25] presents an investigation of 
bridges in Canada repaired with sprayed concrete. A common reason to failure was 
continued breaking down of the underlying repaired concrete while the repair it self was 
unaffected. Other factors reducing durability is reduced bond due to insufficient cleaning 
of rock surfaces with eg a film of oil from diesel engine exhaust or water containing soil 
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or clay. The surface should be damp but with no free water on the surface for concrete 
and as dry as possible for rock. For rock surface strengthening it is therefore important 
with sufficient drainage of water from the surface to be sprayed.  

When applying new layers of sprayed concrete it is important to remove old curing 
agents from the surface (should not be applied between layers) since some agents reduce 
bond effectively.  

After spraying the young concrete must be protected against drying out to avoid 
cracking. Either by water or membrane curing. Some authors question the effect of some 
membrane curing agents. Particularly important is the curing of sprayed concrete 
containing silica while this gives increased plastic shrinkage (Opsahl [4]).  

FACTORS AFFECTING DURABILITY  
Bond  
Interaction between the concrete/rock and the sprayed concrete is essential for the 
function of a thin sprayed concrete layer and it can be obtained by bond. Insufficient 
interaction can lead to failure or stability problems. Debonding can occur eg if the surface 
cleaning is insufficient or if damaged concrete is not removed sufficiently. If the reason 
for repair is an alkali aggregate reaction in concrete the reaction could proceed, if not 
removed sufficiently, and cause debonding. An underlying concrete with chlorides could 
cause a concentration of chlorides in the boundary between old and new concrete and by 
this cause debonding. The same phenomena with moist can cause debonding by water 
freezing in the boundary.  

Shrinkage is another reason for debonding if the sprayed concrete does not crack. The 
risk for this type of damage is most common for thicker layers (Schrader [26]).  

Cracking  
Cracking can lead to reduced durability against eg corrosion, freeze-thaw action and 
leaching. Cracking is normally caused by movements in the underlying surface or in the 
sprayed concrete. The movements can be due to plastic shrinkage, desiccation shrinkage 
or load caused by temperature differentials.  

Corrosion  
Corrosion in sprayed concrete is activated by chlorides or by carbonisation. Chlorides 
could come from eg sea water in rock or from splashing of thaw salts from roads. 
Already a low chloride content can cause problems, since water that evaporates cause a 
chloride concentration on the surface. The penetration of chlorides can be both due to 
diffuse leaching and through cracks. The penetration is decreased with usage of fly ash 
(Johansson, Sundbom & Woltze [17]) but a negative effect is that the treshold value for 
corrosion is reached more quickly since the content of OH− is reduced.  

Carbonisation is a reaction between carbondioxide from the air and the calcium 
hydroxide in the sprayed concrete. By the decreasing pH the corrosion is initiated since 
the layer making the reinforcement passive is disappearing. The speed of zv614 
carbonisation is ruled by relative humidity, carbon dioxide concentration, concrete 
permeability, amount of material to carbonise and the time after pouring. Resistance to 
carbonisation should be good for sprayed concrete since eg the permeability is low. 
Corroding fibres at a surface cause an unwanted aesthetical effect. Fibres inside the 
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sprayed concrete are well protected and the corrosion of the fibre is usually limited. 
Mangat & Gurusamy [27] claim that this is due to the lime-rich coating that is protecting 
the fibre well since it has a large specific area. Fibres in small cracks also are generally 
well protected of the environment in the sprayed concrete, and the “self-repairing” effect 
is of great importance (Malmberg [28]). A field study by Malmberg [28] with 
investigations of structures in different environmental and climatic conditions show that 
in cases when corrosion should have appeared according to accepted theories, it did not 
always do.  

Freeze-thaw action  
Compared to conventional concrete sprayed concrete normally has lower permeability by 
usage of low w/c-ratios (mainly dry-mix), high binder content and low maximum 
aggregate size. This should lead to better freeze-thaw durability. The main difficulties are 
to maintain the air-pore system after spraying with the wet-mix method, and to predict 
the air-pore content with the dry-mix method (Morgan & al. [29] & [14], Schrader & 
Kaden [24], Seegebrecht, Litvin & Geblier [23]). There also are investigations indicating 
durability against freeze-thaw action without air entraining agents (Burge [11]). 
Fagerlund [30] points out the possibility of good resistance to freeze-thaw action due to 
enclosed air especially in dry-mix sprayed concrete. At standardised testing there is a 
possibility that the time for making the specimen saturated with water is not long enough 
for sprayed concrete. This would make the level for critical degree of saturation not being 
obtained. To be kept in mind is that already limited cracking will increase the 
permeability dramatically and by that the risk for freeze-thaw damages. An illustration of 
the theory with critical degree of saturation is shown in figure 3.  

 
Figure 3. Illustration of relations between degree of saturation, temperature and function. 
At point B damage occurs when the degree of saturation reaches the critical one at the 
same time as a sufficiently low temperature is ruling. (Fagerlund [30]).  
Testing of freeze-thaw durability is divided in to two tests, one with water containing 
chlorides and one without, usually the resistance is lower to water with chlorides. The 
phenomena is probably due to osmotic pressures (pressure obtained by differences in 
chloride concentration) occurring between the surface and the pore water in the concrete. 
The damages are most commonly surface damages. According to the Norwegian 
Concrete Association [31] the most common damage on sprayed concrete due to freeze-
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thaw action is debonding from water-bearing rock. This points-out the importance of 
sufficient drainage behind sprayed concrete in zones with low temperatures.  

Leaching  
The low permeability of sprayed concrete normally makes it resistant to diffuse leaching 
of water. The ability of “self-repairing” thin cracks is reduced if one-sided water pressure 
is causing leaching by the running through of water. Especially if the water is soft the risk 
for leaching is great (Bodén [32]). Leaching in cracks will cause a local reduction of 
strength. Greater leakage of water will reduce the risk for leaching compared to 
conventional concrete since sprayed concrete has a lower permeability and a higher 
binder content. On the other hand the risk for leaching will increase since the cracks are 
more well distributed (especially with fibre reinforcement), the layers are thinner and the 
aggregate is less protecting.  

Chemical attack  
Chemical attack could be of eg acids, sulphates or salts. Acids cause surface damages in 
the sprayed concrete and reinforcement corrosion. The phenomena can occur when 
storing acids or in waste water pipes. Normally the sulphate contents in Swedish soils are 
too low to cause a reaction. A concentration at the surface of the sprayed concrete when 
water containing sulphate evaporates is though possible. Different kinds of salts could 
concentrate at the surface or at the boundary in the sprayed concrete and a growth of 
crystals could cause cracks and spalling.  

FURTHER RESEARCH  
From this investigation it can be said that more knowledge about corrosion of steel-fibre-
reinforcement in sprayed concrete is needed. Especially the theories about fibre corrosion 
in cracked sprayed concrete, but also the effect on load-bearing capacity with corroded 
fibres. Not many investigations about freeze-thaw resistance for sprayed concrete with 
presence of water containing chlorides are found in this study and this can be an area for 
further research. This should be a common situation in road-tunnels with splashing of 
water containing thaw salts. To predict or measure the durability of a structure with 
sprayed concrete it could be convenient to be able to measure the permeability in situ. 
Available methods should be tested.  
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ABSTRACT. In recent years a large number of high-rising buildings, Nanpu and 
Yangpu bridges and the TV tower were constructed by using pumped high-strength 
concrete in Shanghai. Both Nanpu and Yangpu bridges are one-span, dual-pylon, dual-
cable-stayed bridges over Huangpu river, with the main span length of 423m and 602m, 
pylon height (pumping height) of 150m and 208m, and strength of 40MPa and 50MPa 
respectively. The pumping height in one shot of the Shanghai TV tower is 350m. A series 
of measures had to be taken to ensure high-early strength, low creep and optimum 
pumpability, such as optimization of concrete mixture, addition of fly ash, development 
of high performance pumping agent, application of advanced production know-how and 
strict quality control. In this paper, optimization of pumpability, properties of concrete 
mixture and characteristics of hardened concrete were illustrated.  
Keywords: Pumping agent, Rheological characteristics  
Miss Cao Tianxia is a member of ACI Committee 304, senior engineer of Shanghai 
Construction Engineering Material Company.  

INTRODUCTION  
High performance concrete (HPC for short) overcomes the disadvantages of the original 
high strength concrete (HSC for short), which is usually stiff concrete that brings 
obstacles in the way of building engineering industrialization including the manufacture 
of premixing concrete and the application of pumping technique in construction. HPC has 
comprehensive superiority in the workability, stability and pumpability of the mixes and 
the strength, elastic modules and durability of the hardened concrete.  

Since 1988, Shanghai Construction Engineering Material Company has been doing 
research on the mix design of the 40, 50, 60, and 80MPa HPC by using 425# slag cement 
and 525# ordinary cement. The 40–50MPa concrete have already been applied in 
construction. In 1994, all together 1.09 million cubic metres commercial concrete had 
been completed by the mixing plants of the company with an average strength of 
45.5MPa, and 45% of them were 40, 50 and 60MPa concrete. The 80Mpa concrete was 
found on trial to be competent both in the laboratory and in the field, and will soon be 
taken into practical use.  

In this paper, the slow-setting, high-early strength concrete used in Shanghai Nanpu 
and Yangpu bridges with the pumping height of 154m and 208m and the strength of 40 
and 50MPa respectively, the 60MPa concrete used in Oriental-Pearl TV tower with the 
pumping height of 305m, the pumped concrete of 50MPa used in Shanghai highways and 
overflies construction, the foundation mass concrete continuously casted until completion 
in the construction of Xupu bridge, and so on are illustrated. The engineering practise has 
testified that the HPC inaugurates a new era in building engineering. Its application has 



played an important role in the concrete construction and improved the concrete 
properties.  

CHARACTERISTICS AND MIX TECHNIQUE OF HPC  
Characteristics  
Unlike the traditional HSC, which is merely stressed on strength, the HPC is emphasized 
on the durability index as a primary technical parameter. For example, the hardened 
concrete should have high density, high elasticity, low creep, low permeability and 
wonderful corrosion resistance. So it is indispensable for HPC, to have high fluidity 
without segregation and bleeding during the plastic stage i.e. the slump can be effectively 
controlled so as to ensure HPC’s high pumpability and high compatibility. In order to 
prevent the stress crack during the early-age of setting and hardening, HPC should have 
low heat of hydration, low dry shrinkage (these are especially important for the mass 
concrete) and some particular requirements (such as slow-setting and high-early strength 
concrete used in the main tower and crossbeam of a bridge). Only in this way can the 
hardened concrete gain sufficient strength together with high durability. Designed with a 
comprehensive consideration instead of a merely high-strength seeking, the concrete with 
high density, high durability, low heat of hydration and low creep is so called HPC.  

Mix Technique  
As discussed above, HPC still belong to the category of concrete. So its ingredients are 
just the same as those of the well-known ordinary pumping concrete. They are, water, 
cement, aggregate, addition and admixture. The key point here is that you should get the 
knack of mix design and thus you can achieve high performance in different cases.  

The following points should be mastered based on the scientific research and the 
producing practise in the past eight years according to my opinion.  
(1) Development of pumping agents, which can match with different cements and meet 
various requirements of the high performance concrete.  

The adaptability of high performance pumping agent to cement is of particular 
importance in HPC. The slump loss with time is a basic reflection of this adaptability. In 
general, high range water reduction should be used to obtain a w/c ratio as low as 
possible in order to produce high density concrete. But the accompanying large slump 
loss could not meet the demand of Theological behaviour. In order to solve this 
contradiction, so as to keep a uniform rheological behaviour of the mixture during the 
course of mixing, transporting and pumping, a high quality pumping agent matching with 
various applied cements should be developed. And only after this work could the 
different technical based on different HPC indices and temperatures be attained. For 
example, during the construction of Nanpu and Yangpu bridges, the Nanpu-l, Nanpu-
l(slow), Nanpu-2, Nanpu-2Ha, and Nanpu-2Hb pumping agents matching with Ningguo 
525R# ordinary cement were developed so that 40 and 50MPa HPC with various 
retarding time in four seasons (8–19h), fcu3d->32MPa and 154m and 208m pumping 
height respectively could be achieved. In the TV tower construction, FI’H-2D pumping 
agent was developed in order to achieve 60MPa concrete with 350 pumping, height in 
one shot. Recently during the design of 80MPa commercial pumping concrete, YJC-2 
high, quality pumping agent was developed. It has a water reduction greater than 25%, a 
initial-setting time greater than 10h and a 10–15mm slump loss after 1 hour.  
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In a word, it is very important to develop pumping agents in spite of the enormous 
manpower and material resources consumed in the hundreds, or even thousands, of 
experiments on scientific research and field trials.  
(2) Mineral additives as an essential ingredient of HPC.  

It is well known to use fly ash, zeolite powder, ground slag and silica powder as 
auxiliary binding materials or additions of cement for the purpose of cement clinker 
saving. And just because of this inherent view point, people regard the quality decrease in 
concrete with additions as certain to happen. On quite the contrary, the additions can 
improve the properties of concrete and thus become an important ingredient in HPC. 
Firstly, the high strength and high durability of HPC are partly due to the density of 
matrix. But to improve the density by raising the cement contents inevitably brings 
disadvantages. In fact, the cement heat of hydration increases with an increase in cement 
content. Then certainly a great deal of micro crack would come into being because of a 
rising zv622 temperature and shrinkage stress during the hardening process. All these do 
harm to concrete performance. Secondly, the alkalinity of the fly-ash concrete is lower; 
thus the alkali-aggregate reactions are restrained and the durability is improved. Thirdly, 
the substitution of less active admixture to cement can reduce the viscosity of flesh 
mixture. Thus the Theological characteristics can be more easily controlled to meet 
various requirements during construction. Fourthly, the superfine active addition or the 
Grade-I raw fly ash is better than the superfine high strength cement. Experiences coming 
from many great mass concrete construction undertaken by us. These have showed that 
Grade-1 fly ash, which replaces 20–30% cement, can largely reduce the heat of 
hydration. The foundation mass concrete of Yangpu and Xupu bridges with thickness of 
5m and 6m, and concrete cast amount of 7600m3 and 10436m3 respectively both showed 
crackles. The 50MPa concrete with high elasticity, low shrinkage and a pumping height 
of 208m used in Nanpu bridge, and the 40, 60MPa concrete with a pumping height of 
350m used in the Oriental Pearl construction are both achieved by using Grade-1 raw fly 
ash. Its characteristics of low water demand, high proportions of spherical ash and fine 
ash improved not only the concrete strength but also the easiness of casting.  
(3) Optimization of aggregates and scientific mix design.  

Aggregates used in HPC should be hard and well-grading. The suitable sand is 
medium or coarse, one with a fineness modulus greater than 2.6, a silt content less than 
2%; the suitable coarse aggregate should have a silt content less than 1%, a needle and 
flat content less than 5% and a maximum size less than 25mm. The aggregate size effect 
is fairly important in HPC. According to the research of Pro.P.C.Aiticin in Canada, there 
is so strong a bonding between aggregate and cement matrix that the stress can be 
transmitted through the aggregate-paste interface in HPC. The smaller the aggregate size, 
the stronger the bond between aggregate and cement matrixes. Because of its higher 
intrinsical strength, coarse aggregate with a smaller size should be used in HPC.  

Based on the demanded strength, durability and constructing requirements (such as the 
initial setting time, the slump before pumping), parameters of HPC mix are estimated 
after a full consideration about the conditions of construction, potation and environment 
temperature. Then the six ingredient mix design should be carried out according to GBJI 
19,88 ((Applying Technical Specification of Concrete Addition)) GBJ 146–90 
((Applying Technical Specification of Fly Ash Concrete)) ((Guide for Structure Design 
and Construction of HSC)) edited by HSC committee of the Chinese Civil Engineering 
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Institute and so on. But can the parameters be determined only after concrete on repeated 
trial both in the laboratory and the field have showed competence. Besides this, style and 
content of pumping agent together with the sand percentage should be adjusted promptly 
as the pumping height, temperature, and raw materials are changed. Be sure the coarse 
aggregate content is not over small so as to keep a high elasticity modulus of concrete.  
(4) Advanced technical equipments and strict quality control.  

There are difficulties in the construction of HPC. So advanced technical equipments 
and strict quality control are indispensable dining the mixing, transporting, pumping, 
casting and curing of concrete.  
Chart 1. Application of HCP in Shanghai  
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7  

–  

Orient 
Trade 
Blg.  

150  5725 C60  12–16 525  II f.a.  Np-II 5–25 440 50  0.3
7  

–  

High
-Rise 
Build
ing  

Mingc
heng 

Garde
n  

105  2453 C50  14–18 525  II f.a.  Np-II 5–25 450 70  0.3
7  

–  

East 
Pearl 
TV 

Tower 

1.55 
thick 

3716 C40 
S12  

10–14 525  II f.a.  Np-II 5–40 360 70  0.4
1  

–  

East 
Pearl 
TV 

Tower 

1.55 
thick 

1796 C60  14–18 525  II f.a.  Np-II 5–25 490 50  0.3
6  

–  

Conti
nuou
sly 

Pouri
ng 

Larg
e-

Mass 
Conc
rete 

Foun
datio

n  

Yangp
u 

Bridge 

5 
thick 

7600 C30  10–14 mineral II f.a.  WL-
1  

5–40 330 60  0.4
9  

55  
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Xupu 
Bridge 

6 
thick 

10436 C30  10–14 mineral II f.a.  EA-1 5–40 330 60  0.4
9  

–  

Victor
y 

Tower 

2.5 
thick 

6620 C40 S8 10–14 mineral II f.a.  EA-1 5–40 420 70  0.4
0  

–  

Meitan 
Tower 

2 
thick 

21000 C35 S8 10–14 mineral II f.a.  EA-1 5–40 440 70  0.4
2  

–  

Jinma
o 

Tower 

4 
thick 

13500 C50  12–16 mineral II f.a.  EA-1 5–40 – –  –  –  

 

Sha 
World 
Trade 
Centre 

1 
thick 

24000 C40 S8 –  –  –  –  –  – –  –  –  

The automatic single-shaft horizontal mixers are adopted in all mixing plants of our 
company. Advanced technique thus brings high efficiency. The fluidisation is increased 
as a result of slower feeding speed of admixtures. The automatic adjusting function on 
weighing error of the control system can give a precision better than state requirements 
under continuous mixing. The mixer vehicles are MR4500 mixer lorries with 
MITSUBISHI chassis. Most of the adopted pumps are the truck pumps or fixed pumps 
made in Germany or America. All these high quality equipments ensure the continuous 
production of concrete and the quality of construction. As a conclusion, the application of 
advanced technical equipments is an essential factor of the construction of HPC.  

We also sign the producing and casting order strictly, strengthen the examination of 
raw materials, set up a technical re-check system in key-post of production. These give an 
important guarantee for the HPC quality.  

CONCLUSION  
HPC will imperatively substitute for HSC according to city development. It is 
advantageous to the improvement of concrete performance and the buildings service 
function, to the engineering construction speed and the city developing speed, thus do 
great benefit to both the economy and the society.  

Practise has also showed that HPC is not a very hard achieved material. Provided that 
we optimize the raw materials, pay attention to the adaptability, design scientifically 
adjust promptly and control the qualities strictly, HPC can certainly be well-designed and 
well-constructed.  

Of course our present HPC is far from the one with an eminent pack ability that can 
fill up every nook and cranny of the mould which is now being studied in advanced 
countries. And in the case of strength, not only 80MPa, 100MPa concrete have been 
widely used in advanced countries but 120MPa concrete has also begun its service in 
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construction. But in our country, it is not until recently that 80MPa concrete is taken into 
practical use. Nevertheless we must realize that we are making progress. HPC technique 
is now on the list of the Ten New Techniques which should be popularize and adopted in 
the building industry in our country. Looking forward to our future, we are filled with 
boundless confidence that HPC would be a general trend of the concrete industry in our 
country.  
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ABSTRACT. Plain, unreinforced cementitious composites in general, and concrete in 
particular, are characterized by low tensile strengths, and low tensile strain capacities; 
that is, they are brittle. The tensile strain capacity of cement-based materials can be 
dramatically improved by the addition of fibers. While small amount of fibers (<1%) 
have been successfully used in bulk concrete construction to overcome brittleness of 
cement, new processing techniques have helped in the manufacture of thin-sheet products 
with as high as 15% volume of continuous and discontinuous fibers. Fibers in such large 
quantities fundamentally alter the nature of the cement-based matrix, and the inherent 
tensile strength and strain capacity of the matrix itself are greatly enhanced. Such 
improvements have lead to a new breed of cement-based materials. This paper presents 
the recent advancements in processing technologies, mechanical behavior, toughening 
mechanisms and interface properties of fiber reinforced cement composites.  
Keywords: Cement, Composite, Concrete, Fibers, Interface, Toughness, Strength  
Surendra P.Shah is a Walter P.Murphy Professor of civil engineering at Northwestern 
University, Evanston, Illinois, and Director of the NSF Center for Science and 
Technology of Advanced Cement-Based Materials. He has published more than 300 
technical articles and has edited 12 books. He has received the ACI Anderson Award, 
ASTM Thompson Award, the RILEM Gold Medal Award, and the Swedish Concrete 
Award. He has been awarded the Alexander von Humboldt Senior Visiting Scientist 
Award to Germany as well as the NATO Visiting Senior Scientist to France.  
Shashidhara Marikunte is a Research Associate at the NSF Center for Science and 
Technology of Advanced Cement-Based Materials, Northwestern University, Evanston, 
Illinois. He has authored or co-authored more than 25 technical papers and his research 
interest is in concrete materials and structures.  

INTRODUCTION  
Cement-based materials are characterized by low tensile strengths, and low tensile strain 
capacities. The tensile strain capacity of cement-based materials can be dramatically 
improved by the addition of fibers. While small amount of fibers (<1%) have been 
successfully used in bulk concrete construction to overcome brittleness of cement, new 
processing techniques have helped in the manufacture of thin-sheet products with as high 
as 15% volume of continuous and discontinuous fibers [1, 2]. Considerable advances in 
improvement of processing technologies and performance have resulted in the emergence 
of a new breed of cement-based materials. New processing technologies, reduced water-
cement ratio and incorporation of organic and inorganic materials have resulted in less 
porous materials with improved performance.  



FIBER REINFORCED CEMENT COMPOSITES (FRC)  
Plain, unreinforced cementitious materials are characterized by low tensile strengths, and 
low tensile strain capacities; that is, they are brittle materials. They thus require 
reinforcement before they can be used extensively as construction materials. Historically 
this reinforcement has been in the form of continuous reinforcing bars, which could be 
placed in the structure at the appropriate locations to withstand the imposed tensile and 
shear stresses. Fibers, on the other hand, are generally, short discontinuous, and are 
randomly distributed throughout the cementitious matrix. Fibers used in cement-based 
materials are primarily made of steel, glass, polymer or derived from natural materials. 
Typical properties of fibers used for cement application are presented in Table 1. Since 
fibers tend to be more closely spaced than conventional reinforcing bars, they are better 
at controlling cracking. It is important to recognize that, in general, fiber reinforcement is 
not a substitute for conventional reinforcement. Fibers and steel bars have different roles 
to play in modern concrete technology, and there are many applications in which both 
fibers and continuous reinforcing bars should be used [1, 2].  

Conventional Fiber Reinforced Concrete Exhibiting Strain Softening  
Conventional fiber reinforced concrete is typically used for bulk field applications 
involving large volumes of concrete. For bulk construction and with conventional mixing 
techniques, it is practical to use short fibers (about 25mm) with a relatively coarse 
diameter (0.25mm) and a volume fraction of less than 1%. Addition of larger quantity of 
fibers tend to increase the viscosity of the cementitious matrix which makes it very 
difficult to handle and place. Typically, steel or polymeric fibers are used and the matrix 
is concrete (maximum aggregate size of 20mm). In these composites since the ultimate 
strain capacity of the matrix is lower than the strain capacity of the fibers, the matrix fails 
before the full potential capacity of the fiber is achieved. The fibers that bridge the cracks 
formed in the matrix contribute to the energy dissipation through processes of debonding 
and pull-out. As a result the post peak response continues to remain strain softening, but 
with a less steep slope compared to plain concrete (Figure 1). Thus, the fibers improve 
the ductility of the material or more properly, its energy absorption capacity. In addition, 
there is often an improvement in impact resistance, zv627 fatigue properties and abrasion 
resistance. Fiber reinforced concrete is now widely used for reducing shrinkage cracking. 
The introduction of fibers is known to reduce considerably crack widths resulting from 
restrained shrinkage cracking [3, 4].  
Table 1 Typical Properties of Fibers  

Fiber  Diameter 
(µm)  

Specific 
Gravity  

Tensile 
Strength (GPa) 

Elastic 
Modulus 

(GPa)  

Strain to 
Failure (%)  

Steel  5–500  7.84  0.5–2  210  0.5–3.5  

Glass (Alkali 
Resistant)  

9–15  2.60  2.0–4.0  70–80  2.0–3.5  

Polypropylene 
(Fib ill t d)

20–200  0.90  0.5–0.75  5–77  8.0  
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(Fibrillated)  

Cellulose (Kraft)  20–120  1.54  0.3–0.5  24–40  –  

Carbon (High 
strength)  

9  1.90  2.6  230  1.0  

Asbestos 
(Chrysotile)  

0.02–30  2.60  3.5  165  2–3  

PVA (Polyvinyl 
alcohol)  

15  1.30  0.9  29  –  

 
Figure 1 Typical tensile stress-strain curves for a classically brittle material, plain 
concrete and low volume strain softening FRC  

Fiber Reinforced Cement Composites Exhibiting Strain Hardening  
Recently with improvement in processing technology and in performance of cement-
based materials it is possible to develop composites with a substantially higher tensile 
strength and with a strain hardening type of response rather than strain softening [5, 6, 7]. 
This is illustrated in Figure 2. There are several factors that can influence the response of 
the composites: geometrical and mechanical properties of fibers, properties of the matrix, 
interfacial characteristics and the spatial distribution of fibers. To develop cost-effective 
advanced cement-based composites, one needs to develop an accurate micromechanical 
understanding of how fibers reinforce quasi-brittle cement-based materials [1, 5].  
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Figure 2 Performance of concrete with micro fibers exhibiting strain hardening  

MECHANICAL PROPERTIES: TENSION  
Experimental Evaluation of Conventional Fiber-Cement Composites  
For bulk construction and with conventional mixing techniques, it is practical to use short 
fibers (about 25mm) with a volume fraction of less than 1%. Typically, steel or polymeric 
fibers are used and the matrix is concrete (maximum aggregate size of about 20mm). The 
stress-strain response of such composite can be approximated by three segments. The 
first segment, representing precracked region, can be defined by the modulus of elasticity 
of the matrix. The second segment can be taken as a zone of nonlinear deformation 
between the first cracking of the matrix and the ultimate tensile strength of the composite. 
For most cases, this segment is relatively small. The third segment of the curve 
representing the postpeak (reserve) strength can be attributed to the fiber pull-out 
resistance. Recent advances in instrumentation have made it possible to test tension 
specimens under closed-loop stable conditions. Using this type of test setup, postpeak 
responses can be obtained even for plain concrete and FRC. zv629 strength and strain 
capacities of a matrix may improve the design procedures of high-performance cement-
based composites.  

The stress-strain curves of cement-based matrices reinforced with 8.7% and 13.4% 
volume fractions of polypropylene fiber are shown in Figure 4 [1, 5, 9]. In order to 
achieve such high volume fractions, special manufacturing techniques were used. The 
stress-strain curves of these composites can be divided into two parts, an initially stiff 
region followed by a substantially less stiff region. The endpoint of the initial, stiff part of 
the curve is often termed the bend-over point (BOP). The stress-strain curves were 
observed to be essentially linear up to this point. The stress-strain responses of the matrix 
calculated from the response of the composite specimen are shown in Figure 4 [5]. In 
order to calculate the matrix stress-strain curve, the contribution of the fibers subjected to 
an identical elongation was subtracted from that of the composite. The peak value of the 
matrix stress is observed to occur at about the BOP and depends on the volume fraction 
of fibers. This implied that macroscopically linear behavior of a matrix up to a stress 
level of 15 MPa may be the result of the suppression of localized cracking in the presence 
of fibers. Note that even at a strain level of 1.2%, the matrix capacity is almost 8 MPa. 
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Similar results have also been observed in cement-based matrices reinforced by steel, 
glass, or carbon fibers [5]. With such a high fiber volume fraction of fibers, 
microcracking is stabilized, and a homogeneous distribution of microcracks can be found 
even at very high strain levels (1% strain, which is about 100 times the strain localization 
of plain concrete). Thus the mechanical behavior of the composite is fundamentally 
different from the mechanical behavior of the matrix, which typically is a cement paste or 
cement-based matrix.  

The ACBM Center at Northwestern University has recently patented extrusion 
technology to incorporate discontinuous fibers in large quantities (in excess of 4%) and 
has achieved a level of performance comparable to that obtained using continuous fibers 
[6, 7]. In this continuous process, cement composites can be extruded through a die to 
obtain different size and shape of products. One needs to control the rheology of uncured 
cementitious paste to successfully accomplish processing. Techniques and organic and 
inorganic additives are needed to modify the rheology to produce the required thixotropic 
behavior. The advantage of introducing extrusion techniques into the cement product 
processing is that the materials are formed under high shear and high compressive forces. 
With this technology tensile and bending strengths comparable to those achieved by 
continuous fiber technology have been achieved. These sheets are substantially strong, 
tough and flexible. Extruded fiber reinforced cement products were made with portland 
cement and microfibers (e.g. carbon, PVA, cellulose, polypropylene and steel) up to 4% 
by volume. The most successfully extruded sheets have tensile strength of 7.5 MPa and 
exhibit strain hardening behavior with a strain of 1% (Figure 5). Multiple cracking 
associated with strain hardening behavior was also observed. With the properly designed 
die and the properly controlled material viscosity, the fibers can be controlled to align in 
the load-bearing direction, the matrix and the fiber packing densified to a low porosity 
and the interface between the fiber and matrix enhanced.  

Figure 3 represents the response of plain mortar and steel fiber-reinforced concrete 
tested in uniaxial tension; the stress-displacement responses for various fiber volume 
fractions are also shown [8]. These responses were obtained using notched specimens 
loaded such that the notch mouth opening displacement increased monotonically. Plain 
mortar matrix exhibit zv630 linear elastic behavior up to about 50% of their tensile 
strengths. The onset of inelastic behavior prior to the peak load suggests the initiation of 
the microcracking process, although no cracks are detected prior to the peak loads. 
Almost immediately after peak loads, deformations become localized with the eventual 
widening of a single crack. The unreinforced matrix exhibits significant traction capacity 
at displacements several times those observed at the peak load.  
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Figure 3 Tensile stress-strain response: Comparison of plain and steel fiber-reinforced 
concrete [8]  
Steel fiber-reinforced composite behavior is linearly elastic up to about 80% of the matrix 
tensile strength. Nonlinear deformations take place beyond the linear elastic limit. 
Composite peak stress and corresponding displacements (or strains) are larger than the 
corresponding values for the unreinforced matrix. After the composite peak stress, the 
load-carrying capacity abruptly drops to a stress level termed by some investigators as the 
postcracking strength. One single crack becomes visible at the critical section. With 
further increases in displacement, the load-carrying capacity gradually drops with 
increases in displacement.  

Experimental Evaluation of Fiber-Cement Composites Exhibiting Strain Hardening  
A possible means of increasing the tensile-strength capacity and dramatically increasing 
the tensile-strain capacity of cementitious materials is by the addition of fibers 
sufficiently higher than the critical volume. Recently, with a variety of processing 
techniques, it has become possible to incorporate up to 15% fibers by volume into 
cement-based materials. As the fiber volume fraction increases and as fibers become 
more uniformly dispersed, they can hinder the growth of microcracks, suppress 
localization, and consequently substantially increase fracture strength and strain 
capacities of the matrix. Understanding how and why fibers alter fracture  
zv631  
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Figure 4 Stress-strain response of fibrillated polypropylene-fiber cement-based 
composites [5]  

 
Figure 5 Tensile stress-strain behavior of extruded fiber-cement composites [6, 7]  

MECHANICAL PROPERTIES: BENDING  
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In many applications fiber-reinforced concrete is subjected to a bending action. Hence, 
the behavior of composites in bending has been investigated extensively. One of the 
primary reasons for adding fibers to concrete is to improve the energy-absorbing capacity 
of the matrix, which can be evaluated by determining the area under the stress-strain 
curve or by the load-deformation behavior. In the case of bending, the area under the 
load-deflection curve is used to estimate the energy-absorbing capacity or toughness of 
the material. Increased toughness also means improved performance under fatigue, 
impact, and impulse loading. The toughening mechanism provides ductility. The 
composite’s ability to undergo larger deformations before failure is often measured using 
a toughness index.  

The contribution of fiber to toughness is well known. However, how to measure this 
toughness and express it as an index useful for design purposes is under debate. The 
major factors that affect the load-deflection performance and hence the evaluation of 
toughness are the following: fiber type, fiber geometry, fiber volume fraction, matrix 
composition, specimen size, loading configuration, loading rate, deflection-measuring 
accuracy, feed-back control, and stiffness of the machine compared with the stiffness of 
the specimens. After the load-deflection curve is obtained, how to evaluate the factors 
that contribute to the improved performance is also under debate. To overcome at least 
some of these difficulties, a different approach was developed in which toughness was 
characterized by a unitless value, termed as the toughness index, which is the area under 
the curve up to a specified deflection. There are at least three procedures (ACI 
Committee 544 of the American Concrete Institute, The Japan Concrete Institute and 
ASTM C 1018) that are suggested to quantify toughness using the load-deflection curve 
obtained in static bending [10, 11, 12].  

The amount and type of fibers play a major role in influencing flexural strength and 
toughness of FRC. For a given fiber type a higher volume fraction provides more energy 
absorbing capacity or toughness. However, larger quantity of fibers tend to increase the 
viscosity of the cementitious matrix which makes it very difficult to handle and place. 
Higher amounts of fiber can be incorporated into the matrix with special manufacturing 
techniques (e.g., extrusion).  

CONTROL OF RESTRAINED SHRINKAGE CRACKING WITH 
FIBERS  
When a small quantity of coarse fibers are added there is no significant change in 
strength characteristics, but improved strain softening behavior (toughness). Toughness is 
important in design because quite often the failure is not by increased gravity load but by 
increased deformation (e.g. earthquake loading, differential thermal and shrinkage 
stresses, etc.). One way to assess the benefits of adding low-volume fibers for slabs is to 
compare their tensile response with a particular emphasis on the strain softening.  

Shrinkage and temperature cracking is an important consideration for flat slabs, floors, 
parking garages and highway pavement. Concrete shrinks if it is exposed to drying 
environment. If concrete is allowed to shrink freely then there is no problem. However, in 
reality concrete is always restrained, which results in tensile stresses. Depending upon the 
zv633 relaxation (creep), age of exposure, elastic properties of concrete, degree of 
restraint, and potential free shrinkage crack develops. To simulate this complex 
phenomena in practical way ring test has been developed. In this test concrete is cast 
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around a steel annulus (Figure 6) which provides a uniform restraint. After curing the 
ring exposed to a controlled drying environment. Drying is allowed to take place only 
from the surface to create axisymmetric situation and thus the dimensions of the 
specimen are not a factor. During drying the surface of the specimen is monitored for 
cracking and its development with time using a microscope.  

 
Figure 6 Ring test for restrained shrinkage cracking  
Once a crack is developed in a brittle material with no strain softening, then that crack 
will be wide and the specimen now is without restraint. However, if there is some 
resistance at the crack-surface, then there is a possibility that a second crack forms. With 
fibers the possibilities of multiple cracks are increased. Thus with strain softening 
material, width of individual cracks are small. Theoretical models for the prediction of 
crack widths under restrained drying shrinkage conditions have been successfully 
developed. Figure 7 compares the theoretical and experimental values of average crack 
width of steel fiber reinforced concrete with time. Thus fiber reinforced concrete is now 
widely used for reducing shrinkage cracking [1, 3, 4].  

 
Figure 7 Average crack width versus fiber volume: steel fibers [1]  
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INFLUENCE OF FIBER PARAMETERS  
Fiber parameters play a key role in improving the tensile behavior of cement-based 
materials. Fiber parameters which influence the behavior of the composite are (a) length 
and aspect ratio; (b) distribution; (c) interface bond: and (d) modulus of elasticity of the 
fiber.  

Figure 8 presents the influence of fiber length and aspect ratio on the tensile behavior 
of cement-based matrix. Coarser enhance the crack resisting capacity of concrete. 
However, they do not significantly affect the tensile strength, but only slightly improve 
strain softening behavior (Figure 8a). Coarse fibers (fibers with diameter in millimeter 
range) as used in conventional fiber reinforced concrete can not interact with microcracks 
but can bridge localized macrocracks. This means that they will influence primarily the 
post-peak response. Micro fibers with short length even though increase strength, are 
brittle (Figure 8b). The length of these fibers are not sufficiently long to bridge the crack. 
When fibers have small diameter, are sufficiently long and closely dispersed (Figure 8c), 
then it is possible to have composites with increased tensile strength as well as with strain 
hardening type of response.  

 
Figure 8 Influence of fiber length and aspect ratio on tensile behavior  
Fiber distribution is very important to take full advantage of fibers. Composites with 
smaller fiber-fiber distance show increased peak stress (Figure 9).  

The fiber-matrix interface bond critically influence the ability of fibers to stabilize 
crack propagation in the matrix. Debonding and sliding at the interface have a significant 
influence on total energy consumption during crack propagation when a large crack is 
allowed to form in the matrix. For fiber reinforced cement-based composites a weak 
transition zone between ordinary portland cement paste and fiber has been observed 
(Figure 10). This weak zone includes a duplex film, a Calcium Hydroxide layer, and a 
porous layer consisting of Calcium Silicate Hydrates and Ettringite, and as a result, the 
interface behavior may primarily depend on this weak zone rather than on the bulk 
cement matrix. This weak zone can be densified when silica fume is added to the cement 
paste [2].  
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Figure 9 Influence of fiber distribution on the tensile behavior [13]  

 
Figure 10 Interface bond between fiber and cement matrix [1]  

INFLUENCE OF PROCESSING  
There are several ways one can process a larger volume of fibers. Hatschek process 
(Figure 11a) used for asbestos fibers is now slightly modified to accommodate other 
fibers such as wood fibers. Due to the shorter length of these fibers these composites are 
fairly brittle in nature [14, 15]. Pultrusion (Figure 11c) and redeem process (Figure 11b) 
are used for reinforcing continuous fibers or mats in cement matrix. Due to continuous 
fibers or mats these composites exhibit improved strength as well as strain hardening 
behavior. Recently, at Northwestern University’s Center for Advanced Cement-Based 
Materials extrusion process (Figure 11d) has been developed to incorporate large 
quantities of short fibers into cement matrix [6, 7]. The advantage of introducing 
extrusion techniques into the cement product processing zv636 is that the materials are 
formed under high shear and high compressive forces. In this processing technology it is 
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not only possible to obtain flat shapes but also structural shapes (I sections, channels, 
tubes, hollow and solid tubes).  

 
Figure 11 Influence of processing parameters on tensile behavior  
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TOUGHENING MECHANISMS  
Toughening mechanism of the class of fiber reinforced cement-based composites in 
which the volume of short randomly distributed fibers is in the range of 1% to 2% is now 
well understood. It is now generally accepted that, for this class of fiber-reinforced 
concrete, the major contribution of the fibers is after the matrix strain localization, which 
occurs around the peak of the tensile stress-strain curve. The strain softening after the 
peak can be expressed in the form of a relationship between fiber-bridging closing 
pressure versus crack opening displacement [16]. Such a relationship can be determined 
experimentally as well as from micromechanical considerations.  

Several attempts have been made to understand toughening mechanisms of cement-
based matrices reinforced by a high volume fraction of fibers [17]. Concepts based on 
linear elastic fracture mechanics (LEFM) are not sufficient to understand the complex 
toughening mechanisms in composites with high fiber volume fraction. Quantitative 
optical microscopy to examine crack propagation in high-volume-fiber-reinforced 
cement-based composites. Recently laser holographic interferometry has been used to 
quantitatively measure surface displacement (strains) of fiber-reinforced cement-based 
specimens subjected to uniaxial tension [18]. Based on the crack development observed 
using these procedures, it appears that cracks initiate at a very low load level and are few 
and widely dispersed, no more than 1mm in length, as schematically shown in Figure 
12a. Cracks begin to localize near the point when the matrix contribution is maximum; 
this point is referred to as the bend-over-point (BOP) (see Figure 12b). Note that 
debonding and sliding at the fiber-matrix interface (which may occur) are omitted in 
Figure 12. With further straining, the localized bands seem to move closer together 
(Figure 12c). This process eventually leads to the homogenization of microcracking 
(Figure 12d). It appears that the suppression of the localization phenomenon may lead to 
the observed enhanced tensile strength of the matrix (BOP, point “B” in Figure 12). The 
stress at this point can be as high as 5 times the tensile strength of the plain matrix. 
Homogenous distribution of cracking observed at very high strain levels (point “D” in 
Figure 12) may explain the apparently high level of matrix contribution observed at this 
level.  
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Figure 12 Stages of microcracking [18]  

FUTURE  
Recently, with a variety of processing techniques, it has become possible to incorporate 
up to 15% fibers by volume into cement-based materials [1, 2, 5, 6, 7]. Fibers in such 
large quantities fundamentally alter the nature of cementitious matrices. The responses 
clearly indicate the enormous increase in both strength and ductility. With such a high 
fiber volume concentration of fibers, microcracking is stabilized, and a homogeneous 
distribution of microcracks can be found even at very high strain levels (1% strain, which 
is about 100 times the strain localization of plain concrete). Thus the mechanical behavior 
of the composite is fundamentally different from the behavior of the matrix, which 
typically is a cement paste or cement-based matrix. Such beneficial interactions can lead 
to a new class of fiber-reinforced concrete structures as demonstrated in Figure 13 [5, 6]. 
The bending capacity of the compact, reinforced composite (made of cement, silica fume, 
and steel microfibers) is an order of magnitude higher than that of conventional 
reinforced concrete and, in fact, approximates that of structural steel.  

APPLICATIONS  
The applications of fiber reinforced composites are as varied as the types of fibers that 
have been used. Steel fibers have been used in pavements, in shotcrete (tunnel linings), in 
dams, and a variety of other structures. Increasingly, fibrillated polypropylene fibers are 
being used as secondary reinforcement, to control plastic shrinkage cracking. The use of 
thin-sheet fiber reinforced cement composites ranges from major components in 
industrial manufacturing to uses in commercial, residential and agricultural construction. 
Commercial and residential uses of thin-sheet fiber reinforced cement products are 
mainly for the production of flat and corrugated sheet roofing elements, exterior and 
interior wall panelling, equipment screens, fascial, facades and soffits, substrate for tiles, 
window sills and stools, stair treads and risers, substrate for applied coatings, and utility 
building cladding panels. Agricultural uses of thin-sheet fiber reinforced cement 
composites are mainly for farm buildings, sidings, stalls and walls, poultry houses and 
incubators, green house panels and work surfaces, and fencing and sunscreens.  
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Figure 13 Compacted reinforced composite beam made of cement-based matrix and 
microfibers [5, 6]  
Asbestos and wood fibers have long been used in pipes and corrugated or flat roofing 
sheets. Glass and carbon fibers are used primarily in precast panels (non-structural), as 
shown in Figure 19 [5, 6]. New processing technologies (e.g. extrusion) provides 
flexibility of manufacturing not only flat shapes but also structural shapes (I-section, 
channels, pipes, hollow and solid tubes).  

 
Figure 14 Applications of FRC: Fiber reinforced wall panels [Ark Mori Building, 
photograph courtesy of Kajima Corporation, Tokyo, Japan]  
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ABSTRACT. Numerous, ascertained during the last decades, cases of concrete structures 
decrease in durability or damage caused necessity of working out new cements and new 
technological—materials systems of repair which could ensure fast recovery of 
endangered buildings. To meet these problems special cement MPz, which is 
characterised by particularly beneficial features, was elaborated at IMMB Krakow. 
Thanks to very high kinetics of initial strength growth and high final strength it is 
exceptionally well suitable to repairs and reconstruction, In the paper its characteristic 
and examples of application have been presented.  
Keywords: cement, concrete, durability, reconstruction, corrosion.  
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INTRODUCTION  
Problem connected with exploitation of concrete buildings and structures during the last 
tens of years have demonstrated that, less perceived till now, issue of concrete durability 
should be included to the most important in concrete technology. Irrespective of 
environmental causes, conditioning maintenance of construction durability, there emerges 
a problem of selection of proper composition of concrete as a material of durable 
structure from the one side and from the other an issue of having adequate 
technological—materials systems of repair enabling quick repair of damage. In both 
cases the decisive factor in a set of material parameters becomes cement. Requirements 
which are made to it are connected with a quality ensuring cement high corrosion 
resistance but above all possibility of achieving high 28-days strength corroborating high 



tightness of concrete composite on the level of macro and microstructure as well as 
getting high increment of initial strength.  

There are exactly such resulting features that distinguish now introduced in more and 
more range of applications type HPC concrete.  

In this paper a slightly different MPz cement, which features in the face of above 
given requirements prove to be in many aspects even better then the highest quality 
Portland cement industrially produced, will be put forward.  

THE GENERAL IDEA OF FORMATTING HIGH STRENGTH 
CEMENT AND MPz CEMENT COMPOSITION  
The main factors which determine the strength of cement are [1]:  

•    phase composition and spatial net structure of clinker,  

•    degree of cement powdering,  

•    contents of subsidiary components,  

•    presence of additions which accelerate hardening,  

•    presence of additions controlling setting and modifying paste characteristic,  

•    thermal-humidity conditions in the phase of initial curing of paste.  

Assuming that the strength of cement grout is a function of: contents, structure, strength 
of crystalline frame and tightness of the whole system, test of forming high strength and 
rapid hardening cements were performed in several directions. One of them was idea of 
reducing dimensions and modification of section of C3S by proper running process of 
crystallisation and in practice through high saturation of clinker with lime and using in 
the same time post extraction sludge which have as the main component calcium 
orthosilicate [2, 3]. Results of these investigations enabled to start in the seventies 
production of rapid hardening cements Super 40 and Super 50. They are characteristic by 
very high kinetics of initial strength growth and high strength after 28 days (Figure 1). 
These cements contained not only great amount of C3S but also C3A while specific 
surface FB was about 3200 to 3600 cm2/g. In later investigations special attention was 
focused on influence of structure defects and connected with it grout porosity. They 
resulted in placing both phases of calcium silicate properly in the process of building 
tight and dense CSH structure.  

Function of alite and belite phases in creating of strength development in time of 
cement grouts is well illustrated by curves on Figure 2. Not lesser importance for strength 
growth has cement graining. In certain extent increase of fineness has very beneficial 
influence on intensification of initial strength growth. It was proved by investigations 
results [4] which are shown in Figure 3. Speed of hardening process can be also regulated 
by use of chemical zv643  
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Figure 1 Kinetics of strength growth of cement SUPER 40 and 50 and Portland 
Cement CP 35  
modifiers introduced as activators that change binder solubility and create with its 
components complex chemical compounds (e.g. Rozenberg T.J. [5], Joisel A [6], Roberts 
M.H. [6]) or as nucleus which create centres intensifying crystallisation of hydrated 
phases of hardening paste (e.g. J. Grzymek [2], Ratinow W.B. [5]). Within the range of 
the first group of modifiers specialists interest is focused on such compounds like 
Ca(NO3)2, Al Cl3 Al(NO3)3, Al2(SO4)3, Na2CO3, NaOH, KOH and particularly active 
K2SO4, K2CO3, CaCl2 and Na2CO3. During the last ten years positive effects were also 
achieved by introduction of active micro-silica which effectively influences pozzolana 
transformation Ca(OH)2 into low alkaline phase CSH and also by introducing to grout 
soluble polymers which leads to elimination of structure macro defects [3]. When 
elaborating technology of cement production especially high-performance MP type and 
modified MPz some of the above mentioned tendencies were taken into account 
particularly:  

•    high exposition of silicate module in clinker together with lessening dimensions of 
alite crystal,  

•    high contents of silicate phases at the cost of ahiminate and ferrite phases,  

•    very fine cement milling,  
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•    selection of proper combined additions strongly accelerating setting and hardening as 
well as retardants which cause significant lessening of structure porosity,  

•    elimination of gipsum addition as a setting process regulator („gypsum-less cement”).  

PROPERTIES OF TYPE MPz CEMENT  

 
Figure 2 Consequence of silicate minerals C3S and C2S in shaping the development of 
cement strength in time.  
Type MPz cements were elaborated as a group of special binders characterised by 
particular and regulated dynamics of initial strength growth and in the same time by 
achieving high 28th days strength.  

Produced in that group special cement MP type characterises itself by instant growth 
of strength which can only be compared with the strength activity of polymer resins.  

Evolution of its initial strength within the time of 24 hours against a background of 
other cements is displayed in Table 1.  
Table 1 Increase of strength of grouts (1:1) made from different cements during first 24 
hours of hardening.  

Compressive strength Rc [MPa] after hours  Type of cement  

1  2  3  4  12  24  

CP35  0.0  0.0  0.0  0.0  0.5  4.5  

SUPER 40  0.0  0.0  0.5  1.0  8.0  22.0  

SUPER 50  0.0  0.0  1.0  2.0  14.0  29.0  
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MP  8.0  21.0  32.0  37.0  44.0  52.0  

zv645  
Table 2 Basic physical properties of MPz type cements  

Setting 
conditions  

change of volume  Type of 
cement  

Blaine’s spec. surf. 
[cm2/g]  

Specific water 
[%]  

start finish Le Chat. 
[mm]  

Cake 
(−)  

MPz-I  6600  22.0  2 min 6 min 0.0  norm.  

MPz-II  6000  20.0  35 min 50 min 0.0  norm  

MPz-IIIA  5600  19.0  1.05 h 1.20 h 0.0  norm  

MPz-IIIB  5500  21.0  1.20 h 1.40 h 0.0  norm  

To differentiate possibilities of technological utilisation in application to particular needs 
a group of cements, modified in comparison with MP type cement, were worked out and 
denoted as MPz. The four types of MPz cement differ by the rate of setting and hardening 
within the limit of time from 3 min. (MPz I) up to 80 min. (MPz III B). The last 
corresponds approximately with setting of ordinary cement used in building.  

Basic physical properties of cements in that group are given in Table 2.  

Application of HPC in Shanghai     631



 
Figure 3 Effect of different cement granulation from the same clinker with 5% addition of 
gypsum on strength distribution in time.  
Development of compressive strength of these cements beginning from 4th hour till 1 
year in tests on standard grouts is shown in Table 3. In consideration of totally different 
conditions of liquidity of MPz cement grouts as a basis for determining the amount of 
water with zv646 standard proportion of standard sand, identity of consistency, for which 
applied water-cement ratio is given in the second column of Table 3, was assumed.  
Table 3 Strength distribution for grouts (1:3) made from MPz cements  

Compressive strength [MPa] after time  Cement type  w/c ratio 

4h 12h 1 day  3 days 7 days 28 d. 90 d. 360 d.  

MPz-I  0.33  32.2 45.6 51.4 54.6  59.0  63.0 65.0 67.0  

MPz-II  0.32  21.8 40.5 48.2 58.6  68.0  75.5 79.6 80.4  

MPz-IIIA  0.30  11.0 22.5 36.0 58.0  69.0  80.0 84.5 86.0  

MPz-IIIB  0.34  10.0 21.5 35.0 58.0  70.5  83.0 86.0 90.0  
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APPLICATION OF CEMENT MPz TYPE  
There are different possibilities of using MP and MPz cement. For instance MP cement 
proved to be particularly effective in application for anchoring of lining of pit shafts and 
drifts to shaft cheek. Cement MPz I, because of its very short setting time and unusually 
high rate of strength growth, has characteristic of emergency binder indispensable for 
sealing up, repairs and reconstruction in civil engineering.  

The group of MPz II, MPz III A and B, from the technical applications point of view, 
is treated as technologically normal binder, but with exceptionally useful properties. 
Concrete made from them, within the range to 200 cycles of freezing and defreezing, 
show practically 100% freeze resistance (Table 4).  
Table 4 Concrete from MPz II cement tested  

Compressive strength [MPa]  Concrete  Number of cycles 
freeze-defr.  

Loss of bulk 
∆G[%]  

Comparative 
series  

Frozen 
series  

Loss 
∆R[%] 

composition (kg 
dm3/1000)  

25  00.3  44.4  45.9  −3.37    

50  0.14  49.9  49.6  0.02  c=327.0  

100  0.19  49.3  48.8  1.02  w=138.0  

200  0.27  50.4  48.0  4.76  k=1915.0  

Investigation on resistance of these cements to sulphate carried out on grouts, kept during 
two years in 1.0% solution of Na2SO4, replaced every 4 weeks, and comparatively in 
distilled water proved, considering both bending strength and length variation (Graff-
Kaufman method), practical lack of corrosion changes.  

When used to high strength concrete, MPz IIIA and B cements give very high increase 
of initial strength and significant value 28th days strength. The level of final strength 
explicitly places these concrete in a group of HSC concrete. Exemplary composition and 
compressive strength distribution of concrete with MPz III B cement gives Table 5 For 
comparison tests of concrete with the same aggregate (granite 2/16mm; sand: 
granite=1:2) and with Portland cement 45 to which superplastifier (3.0%) and micro-
silica (15%) were added.  
Table 5 Strength of concrete with MPz III B and Portland 45 cement.  

Compressive strength (days) fc [MPa]  Concrete mix composition  Cement  

1  3  7  28  90  c  w  k  Sp  Mk  

Mpz IIIB  54.7  68.9  74.6  86.5  90.4  490 156 1755 – –  

CP45  42.1  54.4  61.3  89.0  93.5  520 148 1670 16  78  

Application of HPC in Shanghai     633



Investigation results confirm very high dynamics of initial growth of strength of concrete 
with MPz III B especially noticeable in first and third day of curing. In this range of time 
MPz III B cement assures strength over 30% higher then that of Portland cement 45 
modified by addition micro silica and 3% superplastificizer.  

In 28th day and later strength of both concrete becomes equal. To assure possibility of 
quick use for different repair and reconstruction applications a series of mixes with 
differentiated granulation and technical parameters with MPz type cement was worked 
out. All these mixes are characterised by very good workability and very low shrinkage. 
Some of their qualities are given in Table 6  
Table 6 Some properties of compositions with MPz type cement  

Max. dim. of 
aggreg Dmax 

Min. time 
consistence 

constant  

Shrinkage after 
90 d (air-dry)  

Compressive strength 
after n days fc [MPa]  

Composition 

[mm]  [min]  [mm/m]  1  3  28  

M-38  4.0  30  0.25  30  50  70  

M-38/1  0.5  25  0.65  14  32.  42  

M-38/2  1.0  25  0.40  18  38  53  

M-38/3  13.0  40  0.15  17  53  75  

M-38/4  22.0  40  0.06  16  60  80  

Technical applications comprised numerous group of cases where it was necessary to 
repair construction very quickly and put a building to further operation, reconstruct 
extensive corrosion defect or construct in a very short time a new, heavy loaded, element. 
It concerned particularly bridge structures, hydrotechnical objects, chimneys and cooling 
towers as well as foundations and concrete pavements. These cements proved to be very 
advantageous in temperatures below zero. Because of necessity of very careful formatting 
of mineral composition of clinker and very fine milling MPz cements are more expensive 
than ordinary Portland cement. Their production and numerous applications have proved 
that direction of formatting gypsum-less cements should be recognised as developmental, 
though further investigation will surely lead to gradual reduce energy-consumption and 
decrease production cost.  

CONCLUSIONS  

1.   
The idea of formatting „gypsum-less” cement according to general rules given in the 
paper proved that it was possible to get binders of MPz type which were characterised 
by very advantageous physical and strength properties.  

2.   
Investigations and application which have been done up to the present prove that 
grouts and concrete on MPz cement have high increase of initial and 28th days which 
places them in the HPC concrete group. The level of strength 80 to 90 MPa is 

Radical concrete technology     634



achieved with moderate (as for these concrete) use of cement and without use of 
superplastifiers additions without silicate.  

3.   
In the range of physical properties concrete with MPz type cement are distinguished 
by increased resistance to aggressive sulphate environment and very low shrinkage 
which allows to accept them as „shrinkless”.  
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ABSTRACT. This paper presents results of studies on high-early strength binding 
materials made on the basis of special portland cements with complex chemical 
admixtures which include surface-active substances and alkali metals salts. These binders 
are characterized by reduced water consumption and regulated setting period, and 
accelerated hardening at low, ambient and elevated temperatures.  
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INTRODUCTION  
Production of high early strenghth cements with regulated setting period permitting to 
raise the rate of concrete set up providing its hardening at low and negative temperatures 
is one of the main directions of chemistry and technology of binding systems 
development. The most radical way of the cement systems effectiveness increase is their 
activation by complex chemical admixtures of polyfunctional action [1].  

Alkali compounds are rather strong activation agents of cement systems hardening [2, 
3]. Because of synergy alkali admixtures significantly improve plastificating properties of 
such surface-active substances as lignosulphonates (LS) and the like. Hence number of 
alkali-bearing admixtures (soda, liquid glass and others) in amounts exceding 1 mass, 
percent leads to sharp stiffening of concrete mixes. At the same time other salts (nitrite 
and sodium chloride) may be used in increased amounts (up to 10 mass persent) and they 
do not exert destructive effect on concrete mixes. That is why it is necessary to 



investigate the reasons of different effect nature of alkali metals salts on portland cement 
structureforming processes at different temperatures and show the possibility of 
production of high early strength portland cement binders to be used at low, ambient and 
elevated temperatures.  

EXPERIMENTAL DETAILS  
Portland cements ordinary (OPC) and gypsum-free (GFPC) were used. Alkali metals salts 
(sodium and potassium chloride, nitrite, nitrate, sulphate, carbonate, silicate) in complex 
with admixtures-plasticizes (lignosulphonates etc) were included in mix of cement 
compositions. Such cements included active mineral additives, unconventional additives, 
fillers.  

A number of physicochemical analysis methods were used for investigation of 
hydration processes of cement compositions (X-ray phase, thermal, IR spectroscopy, 
electron microscopy, X-ray microprobe spectroscopy, flame photometry, mercury 
porousmetry).  

Physico-mechanical tests of cements and concretes were carried out according to usual 
procedures. Concrete prism strength and modulus of elasticity of concrete and its frost 
resistance, imperviousness to water, corrossion resistance during hardening at ambient, 
low and negative (down to −35°C) temperatures were defined.  

RESULTS AND DISCUSSION  
The results obtained from the time of setting of OPC with alkaly metals salts admixtures 
show that they can be divided into two groups [4]. The first group consists of sodium 
salts such as chloride, nitrate, nitrite not affecting strongly zv651 on time of setting. The 
second group consists of sodium carbonate and silicate, and potassium salts. Even small 
dosage of these compounds results in the sharp acceleration of grout setting and the loss 
of the system plastic properties.  

The results of investigation of microstructure and phase composition formation 
regularities of the cement pastes with alkaline metal salts of second group admixtures 
showed the causes of destruction phenomena, frequantly appearing due to the alkaline 
admixtures effect. The following types of interaction between gypsum and these 
admixtures take place: sodium carbonate and silicate undergo exchange reactions with 
gypsum forming calcium carbonate or hydrosilicate and mirabilite; potassium sulphate 
and gypsum form less soluble compound syngenite, which is complex double salt 
K2Ca(SO4)2H2O; other potassium salts also result to the formation of syngenite instead of 
low-soluble part of gypsum dihydrate. As a result gypsum is removed out of the process 
of early structure formation and doesn’t serve its main function—to be inhibitor of three-
calcium aluminate setting in portland cement. Fibrous syngenite crystalls which are 
formed reduce the thixotropic properties of paste to a great extent and it causes cement 
stone destruction, lack of concrete strength and its structure-technical properties. Given 
results affirm the expediency of alkali metals salts of the second grope usage as 
admixtures to portland cement without gypsum dihydrate. Admixtures of the first 
group—NaCl, NaNO2, NaNO3 do not interact with gypsum dihydrate and do not effect 
paste setting time of OPC.  

The admixtures of the second group together with surface-active substances permit to 
obtain GFPC with specified setting time. It is significant that potassium salts have greater 
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effect than sodium salts so cations together with anion part of alkaline metals salts 
admixtures effect essentially early structure formation of fine grounded portland cement 
clinker [5]. But the admixtures of the first group even in complex with enhanced content 
surface-active substances (lignosulphonate and the like) up to 1,0 mass percent do not 
delay the beginning of GFPC setting and system stiffens rapidly.  

Comparative strength structural tests of OPC and GFPC with alkali-bearing anti-
freezing admixtures showed that at negative temperatures NaCl, NaNO2 (the admixtures 
of the first group) correspond to OPC but potash (admixture of the second group) 
correspond to GFPC to greater extent. In addition there is a possibility of introduction of 
alkali metals salts of second group in increased amounts which are the hardening 
accelerator and anti-freezing admixtures.  

The properties of the alkali metal carbonates and sulphates (with 
plasticizing/inhibiting admixtures) as high-effective hardening activators are fully 
discovered in GFPC in the process of its utilization. They also serve as a setting terms 
regulator for binding material which makes it possible to obtain rapid-hardening portland 
cements binders. The properties of these cements can be determined based on the type 
and the amount of plasticizing, inhibiting, alkali-bearing admixtures and mineral 
additives.  
zv652  

Introduction of optimal amount of active mineral additives and fillers replacing clinker 
in the composition of portland cement binders with alkali activation provides the energy 
saving in their production and facilitates the growth of cement stone durability at the 
expense of alkali component binding into hydrate phases. GFPC with carbonate additives 
exhibit increased effectiveness when hardening at ambient, low and negative 
temperatures. It is so due to modifying effect of CaCO3 on alumobearing phases in the 
presence of gypsum is exhibited not fully. The usage of unconventional additives (fly 
ash, burnt rock, ets.) for the high early strength portland cement binders is possible. It 
was established that for these processes activation it is worthwhile to use alkaline 
sulphate-containing product—wastes synthetic falty acids. These additives also intensify 
the portland cements milling.  

In the processes of early structure-forming in portland cements incorporating alkali-
bearing admixtures in amounts exceeding 2 mass, percent, the liquid phase has a lower 
concentration of calcium ions as compared to ordinary Portland cement. According to X-
ray spectral microanalysis data, the alkali metals salts admixtures are mainly concentrated 
on the outer hydrates composition. Therefore, scanning electron microscopy shows 
formation of more fine crystalline microstructure of stone, whereas the trimethylsilylation 
method shows considerable increase in the polymerization rate of silicon-oxygen anions 
in hydrosilicatecs. In the process of C3A hydration with the said admixtures, crystals of 
hexagonal AFm-phases are formed which can tightly fit in to each other. So, there are 
fever of cement grains moving apart in the early period of hydration than in the period of 
ettringite acicular crystals formation. Besides, breakdown effects which occur during the 
transition of the high-sulphate form of calcium hydrosulphoaluminate into the low-
sulphate one and which are accompanied by change in crystal habit and density, do not 
occur with the increase of hardening time. Together, the factors contribute to the forming 
of the dense, strong but least stressed structure of the cement stone.  

PRACTICAL APPLICATION OF RESULTS  
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Concrete based on rapid-hardening portland cements with alkaline activation attains 50–
70% of the branding strength in 16 hours at ambient temperatures and in twenty-four 
hours it attains 70–100% of branding strength, when hardening at lower positive 
temperatures and at frost down to −10°C the possibility of construction of monolithic 
structures with terms of loading which are close to summer loading is created. At 
temperatures −15°C such concrete attains 80–100% of branding strengh in 28 days and 
posses the capability of hardening at frost −30°C. (Table 1)  
Table 1 Compressive strength of concrete based on OPC and GFPC at ambient and 
negative temperatures  

COMPRESSIVE STRENGTH, N/mm2  CONCRETE  TEMPERATURE °C  

7day  28 day  90* day  

+20  20,4  22,5  22,8  OPC  

−15  12,9  17,5  21,0  

+20  25,7  30,0  31,2  GFPC  

−15  18,4  29,6  32,0  

* 28 days at temperature −15°C, then 62 days at temperature +20°C  

In case of using rapid-hardening portland cements prism strength, modulus of concrete 
elasticity and its adhesive strength with reinforcement is not less than similar indecies for 
ordinary concrete which hardens under normal conditions even if it was affected by 
negative temperatures. Besides, concrete is characterized by high value of frost resistivity 
(F 300 and greater) and increased water-proofness.  

CONCLUSIONS  

1.   

The establishment of the causes of destruction phenomena, frequantly appearing due 
to the alkaline additive effect, allowed to form a group of high early portland cement 
binders with regulated setting period and accelerated hardening at different 
temperatures.  

2.   

The use of GFPC allowed to produce rapid-hardening binders. Technological methods 
of control over the binding systems properties presuppose a direct influence on the 
processes of their early structure formation and liquid phase composition. They are 
determined by selection of mineralogical composition of the portland cement clinker, 
type and member of retarders, plastificators, alkaline metals salts and mineral 
additives as well as temperature. As a result of synergism the alkaline admixtures 
significantly improve the plastisizing effect of the surfase-active substances like 
lignosulphonates, pentaeretrite production waste, etc.  

3.   The use of the high early strength portland cement binders has the following 
advantages: the terms of the objects commission reduse; the formwork turnover 
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speeds up; it can be also used for making concrete and prefabricated reinforced 
concrete without its steam curing.  

 
4.   

The use of GFPC with complex chemical admixtures for concrete in winter-time 
construction allows to effectively carry out construction and erection work without 
heating at negative temperatures (down to −30°C) which is material, energy and 
labour saving.  
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ABSTRACT: Controlled Low Strength Material, referenced by the acronym CLSM, is 
defined by the American Concrete Institute as a material having a 28 day compressive 
strength less than 8.28 MPa (1200 psi). Its primary ingredients are Portland cement, fly 
ash and filler aggregate.  

Although CLSM’s have been in use for a number of years, there still remains 
confusion as to CLSM’s construction benefits and economical savings. The principal use 
of CLSM has been as a controlled density fill, referenced by the acronym CDF, in place 
of conventionally placed backfill. Other possible uses for CLSM mixtures consist of fills 
for: thermal, corrosion, pavement base, structural, and permeability.  

This paper provides basic knowledge about CLSM mixtures: history, applications, 
material components, design, engineering properties, manufacturing, specifications, and 
cost. It also prescribes implementation methods for using CLSM mixtures.  
Keywords: aggregate, backfill, economics, compressive strength, concrete, Controlled 
Density Fill (CDF), Controlled Low Strength Material (CLSM), corrosion, flowability, 
fly ash, K-Krete, pavement base, permeability, quality control, removability, 
specifications, thermal.  
Mr William E.Brewer is President of Brewer & Associates, Toledo, Ohio. He has been 
involved in the study of Controlled Low Strength Material (CLSM) for over 30 years and 
was the Founder and original chairperson of ACI’s Control Low Strength Material 
committee 229. He has over 45 years of experience in various phases of civil engineering 
and has written numerous papers and lectured on a variety of subjects.  

INTRODUCTION  
The specified conventional backfill technique, for excavations supporting loads, has been 
the placement and tamping of granular material in layers. The granular material is placed 
in layers and tamped to achieve the desired compaction (density). In many cases, the 
material was dumped full depth into the trench; never tamped or adequately compacted.  

In the early 1970’s, engineers started looking at alternatives to conventional 
backfilling materials and methods [1, 2]. One alternative was the development of a 
material designated as K-Krete (CDF); where CDF stood for Controlled Density Fill. The 
material had a low strength, in terms of concrete, having a 28 day compressive strength in 
the range of 0.69 MPa (100 psi). K-Krete was a patented material process developed by 
the Detroit Edison Co., Detroit, Michigan and Kuhlman Corp., Toledo, Ohio [3, 4, 5, 6]. 
The material is still being sold under the trademark name of K-Krete. Because of this 
material’s success, other similar materials have been developed and sold with a variety of 
trade names: M-Crete, S-Crete, Flowable Fill, Flash Fill, Flowable Grout, Flowable 
Mortar, One-Sack Mix and so on.  



By 1980, it was evident to the early developers of low strength materials that technical 
information about this product was not being developed. Some information was 
published in trade magazines but not on a consistent basis. An American Concrete 
Institute (ACI) committee 229 was formed to correct these deficiencies. The ACI 229 
committee is designated as Controlled Low Strength Material with the acronym of 
CLSM. The committee defined low strength to be a material with a 28 day compressive 
strength of less than 8.28 MPa (1200 psi). The creation of the ACI 229 committee helped 
extend the news of CLSM. In recent years, ready mixed concrete trade associations have 
published numerous articles on CLSM uses [7, 8, 9]. Even with this extended publicity, 
CLSM uses were confined because of misunder-standings regarding construction 
applications and a realistic pricing structure.  

USES AND APPLICATIONS  
Although this paper will primarily address backfilling with CLSM controlled density fill 
(CDF), the reader should be aware that CLSM is really a family of possible mixtures for 
a variety of uses: pavement base, structural fill, thermal fill, anti-corrosion fill, high or 
low permeability fill and so on. Each mixture is designated by a three letter acronym such 
as: CPB (controlled pavement base), CDF (controlled structural fill), CTF (controlled 
thermal fill), and so on. The CLSM mixtures can vary for each application and within 
each application to achieve the required end results. For example, when backfilling 
around a culvert, the initial backfill below the end wall elevation could be very fluid. 
Above the end wall elevation, the flowability of the mixture can be adjusted to avoid 
CLSM-CDF’s flowing over the top of the end wall [10].  

MATERIAL COMPONENTS  
The basic components for CLSM-CDF are portland cement, fine aggregate, fly ash, and 
water. These components can be varied depending on a component’s availability and 
quality. Any replacement, or adjustment, of the components requires laboratory testing 
prior to its use to insure that the specified end results can be met. In the case of CLSM-
CDF’s material components, when mixed and placed, must possess four end result 
properties: flowability, removability, strength, and a competitive price.  

Portland Cement  
Type I portland cement (ASTM C150) is usually used with CLSM mixtures. This is not to 
say that in some circumstances other types of cement could or should not be used. The 
amount of portland cement used, for CLSM-CDF, is in the range of 3% of the total 
mixture’s weight. The purpose of the portland cement is to achieve cohesion and control 
strength in the mixture. For typical backfills, where future removability is anticipated, the 
compressive strength (C’) should be less than 0.69 MPa (100 psi) in 28 days.  

Fine Aggregate  
The fine aggregate, known as filler, makes up the major portion (72%) of a typical 
CLSM-CDF mixture. The majority of fillers have initially been fine aggregate (ASTM 
C33), as used in the manufacture of concrete, because of its availability. While this 
material proved to be an excellent CLSM-CDF filler, it was not the must economical 
material to use. Materials not meeting ASTM standards have proven to be more 
economical. The filler should possess adequate gradation, similar to the requirement as 
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set forth in ASTM C33, to insure proper flowability. Another consideration is the 
material’s particle angularity; sharp edges reduce flowability.  

Fly Ash  
The major source for fly ash, for the manufacture of CLSM, is produced from the burning 
of coal in the generation of electricity. The fly ash is electrostatically collected. Fly ash 
used in the manufacture of portland cement concrete complies to ASTM C618. This same 
fly ash specification can be used for the manufacture of CLSM. Non-specification (ASTM 
C618) fly ash can also be used; prior testing should be conducted to insure end result 
acceptability. Fly ash makes up approximately 8% of a typical CLSM-CDF mixture.  
zv658  
Water  
Water is used in a CLSM mixture for flowability and hydration. The large amount of 
water in the mixture, while affecting yield, does not necessarily affect the compressive 
strength (C’). A typical CLSM-CDF mixture would consist of approximately 17% water. 
The water used in CLSM mixtures, as with portland cement concrete mixtures, should be 
potable.  

DESIGN CONSIDERATIONS  
The design of a CLSM mixture depends on its desired end use and the availability of 
materials for manufacturing the mixture. To help identify possible end uses and related 
CLSM engineering properties see Table 1.  
Table 1 CLSM uses and related engineering properties  

Use  CLSM Acronym  Engineering Properties  

Backfill  CDF  Flowability  

Removability  

Strength  

Pavement Base  CPB  Flowability  

Strength  

Structural Fill  CSF  Flowability  

Strength  

Thermal Fill  CTF  Flowability  

“R” value  

Removability  

Strength  

Anti Corrosion Fill  ACF  Corrosion  
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Flowability  

Removability  

Strength  

Permeability  CPF  Permeability  

Removability  

Strength  

Each use requires an understanding of the intended application and the mixture properties 
of the CLSM. Following are examinations of each application and its engineering 
properties as referenced in Table 1. The examinations should help explain the 
relationship between the application and the CLSM mixture.  

Backfill (CLSM-CDF)  
This is for all types of backfills, but primarily excavations on which loads will be applied. 
The engineering properties are: flowability, removability, and strength.  

Flowability  

In the case of utility trenches, flowability consists of “pouring” the CLSM-CDF mixture 
in a trench and having it flow around and along the conduit. A test for determining 
flowability is found in the section on Specification and Standards of this paper.  

Removability  

This property must be considered if future excavation is a possibility. Laboratory and 
field research shows that a compressive strength (C’) of less than 100 psi is required. This 
value is based on a number of construction factors: excavation equipment, cutting edge, 
impact, power, direction of excavation, CLSM-CDF’s strength and density. CLSM-CDF 
field research (1990) conducted by the Cincinnati Gas & Electric Co., Cincinnati, Ohio 
has resulted in the development of a empirical equation.  

Note: The length restriction of this paper does not allow for a complete discussion on 
CLSM removability. A complete discussion on the subject of removability can be found 
in reference [11].  

Strength  

The strength of CLSM-CDF mixtures are determined by unconfined compressive tests. In 
the early development of CLSM concepts, the primary investigators were concrete 
research oriented and they naturally referenced strength to megapascal (MPa) ((pounds 
per square inch (psi)). When using CLSM-CDF as an alternative to conventional 
backfilling, Newtons per square meters (N/mm2 ((tons per square foot (Tsf)) is more 
appropriate. The major concern for CLSM’s removability is to keep the strength low. A 
CLSM mixture with a compressive strength of 0.69 MPa (100 psi) possess a good 
bearing capacity 0.77 N/mm2 (7.2 Tsf).  
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Pavement Base (CLSM-CPB)  
The acronym, CLSM-CPB stands for Controlled Low Strength Material—Controlled 
Pavement Base. As with CLSM backfill research, pavement base research has also been 
conducted by the Cincinnati Gas & Electric Company. This research dealt with load 
transfer studies on backfilled trenches consisting of various CLSM-CDF strengths and 
properly placed conventional backfills [12]. In addition to this field research, previous 
laboratory work included California Bearing Ratio (CBR) tests for different CLSM 
strength ranges. This CBR testing was conducted according to ASTM D1883. The 
specimens were tested at various ages rather than after the 96 hours of soaking as used for 
soils. The results of this testing are shown in Figure 1. CLSM strength correlation with 
CBR values is necessary since pavement design methods incorporate CBR’s or CBR 
correlation in their design [13].  

 
Figure 1 CBR values for CLSM-CPB  
Flowability for CLSM-CPB’s deals with the ability to regulate the CLSM mixture’s flow 
on steep pavement grades. The CLSM mixture’s flowability is regulated while 
maintaining the desired compressive strength. This is similar to controlling the flow for 
end slopes on culverts.  

The AASHTO (American Association of State Highway and Transportation Officials) 
Road Test (1968–1972) developed a term known as pavement coefficient and is primarily 
used in the design of flexible pavements [13]. A mathematical correlation has been 
developed for determining pavement coefficients when the compressive strength is 
known. This correlation is shown in Figure 2.  
zv661  

This figure (Figure 2) was developed using the general AASHTO equations and 
laboratory investigation on CLSM mixtures. It shows that for a compressive strength of 
6.9 MPa (1000 psi), the resulting coefficient (a2) would be approximately 0.28. It is also 
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interesting to note that 34.5 MPa (5000 psi) concrete would have a coefficient 
approximately equal to 0.60. These coefficients can be used in the design of a flexible 
pavement, but some engineers have used this coefficient approach to the design of rigid 
(concrete) pavements. Separate CLSM reports discuss CLSM-CPB applications when 
designing and constructing pavements [10, 11, 12].  

 
Figure 2 AASHTO coefficients based on compressive strength  

Structural Fills (CLSM-CSF)  
CLSM-CSF’s are regulated by flowability and compressive strength. The compressive 
strength will usually be higher than the strengths of CLSM mixtures for trench backfill. 
In some cases the compressive strength has been as high as 8.28 MPa (1200 psi). The 
design strength is based on foundation calculations and the bearing capacity of the 
supporting soil. CLSM-CSF’s have been used to support spread footers, grade beams, 
and load bearing walls.  

The placement of CLSM-CDF requires a good flowable material. The placement 
should not require any labor for placement other than someone to direct the placement 
from the ready mixed truck via its chute. If truck chutes will not reach the placement 
location, CLSM-CSF can be pumped.  

Thermal Fills (CLSM-CTF)  
CLSM-CTF offers a number of opportunities for designers of structures. The CLSM-CTF 
mixture is modified to increase its insulation properties. While flowability and 
removability are important aspects of a CLSM-CTF mixture, thermal conductivity is the 
prime concern. CLSM-CTF mixtures can be designed to meet or surpass the thermal 
conductivity values of light weight concrete. This is achieved by using different fillers 
and/or admixtures.  
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Anti Corrosion Fills (CLSM-ACF)  
Corrosion tests have shown a reduction of corrosion on metal pipes with the use of a 
CLSM-ACF backfill [14]. Laboratory and field research confirm that CLSM mixtures 
can be designed to reduce corrosion. Fly ash meeting ASTM 618 standards has a Ph in the 
range of 9 to 11. The mixture’s flowability and removability are important factors but 
controlling corrosion is the must important. Continued research on this subject is 
currently being conducted by the Cincinnati Gas and Electric Company.  

It should be noted that the fly ash used in a CLSM mixtures does not cause corrosion. 
This is possible because fly ash’s small particle size helps reduce moisture transmission 
through the mixture.  

Permeability Fills (CLSM-CPF)  
Permeability fills can be created by changing the CLSM’s density through the filler 
material’s gradation. Mixtures can be designed for a wide range of permeabilities. 
Laboratory tests have resulted in permeability values from .305 to 228.6 (10−5 m/min) ((1 
to 750 (10−5 ft/min) for a standard CLSM mixture with varying filler types.  

As with the other CLSM mixtures: flowability, strength and removability are also 
important. Each mixture has a prime governing factor, such as strength or permeability, 
that will be its major mix design consideration.  

MANUFACTURING AND SUPPLYING  
Ready mixed concrete equipment has generally been used to manufacture CLSM 
mixtures. This is not to say that other types of equipment and mixing procedures have not 
or could not be effective. Since the early CLSM concepts were developed by ready mixed 
concrete producers, it was natural for ready mixed concrete equipment to be used. The 
important thing to remember is proper mixing of the CLSM components. Without proper 
mixing flow, removability, and strength will not be achieved or controlled [7].  

The usual method for transporting CLSM-CDF mixtures to the project has been with 
the use of ready mixed concrete trucks. With the advent of CLSM-CDF mixtures the 
ready mixed concrete trucks should now be designated as a material mixer and 
transporting truck. The CLSM-CDF mixture is usually placed by “pouring” directly from 
the truck into the trench or excavation. The material can also be pumped as previously 
referenced.  

SPECIFICATIONS AND STANDARDS  
CLSM specifications vary with each type of construction application. While all CLSM 
specifications are similar; the mixture design and placement requirements could be 
different. Many agencies have written specifications for CLSM-CDF. In the majority of 
the cases they spell out: intended use, materials, mixture design, placement, testing, and 
method of measurement and payment. While it is not the intent of this paper to write a 
generic specification for CLSM mixtures, a general “model” CLSM-CDF specification is 
presented in italics accompanied by notes.  

Intended Use  
In lieu of compacted granular backfill the contractor may use Controlled Low Strength 
Material—Controlled Density Fill (CLSM-CDF).  

Application of HPC in Shanghai     647



Materials  
CLSM-CDF is a controlled density fill made of cementious materials; Portland Cement, 
water and selected filler material such as fly ash and aggregate. The combining of these 
materials shall result in a material that will achieve a compressive strength (C’) of less 
than 0.69 MPa (100 psi) at 28 days and permit easy removability at some later date.  

The CLSM-CDF material will have good flowability to allow for uniform placement in 
the trench. Good flowability means that the material will seek its own level while holding 
all mixture components in suspension.  

NOTE: It is important to understand that the CLSM mixture must be able to flow into 
the trench thereby eliminating all labor requirements for placing. Several tests have been 
developed for laboratory determination of adequate flow. Early researchers developed the 
opened ended, 7.62 cm diameter×15.24 cm long (3″ diameter×6″ long), cylinder test. An 
open ended cylinder is placed on a level surface and the CLSM material is poured into 
the cylinder. The cylinder is then lifted, with a smooth vertical motion, to allow the 
material to flow out on the level surface. Good flowability requires no material 
segregation and a spread of approximately 20.32 cm (8″) in diameter.  

Mixture Design  
Trial mixtures for CLSM-CDF should be made. For a CLSM-CDF the 28 day 
compressive strength should be less than 0.69 MPa (100 psi). A starting point for trial 
mixtures, to achieve the 0.69 MPa (100 psi) strength, could be:  

Portland Cement (Type I)  45.4 kg (100 lb.)  

Fly Ash (Type F)  136.2 kg (300 lb.)  

Aggregate Filler  1180.4 kg (2600 lb.)  

Water  272.4 kg (600 lb.)  

NOTE: Some agencies will spell out mixture proportions; others just state they require a 
28 day strength to be less than 0.69 MPa (100 psi).  

Placement  
The CLSM-CDF material may be placed directly from the truck chute into the trench. No 
vibration or compaction is required.  

Testing  
The suggested controls and field testing procedures are in regard to the final end use of 
the mixture. These tests consist of the following:  
ASTM C138, Test for Unit Weight  

ASTM C39, (modified) Test for Compressive Strength  
Flow Test, no ASTM designation  

The ASTM C39 Standard has been modified in regard to the cylinder’s size and rodding 
requirements. The cylinder size can be either 10.16 cm×20.32 cm (4″×8″) or 7.62 
cm×15.24 cm (3″×6″). Naturally, 15.24 cm×30.48 cm (6″×12″) cylinders can be used, 
but smaller cylinders yield satisfactory results. To simulate field placement, no rodding 
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should be done after placing the mix in the cylinder. The cylinders should be allowed to 
stand, undisturbed for at least 48 hours.  

NOTE: Some agencies require unit weight tests. This would be important if a specific 
density was the major design requirement. For general backfilling, compressive strength 
and removability have been the prime considerations.  

Quality Control  
Quality control for CLSM-CDF mixtures requires attention to the uniformity of materials, 
proper charging and mixing equipment, and material transportation to the project site.  
zv665  

NOTE: It cannot be over stressed that materials for CLSM mixtures must be uniform 
to provide control of flowability and strength. CLSM specifications have used American 
Society for Testing Materials (ASTM) standards as designated for concrete’s components 
for quality control.  
ASTM C33—Concrete Aggregate  

ASTM C150—Portland Cement  
ASTM C618—Fly Ash  

These standards have helped to provide for uniformity in CLSM mixtures. Materials not 
meeting these standards have successfully been used. Use of non-ASTM materials 
require laboratory testing to determine flowability, removability, and strength of the 
mixture.  

Method of Measurement and Payment  
The quantities which constitute the completed and accepted structure will be measured 
for payment by the cubic meter (cubic yard). Payment will be made on the unit price 
basis for the measured cubic yard.  

ECONOMICS  
For estimating purposes transportation costs for concrete are used for the transporting 
cost of CLSM-CDF mixtures. Technically the CLSM-CDF supplier should consider less 
wear on equipment (blades) and faster placing times. Since the majority of the CLSM-
CDF mixtures contain smaller sized aggregate than concrete, blade wear is greatly 
reduced. Because CLSM requires no vibration or work after placing, placement time is 
reduced from the usual 10 minutes per cubic yard for concrete, to 10 minutes or less for 
the entire CLSM-CDF load. Placing CLSM-CDF mixtures can significantly increase the 
“turn around” equipment time.  

Construction Considerations and Backfilling  
When considering total CLSM-CDF costs, related construction requirements must also be 
considered by the contractor. Related construction requirements include: trench width, 
OSHA, and speed of backfill placement. Trench widths can be reduced with the use of 
CLSM-CDF since a wider trench is not required to achieve adequate compaction around 
the conduit. This trench reduction width also reduces excavation costs and the amount of 
backfill material required.  

Occupational Safety and Health Administration (OSHA) regulations require sloping 
sides for trench excavations [15]. For conduit placement, with a “steel box” and CLSM-
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CDF backfilling, sloping sides could be eliminated since no personnel are required to be 
in the trench during backfilling.  

Backfilling is expedited with the use of CLSM-CDF because there are no delays for 
compaction testing in the trench. Backfilling can be as fast as the CLSM-CDF material 
can be poured into the trench. If the backfilling operation is expedited, it reduces total 
construction time.  

Material Costs  
To determine a proper pricing structure for a CLSM-CDF a knowledge of material costs 
is required. Material costs will generally vary with: geographical locations, time of year, 
and competition.  

It cannot be over emphasized that the cost of the fill material has the greatest 
significance in determining the cost of a CLSM-CDF mixture. All available materials for 
possible aggregate filler should be investigated. The material can be a nonstandard 
material that could satisfy CLSM mixture requirements. The Hatfield Station project 
(Pennsylvania) is an example where bottom ash was used as the filler material [2].  

Yield Of Mixture  
There are two yield considerations for CLSM mixtures: the plastic or wet yield and the 
hardened or subsided yield. The absolute volume of the wet mixture is calculated in the 
same manner as for concrete. Because of the high water content, a significant amount of 
water will bleed off a placed CLSM mixture. Therefore, the hardened volume will be less 
than the initial wet volume. A typical subsided yield would have a reduced volume of 
approximately 6 to 8%. This reduced hardened volume must be reflected in both price 
and volume requirements. The specific gravity of the components, as with concrete, will 
affect the final hardened volume. A wet over yield could be adjusted by reducing the 
aggregate filler as long as proper flowability is maintained. Another consideration is that 
a higher wet yield will increase the subsided volume. A volume reduction of 6 to 8% 
would result in a final subsided volume of 0.736 m3 to 0.722 m3 (26.0 to 25.5 cu.ft.) 
respectively.  

Competitive Price  
The cost of using CLSM-CDF in place of conventional backfill has been debated 
between many CLSM-CDF producers and contractors. Favorable economics for using 
CLSM-CDF depends on the specification enforcement of the conventional backfill 
method and the cost of backfill materials [16, 17].  

Consider a roadway trench with the following dimensions: 0.914m (wide)(3’), 1.829 
m (deep)(6’), 12.192m (long) (40’). The total backfill material requirement would be 
20.40m3 (26.67 cu.yd.) less the pipe’s displaced volume. Using unit costs of: $37.62/m3 
($28.76/cu.yd.) CLSM-CDF, $14.00/hr. labor and $10.46/m3 zv667 ($8.00/cu.yd) 
granular backfill, a cost comparison study shows that the CLSM-CDF cost to be $ 867.03 
as compared to $ 836.74 for the conventional fill. It should be noted that for every one 
foot (.305m) reduction in trench width, with CLSM-CDF use, results in a cost reduction 
of $255.64. While the $867.03 is larger than the $ 836.74, OSHA cribbing or side slope 
regulations need to be added to the conventional backfill’s costs [15]. Lower CLSM-
CDF costs could be achieved by considering less equipment wear and faster placement 
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times. The estimated unit costs used in this example are from the Area Paving Council 
(APC), Toledo, Ohio.  

IMPLEMENTATION PROCEDURES  
To answer the question, “how to implement CLSM applications?”, the following punch 
list is suggested:  

•    Investigate the availability of local aggregate filler.  

•    Perform laboratory tests on proposed CLSM mixtures.  

•    Review costs of CLSM mixtures with local ready mixed concrete producers. Assist in 
cost analysis of CLSM applications versus conventional applications.  

•    Consider demonstration project in lieu of conventional construction practices. The 
demonstration project allows for the monitoring of costs and construction activities.  

•    Write and adopt specifications for the CLSM application.  

CLOSURE  
The purpose of this paper was to furnish basic knowledge about CLSM materials: history, 
applications, material components, design, engineering properties, manufacturing, 
specifications, cost, and how to implement their use. The reader should be aware, as 
noted in the text, that detailed reports are available for the various topics referenced. If 
copies of these detailed reports are desired, the reader should contact Brewer & 
Associates, P.O. Box 8, Maumee, Ohio 43537–0008.  
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ABSTRACT. The greatest stability of properties is found in expansive cements made on 
the basis of calcium aluminate sulphate and/or the formation of ettringite. The factors 
influencing the properties of ettringite-forming expansive cements are represented in a 
phenomenological model. The factors influencing the properties and the process of 
expansion are analysed. By controlling the process of hydration during the hardening of 
the expansive cement the linear change of length may be kept within the range of 0.1 to 
200mm/m and the properties of concrete and reinforced concrete structures may be 
improved. Expansive cements which are produced by mixing commercial portland 
cement with an expansive component offer considerable technological advantages and 
possibilities of further development.  
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PHENOMENOLOGICAL MODEL OF EXPANSIVE CEMENTS  
Practical experience shows that the greatest stability of properties is found in expansive 
cements made on the basis of calcium aluminate sulphate and/or the formation of 
ettringite. The properties, i.e. first of all the process of expansion, which may be 
represented in the form of a tree (“expansive cement tree”) (fig. 1), depend on “external” 
and “internal” factors of influence. By the influence of these factors on the mechanism of 
ettringite formation, on the morphology of ettringite phase, on the amount of ettringite 
phase formed, on the kinetics of ettringite formation and on the properties of the portland 
cement matrix, which is called the fifth root of the expansive cement tree, the process of 
the formation of microstructure during the hardening of expansive cement can be 
controlled. The “external” factors of influence are temperature (sun), moisture (rain or 
drying-out) and the extent of impediment to the expansion process.  

The “internal” factors of influence are, first of all, the hydraulic activity of the 
Portland cement portion, the expansive components and the additives which determine 
the content of ions in the reaction solution in the process of hydration. In addition, there 
are, of course, the water-cement ratio and the additives which enable the desired 
coordination between the hardening of the Portland cement matrix and the formation of 
ettringite to be achieved. The desired properties of expansive cements and a control of the 



expansion process in time and space can only be achieved if the processes which all five 
“roots” have to go through under the “external” and “internal” factors of influence are 
under control. As in nature, it is difficult to decide which root is the most important for 
the life of the tree and the quality of the fruit (in this case the properties of expansive 
cements). All of them make a different but equally important contribution.  

HYDRATION AND FORMATION OF THE MICROSTRUCTURE 
IN EXPANSIVE CEMENTS UNDER THE INFLUENCE OF 
“INTERNAL FACTORS”  
The physical-mechanical characteristics of expansive cements and expansive cement 
concretes are closely correlated with the relationship between the speed of hardening of 
the expansive cement matrix (=Portland cement portion) and the speed of ettringite 
formation in the first 3 to 5days of hardening and/or with the active formation of the 
microstructure of the hydrated cement. This may, for instance, be achieved by 
deliberately changing the fineness of both components of the expansive cement, i.e. the 
expansive cement matrix and the expansive component /1/.  

According to several authors /1; 2; 3/ and our own test results /4/ there is no 
universally valid relationship between the amount of ettringite formed and the amount of 
expansion. An interdependence does only exist if the quality of all components of 
expansive cement is constant and the external conditions do not change /2/.  

 
Fig. 1: Expansive cement “tree”  
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Fig. 2: Changes in pH-value during the hydration of TG-QZ (high-alumina/gypsum 
expansive cement) with different additives  
By changing the concentration of ions and particularly the OH-content in the reaction 
solution it is possible to exert an active and deliberate influence on the crystallization of 
ettringite and the formation of a certain type of crystal /1/. Practically, by means of the 
properly adjusted pH-value during the initial hardening of expansive cements the 
morphological formation of ettringite and thus the formation of the microstructure of the 
hydrated cement may be controlled.  

Our investigations have shown that different mineral additives to high-
alumina/gypsum expansive cement (TG-QZ) can influence the ion-content and 
particularly the content of OH-ions in the reaction solution and in this way also the 
kinetics of ettringite formation, the morphology of ettringite and finally the properties of 
expansive cement. The expansive cement was produced by homogenizing a mixture of 
high alumina cement and ground gypsum in the stoichiometric relationship of the 
ettringite for 60 minutes. Mineral additives were silica powder (SF), ground opal (O) as 
natural puzzolanic component, siliceous chalk (K) burnt at 1000°C and ground, pure 
calcium hydroxide (CH) and ground silica sand.  

Our investigations have shown that depending on the type of mineral additives the pH-
value of the pore solution of high alumina/gypsum expansive cement (TG-QZ) differed 
greatly in the first 24 hours after mixing had begun (addition of mixing water) (fig. 2).  

Particularly interesting are the properties of TG-QZ with calcium hydroxide (CH) and 
siliceous chalk (K). These additives showed an extremely great difference between 
amount of expansion and compressive strength (fig. 3 and 4). Although just after mixing 
the pH-value was nearly the same, it decreased from 12.5 to 9.7 within the first six 
minutes when burnt siliceous chalk was used and then remained constant for up to 72 
hours. The analysis of the products of hydration showed that ettringite was formed at the 
same speed and after three days amounted to about 85%. In TG-QZ with calcium 
hydroxide the pH-value remained practically constant for the first ten minutes and 
decreased to 9.6 in the following 10 minutes. After a period of stabilisation on this level 
in the following 7 hours the pH-value increased to 12.3 and remained constant for 28 
days. The formation of ettringite amounted to 70% after 24 hours and after 48 hours had 
achieved 90% of the final value.  
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This phenomenon may be explained by the formation of separating layers on the 
surface of the cement particles which impede the further course of hydration and thus 
cause a decrease in the concentration of OH-ions in the pore solution. In the further 
process of hydration ettringite is formed in the interspace between the unhydrated clinker 
minerals and the ettringite shell. The pressure of crystallization acts on the inner side of 
this shell. This load is increased by the difference in the concentration of hydration 
products on the outer and inner sides of the shell which is filled with products of 
hydration and, first of all, with ettringite.  

 
Fig. 3: Compressive strength of TG-QZ with different additives  

 
Fig. 4: Amount of expansion of TG-QZ with different mineral additives  
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The interspace between the separating layer and the unhydrated clinker minerals becomes 
too small and the ettringite shell is destroyed. After the destruction of the ettringite shell 
around the clinker mineral particles the process of hydration is continued as can be seen 
from the strong increase of the pH-value (fig. 2). After this period a highly active 
expansion process with an increase in volume by more than 8% can be observed (fig. 4).  

The hydration process of TG-QZ with burnt siliceous chalk (K) as an additive, its 
kinetics of ettringite formation, process of expansion, and other properties of the hydrated 
cement differ greatly from the preceding descriptions, although the pH-value in the first 
minute was nearly the same. The phase analysis of siliceous chalk after burning at 
1000°C showed that this additive contained calcium oxide as well as calcium silicate of a 
low basicity. Each component had a specific influence on the kinetics of the ettringite 
crystallization, its morphology and finally on the properties of the expansive cement. In 
the first two minutes the hydration process of TG-QZ is similar to that of the above 
mentioned expansive cement with calcium hydroxide. The higher pH-value of 12.3 is due 
to the calcium oxide content in the burnt siliceous chalk. It may be considered to be the 
cause of the increased solubility of the calcium aluminates just after mixing and of the 
formation of the separating layer of fine crystalline ettringite on the surface of unhydrated 
cement clinker particles. Burnt siliceous chalk contains only a relatively small amount of 
calcium oxide or calcium hydroxide after mixing with water and these amounts are 
quickly neutralised by calcium aluminate. Therefore, only a rather thin layer of ettringite 
crystals is developed whose strength and density are lower than in the case of pure 
calcium hydroxide. After a reaction time of about 60 minutes the pH-value increases 
from 9.4 to 10.3 which may be considered a consequence of the destruction of the 
ettringite layers. The phase analysis in this period showed an increase in ettringite content 
and proportionally a decrease in gypsum content in the hydrated cement. Due to the 
difference in concentration of hydration products below the separating layer and beyond 
it ettringite nuclei “dart” at a high speed deeply into the capillary pore space near the 
cement particles where they crystallize. First studies into the formation of ettringite under 
an environmental scanning electron microscope confirm that in the presence of reacting 
agents ettringite forms suddenly and not as previously assumed by slow growth of the 
crystals.  

The ettringite nuclei play the role of a crystallization centre, i.e. as the nucleus of the 
crystallization of the primary ettringite. Microscopic examinations showed that in the 
further course of hydration single clusters of ettringite developed independently and 
without any connection to each other. It may be concluded that in this case the 
crystallization pressure of the hair-shaped ettringite does not contribute to the increase in 
volume of the cement paste and rather plays the role of a fibre reinforcement for the gel-
like hydrates.  
  

This will also explain that after 28 days’ storage the prisms, which had been coated 
with paraffin, showed an amount of expansion of only 0.25%, but a 1.5 to 2.2 times 
greater compressive strength compared to a TG-QZ with another mineral additive. 
Although there is no direct contact between the single ettringite clusters and the single 
ettringite crystals the expansive effect is also a consequence of the formation of ettringite. 
But the mechanism of the expansion process is different from the formation of the 
classical needle-shaped ettringite crystals which cause the expansion pressure in the form 
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of crystallization pressure. From the very beginning of the hydration of the cement paste 
a capillary pore space is formed whose total volume depends on the water content of the 
system. The interconnected capillaries and pores are statistically distributed over the 
entire volume. In the course of hydration the microstructure changes. At a certain stage of 
hydration the products of hydration cause a change in this system of interconnected 
capillaries and pores to a microstructure of closed pores, continuous pores and dead-end 
pores. At a low pH-value hair-shaped ettringite in the pores can only form from an 
aqueous solution with an ion-content required for the formation of ettringite. As ettringite 
crystallizes with a considerable increase in volume this leads to a higher hydrostatic 
pressure in the closed and dead-end pores (comparable to the formation of ice below 
freezing point) /5; 6/. Under this pressure the water is pressed out of the pores. The 
separating walls between the closed and dead-end pores where ettringite has crystallised 
have a high impermeability which may be considered the main cause of the great stress in 
the microstructure of the cement paste. The consequence of these stresses is an increase 
in volume of up to 0.25% during the hardening of the expansive cements in the first three 
days, the formation of fine crystalline hair-shaped ettringite which crystallises under the 
influence of the low pH-value of 10.2, and at the same time the development of pressure. 
These results confirm that the amount of expansion is not only determined by the amount 
of ettringite formed but that the morphology of ettringite, which depends on the pH-
value, also plays an important role.  

DURABILITY OF EXPANSIVE CEMENT CONCRETE  
All kinds and causes of shrinkage in volume which cause cracking due to inhibited 
deformation pose a special danger to the microstructure of the hydrated cement and the 
durability of concrete and reinforced concrete structures. Problems caused by shrinkage 
are often aggravated by corrosion and this will lead to difficulties in the use of buildings 
and even to heavy damage to the structures. By the use of expansive additives the change 
in volume during the hardening of the concrete can be controlled in time and space so as 
to ensure a desired increase in volume of the hardening concrete after shrinkage and to 
improve the durability of concrete and reinforced concrete structures.  
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Fig. 5: Pore distribution in expansive cement paste with different amount of 
expansion  

 
Fig. 6: The formation of ettringite in the pore space  
Studies into the porosity of hydrated expansive cement with different expansive 
potentials (expansive potential is the maximum achievable amount of expansion when the 
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hardening of the expansive cement is not impeded) showed that the portion of pores with 
a diameter <100nm is considerably greater than in the hydrated Portland cement which 
forms the matrix for the expansive cement (fig. 5). The formation of ettringite is evenly 
distributed over the whole pore space. Thus the whole pore microstructure is made 
impermeable (fig. 6). This explains the great impermeability and durability of concrete 
made of expansive cement.  

If you take the increase in volume under freezing as an example of the durability of 
concrete, it may be stated that in expansive cement the damage to the microstructure is 
remarkably smaller /7/. Investigations into the sulphate resistance /8/ and the freeze-
deicing salt resistance /9/ show that the durability of properly produced expansive cement 
concrete is generally higher than that of portland cement concrete.  
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ABSTRACT. This study was done for the company manufacturing prestressed high 
strength concrete pipe piles. Strength tests were made for autoclaved cement-ground sand 
pastes and concrete with ground sand. XRD and SEM analyses were also made to clarify 
the effect mechanism of the ground sand on cement hydration while autoclaved. 
Manufacture experience of prestressed high strength concrete pipe piles with the strength 
of 80N/mm2 was briefly introduced using ground sand to equally replace 30% cement in 
a factory.  
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INTRODUCTION  
It is well known that the Ca(OH)2 released by hydration of C3S in cement can react with 
quartz powder to form more or less crystallized CSH at elevated temperatures, for 
example 170°C [1]. Therefore a good concrete can be made by replacing part of cement 
with ground quartz sand by autoclaving. At present, in China a great number of plants are 
producing prestressed concrete pipe piles, among which most are prestressed high-
strength concrete (PHC) ones (concrete strength >80 N/mm2) produced by autoclaving. 
However, they were made with ordinary Portland cement concrete without addition of 
any blended materials until the present study was carried out. Since those plants have 
been furnished with autoclave, why don’t we try to make concrete with ground quartz 
sand or ordinary river sand to save cement, energy comsumption and cost of the pipe 
piles?  



In the present paper, tests of cement-ground sand pastes were made to determine the 
proper addition amount of sand, the autoclaved PHC was prepared and tested in 
laboratory and in production as well, and XRD and SEM analyses were also made to 
observe changes in hydration products and in the microstructure of hardened autoclaved 
pastes.  

PASTE TESTS  
Before concrete tests, autoclaved cement-ground sand pastes were tested in comparison 
with OPC pastes.  

Experimental Conditions  
The following materials were used in the test:  

OPC of grade 525 (according to Chinese Standard) made in Ningguo Cement Plant; 
quartz sand with fineness of 3000 cm2/g and SiO2 content of 99%; ordinary river sand 
with fineness 3500 cm2/g and SiO2 content of 91%.  

Sand: (sand+cement) ratios were 0, 10, 20, 30 and 40%. Water-solid ratio was 0.26 for 
all.  

Specimen size was 2×2×2 cm.  
Three curing conditions were used. They were: (1) normal curing at 20°C; (2) steam 

curing comprising 2 hours in air, then zv683 temperature rising to 65°C for 2 hours, then 
keeping constant temperature 65°C for 2.5 hours and temperature dropping to room 
temperature for 1.5 hours; (3) autoclaving—steam-cured and demoulded specimens being 
autoclaved comprising temperature rising—keeping constant temperature—temperature 
dropping for 4–5–2.5 hours with the constant temperature of 180°C at pressure of 
1N/mm2.  

Test Results  
The strength of specimens of different sand addition amounts after different curing 
conditions was measured and the results are shown in Tab. 1 and Fig. 1.  

Discussion  
From the above results some follwing conclusions may be obtained  

(1) The strength of autoclaved paste specimens with addition of 20~30% ground sand 
(either quartz sand or river sand) is higher than that of OPC paste specimens normally 
cured for 28 days and is much higher than that of autoclaved OPC ones.  

(2) For autoclaved OPC pastes strength regression occurs during consequent normal 
curing as expected, whereas for autoclaved cement-ground sand pastes no regression has 
been found.  

(3) The efficiency of quartz sand is better than that of river sand with relation to the 
strength due to the larger SiO2 content of quartz sand. However, from the practical view, 
ordinary river sand with high content of SiO2 is also sufficient for partial substitution for 
cememt. The suitable replaced amount of cement by ground sand seems to be about 30%.  
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CONCRETE TESTS  
Experimental Conditions  
The same cement and ground river sand were used as those used in paste tests. Crushed 
rock in 5~25mm size and river sand with fineness modulus of 2.3~3.0 were used as 
coarse and fine aggregates with soil content <1.5%.  
Table 1 Compressive strength of cement-ground sand paste specimens (N/mm2)  

SAND ADDITION AMOUNT (%)  

Cement-quartz sand  Cement-river sand  

CURING CONDITIONS  

0  10 20  30 40 10 20 30 40  

A  121 118 116  101 78.3 120 106 89.2  64.6  

B  70.9 60.9 56.6  47.8 35.3 67.2 53.8 42.7  31.9  

C  105 128 126  142 112 115 122 122  114  

D  91.3 109 144  137 135 124 133 118  126  

* A—normal curing for 28 days B—steam curing  

C—steam curing+autoclaving  

D—steam curing+autoclaving+normal curing for 28 days  
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Fig. 1 Effect of composition of cement-ground sand pastes on compressive strength  
Specimens size was 10×10×10cm.  

Three curing conditions were used. They were: (1) normal curing at 20°C; (2) steam 
curing 2–4–2 hours, 70°C; (3) autoclaving 4–5 −3 hours, 180°C.  

The mix proportion tested are shown in Table 2.  
For all, superplasticizer amount is 0.25% of (cement+ground sand); slump 7~8cm.  

Test Results and Disussion  
Strength of concrete with proportions mentioned in Tab 2 are shown in Table 3.  

It can be seen that the concrete test results very well conform to the paste test. The 
conclusions obtained from paste tests  
Table 2 Concrete mixture tested  

NO. FINENESS 
OF SAND 

cm2/g  

SAND 
AMOUNT 

REPLACING 
%  

CEMENT 
Kg/m3  

GROUND 
SAND 
Kg/m3  

WATER 
Kg/m3 

FINE 
AGG. 
Kg/m3 

COARSE 
AGG. 
Kg/m3  

1    0 520 0 148 624 1158 

2  3400 30 364 156 148 624 1158 

3  3400 40 312 208 148 624 1158 

4  5400 40 312 208 148 624 1158 
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Table 3 Compressive strength of autoclaved concrete with addition of ground sand 
(N/mm2)  

CURING CONDITIONS  
No.  

A  B  C  D  

1  86.5  82.0  91.0  83.1  

2  78.5  70.3  97.3  96.1  

3  61.0  59.3  84.3  91.4  

4  66.2  60.3  100.0  111.6  

zv686 are also available to the concrete. Ground sand may be used to replace 30% 
cement to make autoclaved concrete with equal strength contribution of the ground sand 
to concrete seems to be less than that to pastes. It is because the high-strength concrete 
losses its bearing capacity in some cases due to crashed rock fracture. The stregth of 
concrete with ground sand after steam curing is reasonablly lower than that without 
ground sand, but is much higher than required destressing value 35 N/mm2, specified by 
Chinese Standard GB 13476–92.  

XRD ANALYSES AND SEM OBSERVATION  
XRD analyses were done for autoclaved OPC and cement-ground sand pastes to clarify 
the effect of ground sand on hydration products. The XRD diagrams of both are shown in 
Fig. 2.  

Very intensive peaks of 18.1° and 34.1° certified the presence of a large amount of 
Ca(OH)2 formed by hydration of C3S and unreacted SiO2 crystals in sand respectively in 
the autoclaved OPC paste (Fig. 2a), whereas the intensity of those peaks greatly weakens 
in the autoclaved cement-ground sand paste (Fig 2b) which illustrates that in paste with 
ground sand Ca(OH)2 released by hydration of C3S reacts with SiO2 crystals and water to 
form poorly crystallized CSH <tobermorite, 14.1Å, see Fig. 2b)  

By SEM observation a large amount of stacks of CH lamellae can be found in the 
paste without ground sand (Fig. 3a), but few CH lamellae have been found in the paste 
with ground sand and instead, there more or less crystallized CSH, or say tobermorite 
type CSH crystals can be obviously observed (Fig. 3b), which also proves the reaction of 
CH with SiO2 crystals to form crystallized CSH in the autoclaved paste with ground sand.  

APPLICATION OF GROUND SAND IN MANUFACTURE OF PHC  
Based on the laboratory study, ground sand is being used to partially replace cement in 
manufacture of autoclaved PHC piles in some plants in Guangdong Province. The 
production experience in Hongji Pipe Piles Company is here briefly introduced.  
zv687  
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Fig. 2 XRD diagrams of autoclaved pastes  

 
Fig. 3 SEM photos  
The products are PHC pipe piles with the external diameter of 50cm and the length of 
8~12m. Concrete srength grade is 80N/mm2.  
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Portland cement of grade 525 made in Zhujiang Cement Plants is used. The quartz 
sand is used with the fineness of 2000 cm2/g. Crushed rock in 5~20mm and medium sand 
are used as aggregates. Superplasticizer used is of type sulphonated melamine 
formaldehyde.  

The piles are shaped by centrifugal process. The centrifugal technology is unchanged 
while using ground sand. After centrifuging piles are cured by two-stage curing process. 
In the first stage, the time for rising-constant-dropping temperatures is 2–2.5–4 hours and 
the maximum temperature is 90°C. Piles after first-stage steam-curing are destressed and 
demoulded. The demoulded piles are transported into autoclaves and then autoclaved 
(second stage). The autoclaving proess is also kept the same as usual.  

The concrete mix proportions are as follows (Tab 4).  
The strength of the concrete tested is shown in Table 5.  

Table 4 Mix proportions in production  

MIX GROUND SAND 
REPLACEMENT 

%  

CEMENT 
Kg/m3  

GROUND 
SAND 
Kg/m3  

WATER 
Kg/m3 

FINE 
AGG. 
Kg/m3

COARSE 
AGG. 
Kg/m3  

ADMIXTURE 
Kg/m3  

0  0 520 0 140 619 1144 4.16 

A  30 364 156 140 619 1144 4.16 

B  35 338 182 140 619 1144 4.16 

0—routine proportion without ground sand  

Table 5 Strength of concrete in production (N/mm2)  

MIX  AFTER FIRST STAGE CURING  AFTER TWO-STAGE CURING  

0*  60.0  90.0  

A  48.9  89.3  

B  46.1  88.1  

*—average strength of routine products  

In routine production without addition of ground sand, some fine cracks often appear on 
the surface of products, but such fine cracks diappear while ground sand is added. 
Moreover, the field piling practice of the pipe piles with ground sand shows that these 
piles have high impact bearing capacity and no pile broken incident has occurred. It can 
reasonablly be expected because less cement is used and large crystals of Ca(OH)2 are 
transferred to CSH gel.  

The cost of products is reduced very much while ground sand is used to substitute 
cement. In Guangdong Province, the cost of cement and ground sand is 550 RMB/T and 
87 RMB/T respectively, so the cost of raw materials of concrete is decreased about 21% 
(72 RMB/M3 concrete, about 8.7$) while mix A in Table 4 is taken for an example.  
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The practical production experience shows that with few changes in technology, 
ground sand can be successfully used to manufacture autoclaved high-strength concrete 
products.  

CONCLUSIONS  
The laboratory study as well as the production experience certified that a good autoclaved 
high-strength concrete can be made by addition of ground sand with high SiO2 content to 
replace part of cement. The suitable addition amount of ground sand is about 30%.  

By XRD analyses and SEM observation it can be clearly found that the Ca(OH)2 
released by hydration of C3S reacts with SiO2 crystals and water to form more or less 
crystallized C-S-H, which contibutes to the concrete strength.  

A well known concrete knowlege has been transferred to great economical benefit 
through the application study.  
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ABSTRACT. The study had been carried out on the high performance concrete with the 
Third Series Cement, sulpho- and ferro-aluminate cement. The experimental results 
showed that the setting and the workable time of the fresh concrete could be retarded and 
the physico-mechanical properties and the durability of the hardened concrete was 
improved when the special admixtures were added. The applications of the high 
performance concrete with this kind of cement in high-rise buildings, prestressed 
concrete products, ready-mixed concrete plant and mass concrete engineering etc. were 
also described in the paper.  
Keywords: Sulpho-aluminate cement(SAC), Ferro-aluminate cement(FAC), High-
strength concrete(HSC), High performance concrete(HPC), Admixture.  
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INTRODUCTION  
Sulpho-aluminate and ferro-aluminate cement, which were invented in 1970’s and 1980’s 
by China Building Materials Academy(CBMA) and made the Chinese Standards in 1987 
and 1991 respectively, are new type of cement series. In the 3rd Beijing International 
Symposium on Cement and Concrete held in October, 1993, the inventors, Prof. Wang 
Yanmou and Prof. Su Muzhen named sulpho- and ferro-aluminate cement (the major 
mineral component is C4A3S) as the Third Series Cement to make difference from the 
First Series Cement—Portland Cement (the major mineral component is C3S) and the 
Second Series Cement—Alumina Cement (the major mineral is CA).  



The Third Series Cement is manufactured by calcining alumina (or ferro-alumina) and 
gypsum together at lower temperature(1300–1350°C) into clinker with major mineral 
C4A3S, C2S and C4AF. The clinker is ground with appropriate amount of gypsum to 
produce finish product. Hydration products of the cement are mainly composed of AFt, 
AFm, Al(OH)3 and Fe(OH)3 gel et al. The Third Series Cement bestows high strength, 
including early strength, impermeability, frost and corrosion resistance and low alkalinity 
etc. The research into preparing the high performance concrete with the Third Series 
Cement has been carried out in CBMA for several years. Now, we have successfully used 
this kind of concrete in practical civil engineerings.  

SPECIAL ADMIXTURES FOR THE THIRD SERIES CEMENT  
Aim of Developing Special Admixtures  
In order to produce high performance concrete, we have developed a series of special 
admixtures for the cement to solve the following three problems emphatically: firstly to 
control the setting time and the workable time of the concrete; secondly to reduce water 
to cement ratio and ensure the consistency of the concrete required by construction; 
thirdly to improve the strengths and the durability of the concrete. The special admixtures 
included ZB-1 type of high range water-reducing and retarding admixtures for producing 
high strength concrete, ZB-3 type of normal retarding and water-reducing admixture for 
producing normal strength concrete, ZB-5 type of special pumping aid for producing 
commercial concrete transported from ready-mixed plant to construction site, ZB-2 type 
of anti-freeze admixture for making concrete at low negative temperature in winter.  

Controlling Setting Time and Workable Time of Concrete  
With the special admixtures, the setting time of the concrete can be controlled between 2 
and 8 hours and the workable time to meet the requirements of construction on-the-spot 
(showed in Table 1). Table 2 shows that the slump of the fresh concrete mixture did not 
lose in 3 hours with the special pumping aid.  
zv693  
Table 1 Slump loss of the concrete with the special admixture  

W/C  Admixture  Slump,  cm  

    Initial  15min  30min  45min  60min  75min  90min  

0.37  ZB-1  20  16  14  12  12.5  10.5  8  

Table 2 Slump loss of the concrete with the special pumping aid  

W/C  Admixture  Slump,  cm  

    Initial 15min 45min 75min  100min  140min  180min  

0.41  ZB-5  22  22  22  21  20  20  20  

Therefore, we can prepare the high performance concrete of the Third Series Cement 
vibrocast easily with good workable time by making use of the special admixtures to 
construct concrete products and buildings.  
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Influence on the Hydration Heat of the Cement  
High-early strength is one of the important characteristics of the cement which is 
different from OPC. From the hydration heat evolution curves of the cement with and 
without the special admixture as shown in Fig. 1, the time of appearance of the peak of 
hydration heat was only postponed but the characteristic of that is not changed, that made 
the concrete retain high early-strength and high-strength.  

PROPERTIES OF THE CONCRETE PREPARED WITH SAC/FAC  
Strength Development  

 
Figure 1 Hydration heat evo-lution curves of the cement with and without the special 
admixture  

 
Figure 2 Comparison of compressive strength development of FAC and OPC concrete  
The strength development of FAC concrete and OPC concrete is compared in Fig. 2. 
Obviously, the early strength of FAC concrete develops much more quickly than that of 
OPC concrete and the former also continued strengthening later. At the same time, the 
tensile splitting strength, bending strength and elastic modulus co-increase with its 
compressive strength as shown in Table 3 and 4. Therefore, the benefit of advancing 
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prestressing time for prestressed concrete, quickening the circulation of moulds and 
shortening time limit for a project.  

Strengths at Negative Temperature  
Strength development of the concrete in winter could be achieved by self-curing making 
use of the hydration heat released by the Third Series Cement itself concentratedly. The 
aim to use the special anti-freezing admixture was to keep fresh concrete good 
workability and refrain it from freeze injury before the hydration of the cement so as to 
make concrete mixed normally only with simple curing measures at  
Table 3 Strength development of the concrete(MPa)  

Age  1 day  3 days  28 days  1 year  2 years  

compressive  44.6  61.9  69.2  81.0  90.7  

Splitting tensile  2.85  4.24  5.38  5.74    

Flexural    7.23  8.70  8.81    

* Cement content is 480kg/m3; W/C is 0.335, Slump is 9cm  

Table 4 Elastic modulus of the concrete at different ages  

W/C Slump, cm Admixture Axial Compressive Strength, MPa Elastic Modulus, GPa  

      1 d  3 d  28 d  1 d  3 d  28 d  

0.37 18.8  ZB-1  40.9  43.7  50.0  34.2 35.6 37.8  

zv695  
Table 5 Strength development at negative temperature  

Temperature  Slump, cm  Compressive strength, MPa  

    −7d −7+3d  −7+7d  −7+28d  −7+56d  

−15°C  9.0  3.6 43.7  54.2  58.5  70.4  

* Cement content is 500kg/m3; W/C is 0.31; −7+3d means that concrete specimens are 
cured at negative temperature for 7 days and then at positive temperature for 3 days.  

the negative temperature and ensure strengths and durability of hardened concrete. So the 
concrete with this cement can beyond the limit of normal critical-freezing strength when 
used. Some experimental results is shown in Table 5.  

Creep and Dry Shrinkage  
Under the unsealed condition, the creep(C(t, τ)) and the shrinkage(εs) of ferro-aluminate 
cement concretes graded C50 and C80 tested are shown in Table 6. It is advantageous to 
manufacture high-strength prestressed concrete structures with the Third Series Cement 
to avoid the stress loss due to its quite smaller creep and shrinkage.  
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Expansion-Shrinkage Properties of Expansive Concrete  
The shrinkage-compensating ability of the concrete is judged mainly according to the 
deformation under the condition of long term dry-wet circulation.  

Fig. 3 gives the expansion-shrinkage curve of FAC concrete which was cured in water 
for a month, then put into dry air room (20±3°C, 60% of relative humidity) to undergo a 
full dry shrinkage (one year), then put back into water to be recured (one year), and 
returned to dry air room once again after one year. As shown in the figure, after cured in 
water, the mild expansive FAC concrete still shrinked when it was put into air to dry and 
the shrinkage was smaller. After curing in water for second time, the specimen expansion 
was restored quite rapidly. Although the expansion did not reach the former level at last, 
but it had an obvious characteristic, when shrinked again, i.e. the shrinkage was small for 
the second dry shrinkage. The specimen did not shrink again and its size tended to be 
stable after one year of dry shrinkage. The stable-tending state was at the positive strain 
state, which is higher than that at first time. When used as the shrinkage compensating 
structural material in engineering practice, the FAC concrete is in positive strain state and 
the struture will not crack because the exposed structure is under the condition of dry-wet  
Table 6 Creep and shrinkage  

Axial compressive strength, MPa  Concrete grade  W/C 

3 days  28days  

εs ×10−6 C(t, τ) ×10−6  

C50  0.40 38.0    510  28.4  

C80  0.30 69.6    368  23.7  

C80  0.30   91.1  368  17.8  

 
Figure 3 Expansion-shrinkage curve of FAC concrete  
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Figure 4 Dry shrinkage of FAC concrete specimen cured in water for one year  
alternation. In addition, in the engineering underground with mild changes in temperature 
and humidity, the texture of the concrete is more stable. Because of the presence of self-
stress produced by the expansion of the FAC and the crisscross growth of the hydrates, 
the texture is more compact.  

Fig. 4 shows the drying shrinkage deformation curve of the FAC concrete. After cured 
in water for 28 days, the specimen underwent two years of drying shrinkage. After the 
shrinkage, the concrete was still at positive strain state.  

Durability  
The excellent impermeability of the Third Series Cement concrete was attributed to its 
high density. The testing results made by CBMA indicate that its impermeability at 3–7 
days was almost the same as that of Portland cement concrete at 28 days.  

High-strength concrete with the Third Series Cement also has good carbonation 
resistance and freeze-thaw resistance. The depth of carbonation at 28 days under the 
standard condition was less than 1mm and the compressive strength of concrete is almost 
without loss. The loss of the compressive strength of the concrete with ZB-1 special 
admixture was only 1.62% after 300 frozen-thaw circles.  

Because of low alkalinity, long-term and accelerating test results convince that the 
Third Series Cement can effectively restrain alkaline-aggregate reaction.  

The results of X-ray analysis on the long term hydration matrix of SAC show that the 
main hydrates AFt and Al(OH)3 still exist steadily. The compressive strength of the 
concrete at the age of 6 years not only does not decrease but also increase continuously. 
Since 1970’s, the Third SerPies Cement has been used in quite a lot of concrete structures 
and products but no strength failure has been reported. We will conduct special study on 
the durability of the Third Series Cement.  
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APPLICATIONS OF HIGH PERFORMANCE CONCRETE 
PREPARED WITH SAC/FAC  
High-Strength Concrete  
High-strength pretensioned C80 concrete pile was pilot-manufactured with FAC in 1992. 
At 7h to 9h, compressive strength of concrete was able to go up to 45MPa, and to reach 
C80 after curing 3 days in water. Traditional process of steam curing at atmospheric 
pressure and autoclaved curing at higher temperature and pressure for high-strength 
Portland cement concrete pile is not necessary for SAC/FAC concrete.  

In 1993 and 1994, large span post-tensioned prestressed T-type beams were cast with 
C50 FAC concrete for updating projects of Eastern and North-western Third-ring-road in 
Beijing. Thousands of prestressed concrete beams have been manufactured with the 
largest span up to 32 meters. Products can be demoulded and transported out of plant 
without steam curing in one day, resulting in speeding-up circulation of moulds and 
cutting-down fuel consumption (Fig. 8).  
Shenyang Long Distance Telecommunication Hub is a high-rise building 
with 22 stories and 103m of total height. SAC/FAC and the special 
admixtures were used in the whole main building in which the concrete 
graded C60 was used for 1 to 7 stories. Statistic of concrete 28 days 
strengthes for the first to the seventh floor is Mfcu=64.5MPa (average 
strength from 69 group of concrete specimens), which meet  
Figure 5 Pumping ready-mixed concrete of SAC  

 
Figure 6 Pouring C80 concrete column with steel pipe core  
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Figure 8 Concrete beams for the bridges  

 
Figure 7 High-rise building with C60 concrete  
the design requirement. By using this kind of cement, the comprehensive economic 
results have been achieved in respects of saving cement, reducing number of moulds by 
two-thirds, raising circulation rate of moulds and speeding up construction, etc. In winter 
construction, C60 and C50 concrete cast with this cement and the special anti-freezing 
admixture at the lowest temperature up to −20°C, only heating water and sand (steam 
boiler unused) and covered with straw bags on their surface (steel zv699 moulds used for 
bottom of floor and column), was never frozen while the strength met the requirement 
(Fig. 7).  

Liaoning Products Building of 27 stories is 102m high. C80 high strength concretes 
made from SAC with the special admixture were successfully used in 1 to 4 stories of 
main building. The cross section of column was reduced from 1.2×1.2m to 0.9×0.9m. 
The C80 concrete is used in the cast-on-the-spot high-rise building for the first time in 
China (Fig. 6).  
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Ready-Mixed Concrete  
SAC was adopted to produce flowing concrete in Hangbo ready-mixed concrete plant in 
the end of 1994 for Jindu Building in Tianjin which is 8 stories high. The slump of the 
flowing concrete did not lose in about 3. Since the construction speed was accelerated 
obviously owing to the early-strength of the concrete, the user got good comprehensive 
economical benefit because the building was completed 15 months before its due date 
(Fig. 5).  

Mass Concrete  
The multi-function building on Shisan Wei road in Shenyang is 13 stories high and has 
1,760m2 underground construction area. Mild expansive sulpho-aluminate cement was 
used in the raft foundation of the building, the bottom floor of which was 1 m in 
thickness as rigid water-proofing. The concrete was continuously poured at the lowest 
temperature outdoor of −16 to −18°C and no cracking happened on the surface of it. In 
April, the cement was again used to pour the underground continuous wall in replace of 
exterior and interior flexible waterproofing layers. No leakage occurred in rainy season 
that year.  

CONCLUSIONS  
1. Cement can be controlled with the special admixtures. The setting time and workable 
time of the concrete prepared with the Third Series  

2. The characteristics of the Third Series Cement concrete are high early strength and 
high early elastic modulus and smaller creep when the concrete is loaded at the early age, 
so this concrete is very suitable for the rapid construction of prestressed concrete.  

3. Very-high strength concrete can be prepared with the Third Series Cement.  
4. The Third Series Cement concrete has good impermeability, freeze-thaw resistance 

and carbonation resistance.  
5. The results from the practical applications indicated that good comprehensive 

economical and social benefit can be obtained with the use of the high performance 
concrete prepared with the Third Series Cement which has reliable quality and achieves 
satisfactory use result.  
zv700  
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ABSTRACT. Pore reduced cements are a range of cement products obtained from the 
mechanical pressing of immature Portland cement pastes. The pressing technique permits 
the partial removal of mix water which is held in the developing microstructure so that 
water: cement ratio is reduced from the normal mixing value of 0.3 to around 0.1. 
Continuing hydration of cement in the compacted paste leads to an increasing 
densification (porosity reduction) imparting considerably improved mechanical 
properties to the product. The durability of high performance cements is as important as 
strength. This paper therefore addresses durability, linking microstructural characteristics 
of PRC with its performance in aggressive exposure media.  
Keywords: Pore Reduced Cements, High Performance, Durability, Porosity, Acid 
degradation.  
Dr Donald E Macphee is a lecturer in the Department of Chemistry at the University of 
Aberdeen. His research interests include cement-based waste immobilisation, 
reinforcement corrosion, high performance cements and microstructural characterisation 
of cements.  
Dr Dieter Israel is a Postdoctoral Research Assistant in the Department of Chemistry at 
the University of Aberdeen. He is a graduate of the Technological University 
Bergakademie Freiberg, Germany, with a Diploma in Chemistry (1989) and a PhD in 
gypsum-related chemistry (1994).  

INTRODUCTION  
Pore reduced cements (PRC) are a class of high performance cementitious materials 
produced by the application of high pressure to immature pastes. The materials are 
compacted under an applied pressure of up to 200 MPa during which a portion of the 
unabsorbed mix water is expressed, reducing the effective water: cement ratio (w/c). The 
resulting paste is dense and contains a high percentage of unreacted cement in a matrix of 
low porosity hydration product. The manufacturing technique and some mechanical and 
microstructural properties of PRC have been described previously1,2 and show that PRC 
pastes can have densities of up to 2600 kg.m−3 (compared with around 2000 kg.m−3 for an 
impressed paste at w/c=0.35) and strengths of up to 250 and 35 MPa in compression and 
tension respectively (compared with about 80 MPa and 8 MPa respectively for the 
impressed equivalent.)  



Microstructure and Mechanical Strength  

The strength increases in PRC, relative to impressed cements, are related to the densified 
microstructure. This is to be expected from a theoretical approach. In 1897, Feret3 
proposed an empirical relationship between strength and volume porosity which 
collectively with others subsequently proposed, approximated to an expression of the 
form4:  

 
where σo is the (hypothetical) strength at zero porosity, b is a constant and p is the 
volume fraction of porosity. But volume porosity does not represent the only strength 
limiting factor. The Griffith’s model5 for brittle fracture relates flexural or bending 
strength inversely to flaw size.  

 
where σf is tensile or bending strength, E is elastic modulus, R is fracture energy and c is 
flaw length. In the context of cement pastes, flaws are represented by pores, as well as 
cracks, and so strength can be modelled in terms of volume fraction of porosity and the 
sizes of the pores present6. Cement products based on the macro-defect free (MDF) and 
densified system of homogeneously packed small particles (DSP) approach have also 
demonstrated the validity and applicability of these relationships.  

Microstructure and Durability  

Porosity and microstructure are also important in defining the durability of a cementitious 
product. Deterioration mechanisms are mostly through-solution processes and are always 
dependent on exposed and reacting surface area. A material of zero porosity would be 
exposed to the environment only on its geometrical surface, an area defined by its visual 
dimensions. A porous matrix has a larger exposed area through the connectivity between 
pores on the external surface and those in the interior of the solid. Reactive agents 
capable of migrating along those connected pores are then free to react over potentially a 
much larger surface, consequently accelerating the rate of degradation.  
zv703  

Essentially two types of pores are found in cement-based matrices. Interconnected 
pores, as discussed above, and isolated pores which are disconnected from the external 
surface and therefore do not influence matrix durability. The distribution of connected 
and isolated porosity is dependent on w/c. Pastes of high w/c generally have a high 
degree of pore connectivity whereas at lower w/c, the degree of isolation increases. It is 
expected therefore that PRC pastes have less interconnected porosity than unpressed 
cement pastes and this has been confirmed by nitrogen adsorption measurements7. 
Microstructurally, PRC appears very dense. Most of the area shown in electron 
micrographs is taken up by unreacted cement although some reaction of these particles 
has taken place to bind the paste. Occasionally pores are observed but in general, the 
cement grains are dispersed in a dense hydration product, primarily C-S-H, whose 
appearance more closely resembles ‘inner hydrate’ than ‘outer hydrate’2. Evidence for 
isolated porosity may also be derived from electron beam damage which is observed to 
be more severe for PRC than for unpressed cement pastes2.  

The durability of PRC products are considered in this paper. A series of experiments 
exposing the material to severe chemical attack is described. The performance of the PRC 
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pastes under those conditions is discussed in relation to the microstructural considerations 
detailed above.  

EXPERIMENTAL APPROACH  
Manufacture, Curing and Exposure  

Ordinary Portland cement was mixed with water at a w/c of 0.35 and cast in perspex 
moulds to produce cylinders of dimensions 40mm diameter and approximately 80 mm 
high. After about 3 hours, the cylinders were removed from the moulds and each was 
placed in a hydraulic press (previously described in references 1, 2 and 7) where a 
uniaxial, unidirectional load equivalent to an internal pressure of up to 200 MPa was 
applied. Pore fluid was recovered during this operation. After pressing, each cylinder was 
removed from the press and its weight and dimensions were recorded. Cylinders were 
then stored in either moist air (over saturated copper sulphate solution (98% relative 
humidity)), or under water (deionised), both for 28 days at room temperature (23±2°C). 
They were then cut horizontally in half using a masonry saw and densities of each half 
were determined using Archimedes method (n-hexane as the displacement fluid). 
Subsequently, samples were placed in either 0.203 M sulphuric acid, 0.274 M 
hydrochloric acid or 0.05 M ethanoic acid. Acid concentrations were selected based on 
similar studies reported in the literature8,9,10. All solutions were replaced on a weekly 
basis.  

Performance Monitoring and Microstructural Examination  

Samples were removed periodically from the solutions. They were visually inspected, 
surface dried with absorbent tissue after which loosely bound material was lightly 
brushed away, and weighed.  

Microstructural investigation was carried out using a scanning electron microscope 
(ISI-SS40) operating at 20 kV. All samples were polished sequentially using standard 
F600 then F1200 silicon carbide grits and with diamond paste (6 µm) and Al2O3 paste 
(0.3 µm) before carbon coating for SEM examination.  

RESULTS AND DISCUSSION  
Sulphuric Acid  

Visual examination of these samples indicates a serious degradation. Typically, layers of 
degradation product, identified by X-ray diffraction as gypsum, spontaneously detach 
themselves from the core cylinder. The detached layers appear to have a larger volume 
than the parent material but this has not been rigorously measured. Preliminary results for 
this series of experiments were presented previously7 and are included here with more 
recent data in Figure 1 which shows the variation in weight change as a function of 
exposure time and sample density.  
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Figure 1: Effect of 0.203M sulphuric acid exposure on OPC and PRC products  
It can be noted that the degradation, as defined by weight loss, increases with time as 
expected, except for a slight weight gain in the short term exhibited by the low density 
samples. The paste density does not however seem to affect the rate of degradation zv705 
significantly in the longer term. This was noted from the preliminary results also7 and the 
present paper shows that the trend is continuing. The extent of deterioration is 
considerable with up to 60% of the original weight being lost over the 12 month period 
and with apparently no reduction in rate of weight loss it would be expected that these 
samples would be completely degraded in less than two years. Any dependence on pre-
storage conditions is not evident from the data.  

Electron microscopy showed that even after 6 months7 the microstructures were 
drastically affected by the imposed mineralogical changes and the micrographs of the 12 
month samples (density=2513 kg.m−3) show further deterioration. A clear layering effect 
is obvious from the backscattered electron images (BSI) (Figure 2). It should be noted 
that the layers shown on the micrographs have underlain those which have spalled off and 
represent compositional changes within the core cement cylinder. Three regions can be 
distinguished. The unaffected cement in the interior is shown at the bottom of Figures 
2(a) with a layer between this and a gypsum-based surface layer. This surface layer is 
primarily gypsum and contains small, darker regions corresponding to high silicon 
signals from energy dispersive X-ray analysis (Figure 3), probably due to decalcified 
cement relicts. The formation of gypsum is expansive and it is thought that gypsum 
crystallisation has caused mechanical stresses in the layer causing the overlying gypsum 
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to break off. The intermediate layer, between the unaffected cement and the outer 
gypsum-based layer is much thinner than the outer layer and concentrates potassium. The 
reason for this concentration effect is not known. Sulphur is also associated with this 
layer but not beneath it, i.e. sulphate is excluded from the interior cement. A higher 
magnification image (Figure 2 (b)) of this intermediate region shows that although the 
gypsum morphology has not been properly established, there are clear signs of 
degradation within cement grains. It is not surprising that the reactivity is localised at or 
near the cement grains in the short-term. The calcium silicates are more reactive than the 
C-S-H and there is clear evidence of selective reaction within the cement grains 
themselves, i.e, certain regions within the cement grains are attacked preferentially. Also 
of interest is the growth of gypsum around grains which presumably represents the 
primary stage of mechanical failure in the relatively dense portion of the matrix.  

 
Figure 2(a): Low magnification image of PRC (ρ=2513 kg.m−3) subjected to sulphuric 
acid attack.  

 
Figure 2(b): Higher magnification image of the same sample showing degradation in the 
cement grains and formation of gypsum around them  
zv706  
It is also noted that these observations can be made equally for the pressed and impressed 
products. This is significant since, based on the connected porosity argument presented 
above, intrusion of aggressive species into the PRC matrix would be expected to be 
reduced relative to the impressed materials. It is suggested that it is specifically the 
production of gypsum which equalises the degradation rates of pressed and impressed 
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pastes. Expansion in the cement microstructures causes cracking and exposure of fresh 
surface for further attack.  

 
Figure 3: Electron probe microanalysis element maps from a PRC sample exposed to 
sulphuric acid, (left hand part of the images: cement core; right hand part, gypsum layer). 
Maps are: Ca (top left), S (top right), K (bottom left) and Si (bottom right).  

Hydrochloric Acid  

Cylinders exposed to hydrochloric acid (0.247 M) were mechanically stable (no spalling) 
and appeared normal with the exception of a brown surface layer. They were however 
apparently more porous than unexposed samples, taking longer than normal to degas 
when preparing for electron microscopy. Their durability performance as a function of 
time is shown in Figure 4.  

Pressed cements appear to be more resistant to degradation in this medium than the 
impressed materials and, despite the higher acid concentration, weight losses from all 
cements are lower than was measured for comparable cements exposed to sulphuric acid. 
For example, a pressed product of density 2573 kg.m−3 and pre-cured under water for 28 
days, loses around 12% of its original weight over 12 months whereas an impressed 
cement (density=2089 kg.m−3) loses about 22%. The corresponding weight losses in 
sulphuric acid were around 48 and 60% respectively. A slight difference in zv707 
performance due to variation in pre-storage conditions was observed. Low density 
samples cured in moist air exhibited a higher initial weight gain than was observed for 
corresponding samples pre-cured under water.  

The electron micrographs (Figure 5) again show a layering effect with the outermost 
layer being silica-rich, gel-like and cracked; the cracking may be an artefact of sample 
preparation. The low magnification BEI image of the pressed cement (Figure 5(a)) shows 
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banding in the outermost layer then a thin interfacial layer overlying the core cement. The 
general impression from this micrograph is that of a porous microstructure. A similar 
layering can be seen in the higher magnification images of the pressed (Figure 5(b)) 
cement especially in the vicinity of the crack. The acid attack has again decalcified the 
cement grains in the outer layers although the deeper grains seem to remain largely intact 
despite the porous microstructure. X-ray microanalysis (Figure 6) confirms the 
decalcification of the outer layer and shows concentration of silicon and aluminium in 
these regions; some concentration of iron can also be inferred.  

 
Figure 4: Effect of 0.274M hydrochloric acid on OPC and PRC products  
These observations are similar to those made by Chandra10 who studied the effect of 15% 
hydrochloric acid solutions on mortar blocks. He also noted an increase in the acid pH as 
a consequence of contact with the cement and this has been observed here also. The 
present study shows that the alkalising power of the cement deteriorates with time. 
Noting that the acid was replaced each week, pH’s were raised to 12, 9.5 and 3 zv708 
from 0.5 at 1 week, 7 months and 12 months respectively increases in the first week of 
0.5 to 12 were reduced to 0.5 to 9.5 at 7 months and to 0.5 to 3.3 after 12 months. Such 
chemical gradients clearly provide conditions whereby species can be solubilised and 
reprecipitated elsewhere accounting for the observed formation of gel-like compounds of 
silicon, aluminium and iron in, and the absence of calcium from, the surface layer.  

It is often proposed that chloride ions are absorbed in cements in Friedel’s salt 
(C3A.CaCl2.10H2O). Chandra8 indicated from energy dispersive X-ray microanalysis data 
that Friedel’s salt might be present but a number of calcium chloro-aluminate phases are 
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possible11 and indeed, the present work can not rule out the present of such phases. 
Alternatively, the results could be explained by the precipitation of soluble chloride 
during sample drying (in preparation for analysis) or by surface association with the high 
surface area C-S-H gel.  

 
Figure 5(a): Low magnification SEM image of PRC (ρ=2573 kg.m−3) subjected to 
hydrochloric acid attack.  

 
Figure 5(b): Higher magnification image of the same sample showing the transition zone 
between outer layer and cement core.  

Ethanoic Acid  

Cylinders exposed to ethanoic acid appeared unaffected visually and they were 
mechanically intact. The concentration of this acid (0.05M) was somewhat lower than 
that of the other acids but nonetheless was expected to provide a pH of 3.5 which was 
considered to be reasonably aggressive. Despite this, the weight losses illustrated in 
Figure 7 are much less severe than those for the more concentrated acids and this time, 
the differences between the two pre-curing conditions are more evident. All samples 
show an initial weight increase which in the longer term becomes a weight decrease. The 
more dense the sample, the less variable is the weight, i.e. the pressed cements are more 
stable in this environment. It is suggested that the initial weight increase is due to 
precipitation of degradation products in the pores. The more porous (less dense) the 
material, the higher the weight increase. Subsequently, the acid-induced deterioration of 
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the solid matrix causes all this material to be lost as well as the material which is 
dissolving from the matrix itself.  

Microstructurally, deterioration seems to be by similar mechanisms to those discussed 
already for samples exposed to hydrochloric acid. Figures 8 (a) and 8(b) show that zv709 
although less advanced in development, three layers can again be identified and again 
there is attack of the cement grains in the silica-rich layer.  

 
Figure 6: Electron probe microanalysis element maps from a PRC sample exposed to 
hydrochloric acid, (bottom part of the images: cement core; top part, amorphous layer). 
Maps are: Ca (top left), Al (top right), Si (bottom left) and Fe (bottom right)  

General Observations  

It has been shown that deterioration mechanisms for pressed and impressed cement pastes 
exposed to hydrochloric acid and ethanoic acids are similar. Samples exposed to 
sulphuric acid exhibit an additional effect. Taking the hydrochloric acid case for 
discussion, it is anticipated that degradation is promoted by diffusion of the acid through 
the interconnected surface porosity. There, reaction takes place with the cementitious 
matrix and calcium is subsequently leached out. Such leaching causes cement pH to drop 
but acid pH to rise as neutralisation reactions proceed causing a number of chemical 
changes in the outer regions of the cement. Thus, a decalcified gel layer, rich in 
aluminium, silicon and iron, results at the surface whereas the interior of the cement still 
has significant calcium and now chloride which has penetrated to significant depth, the 
porosity being further increased by the deleterious reaction of the replenished acid and 
the cement matrix. The loss of ability of the cement to neutralise the acidity with time 
reflects the increasing depths to which the acid has to penetrate to dissolve the skeletal 
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framework of the cement matrix. A similar situation can be envisaged for the samples 
exposed to ethanoic acid.  

For sulphuric acid, a variation on this mechanism is operating. Just as the hydrochloric 
and ethanoic acids attacked the surfaces of the cement, so too does the sulphuric acid 
producing a surface layer of gypsum as the low solubility reaction product. Sulphate is 
excluded from below this layer and the BEI shows that the cement beneath this layer is 
zv710 unaffected suggesting that the acid has not penetrated this far. But physically, the 
most obvious degradation comes from sulphuric acid attack suggesting that while HCl 
and ethanoic acid can penetrate into the pore structure via connected porosity, sulphuric 
acid cannot do this, probably because the expansive gypsum formation causes the 
surfaces to break away spontaneously. Micrographs (Figure 2) show that a gypsum layer 
of approximately 100 µm is permitted prior to spalling but there must be some transport 
of acid to the underlying, intermediate layer to cause the degradation of cement grains at 
this interface. Such mechanical deterioration of surface layers is less likely in the 
hydrochloric and ethanoic acid cases. Calcium chloride, the likely product from 
hydrochloric acid exposure, is soluble and calcium ethanoate may have been present only 
in amounts insufficient to have any significant effect on surface conditioning.  

 
Figure 7: Effect of 0.05M ethanoic acid on OPC and PRC products  

CONCLUSIONS  
The durability of pressed and impressed cements in sulphuric, hydrochloric and ethanoic 
acids have been studied. It has been shown that sulphuric acid has a significant 
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deleterious effect on the stability of both pressed and impressed cement pastes with up to 
60% of the original weight being lost within 1 year, regardless of paste density. Some 
dependence on density was found for cements exposed to hydrochloric and ethanoic 
acids. Generally, high density cements were more durable. The difference between 
ethanoic and hydrochloric acids and sulphuric acid is the zv711  

 
Figure 8(a): Low magnification SEM image of PRC (ρ=2499 kg.m−3) subjected to 
ethanoic acid attack.  

 
Figure 8(b): Higher magnification image of the same sample showing cement 
degradation in the outer layer.  
nature of the degradation products arising upon reaction with the cement. Sulphuric acid 
produces extensive gypsum precipitation on the surfaces of the samples leading 
ultimately to mechanical stresses in the surface layers and loss of adhesion. Material loss 
therefore tends to keep up with the penetrating acid front whereas in hydrochloric acid, 
for example, penetration through the pore structure without spalling causes porosity 
increases and weight loss by leaching only.  
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ABSTRACT. Electro—conducting concrete is useful alternative to the applications 
traditionally associated with ceramic. However, further technological progress in the area 
is limited with low early strength (use of admixtures which accelerate the hardening of 
cement is ineffective due to increasing of ionic conduction) and unstable electrical 
conductivity associated with covering of electro-conducting particles with hydration 
products. To solve these problems it has been proposed to add calcium silicate hydrate 
gel into the composition of electro-conducting concrete. In this paper the gel-modified 
cements based on ordinary Portland cement were investigated. The desiccated gel was 
used to substitute part of cement. It has been shown that gel admixtures in pressed 
cements play an important role. Thus, the use of gel results in early compressive strength 
increased by a factor of 1.5–2.0. Also dry compaction of gel-cement mixtures and short 
time water saturation lead to high strenght gain. The results obtained indicate the 
possibility to produce cement based composites with required electrical conductivity.  
Keyword: Electro-Conducting Concrete (ECC), Gel-Modified cement (GMC), Ordinary 
Portland cement (OPC).  
Professor Maxunov S Y is Director of the Section of Materials of Contact Hardening, 
Scientific Research Institute on Binders and Materials, Kiev, Ukraine.  
Mr Galuzinskiy M G is a Candidate of Cathedra of Building Materials, Kiev State 
Technical University of Construction and Architecture, Ukraine.  

INTRODUCTION  
Concrete is, in terms of its constituents and production and wide-ranging properties, 
useful alternative for applications traditionally associated with the ceramic products. In 
particular, the development of electro-conducting ceramic materials through cementitions 
reactions has been explored using calcium silicate cements [1].  

Traditionally, Electro-conducting concrete (ECC) combines the cement mortar and 
particulate conductors suchas graphite and various metals powders [2–4].  

Usually, ECC are intended for the production of resistors, electric heaters, ets [5]. 
However, the use of cementitious reactions does not provide required stability of 
electrical properties because of high moisture content.  

The hydration products covering current-conducting particles, reduce the electrical 
conduction of material. One of solutions to this problem is offerred in [6]: the technology 
of ECC production includes the compaction of dry mixture of initial components and 
subsequent hydration by steam pressure feed through the holes in the punches without 
unloading removal of pressure. The researches on dry compaction of Portland cements 



[7] have shown, that this method may be of technical interest, as far as permits to obtain 
the very strong products in quite short time (Table 1).  
Table 1 The strength of samples, obtained by dry compaction of Portland cements  

AFTER WATER 
STORAGE, days 

BOILING WATER  

COMPACTION 
PRESSURE, MPa 

COMPRESSIVE 
STRENGTH, MPa 

AFTER 
COMPACTION  

COMPRESSIVE 
STERNGTH, MPa 

AFTER TREATMENT 
IN COMPRESSIVE 
STRENGTH, MPa  3  28  72  

40  5.8  154.5  112.2 154.5 183.3  

200  18.9  176.1  177.8 188.9 197.2  

1000  41.0  187.2  86.1 158.9 169.4  

The obvious limitation of this method is the low strength of samples after compaction, 
that hinders the transport of products in technological process. Less obvious is the 
following advantage. As far as moulding of products does not require additional quantity 
of water, masture content in hardening material may be limited only of that quantity, 
which is necessary for the hydration of cement. This reduce to the minimum the contents 
of free water in product and, accordingly, to increase the stability conductivity.  

In present work the results of research the new method for the production of ECC are 
given. Its key feature is that with the purpose of increasing the strength, cements is 
modified by additives of calcium silicate hydrate gel able to contact hardening. Besides, 
for the increasing of stability of electro conduction (due to reduction of moisture cement 
in composite) hardening is provided by short-time water impregnation of the pressed dry 
mixtures of initial components and subsequent storage of products no more the 24 hours.  

EXPERIMENTAL DETAILS  
Materials  
The ordinary portland cement (OPC) and amorphouse calcium silicate hydrate (CSH) 
were used to produce modified cements.  

Calcium silicate hydration were of C-S-H(I) group [8]. They possessed unstable 
crystalline structure and sad properties ocmplying with the TU 14–147–44–92 “Calcium 
silicate hydrates. Specifications”. BOPC was of grade M400 complying with the GOST 
10178–75. The initial dispersed components were thorough mixed during 25 minute on 
different proportions using ball min with the volume of 0.8m3.  

The samples for mechanical testswere of the samples-cylinder form with diameter and 
hight 1.5 cm. They were pressed at the specific load of 40 and 100 MPa. The non-pressed 
cubic samples of 3 cm length were used as controls.  

The tile-samples of 12.1×6.5×0.6 cm size were prepared for determination of quantity 
of non-bound water inside gel-modified cement (GMC) measuring the electrical 
resistance. The samples pressed were by cold unilateral compaction under the pressure of 
40 and 100 MPa. They contain incorporated wire-like electrical contacts. The samples for 
measuring water saturation and porosity does not have any contacts. Water saturation of 
samples were made by means of their short-time immersing in water.  
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The compositions of studied samples are given in Table 2.  
Table 2 The compositions of studied samples.  

COMPOSITION, vol.%  CODE  COMPACTION OF PRESSURE, MPa  

OPC  CSH  

A-1  0  100  

A-2  30  70  

A-3  80  20  

A-4  

40  

100  0  

B-1  0  100  

B-2  30  70  

B-3  80  20  

B-4  

100  

100  0  

Testis methods  
The evaluation of mechanical properties were performed accordingexecuted to standard 
techniques.  

At SHF-measurement, studied sample after short-term impregnation in water 
immersed in bath with oil, with purpose to exclude the evaporation of water from sample 
in environment, and after this bath with oil and sample placed between radiating and 
receiving end of measuring line. Thus the coordination of opened ends wavequides 
conducted at help horns. Simultaneously with measurement of easing. Determined the 
size of electrical resistance (R) on zv716 these tile-samples through electrical bridge P-
316, which permits to measure R in range 10−1…106 Ohm, accurate to 0.2%. Kinetik of 
water seturation of tiles in real time and porosity tile-samples determined by method 
hydrostatic the weighing in waters. The research of features hydrotation executed with 
use of method SHF-measurement.  

The use of method permits to execute the continious check of change of physical 
water in hardening composite in real time scale. The use of this method is based that at 
frequencies 19–21 GHz the untie water inside of material has maximal factor of easing 
electromagnetic emission.  

Results and Discussion  
Features of water satiration. The degree of water saturation (DWS) of samples were 
determined as the ratio of weight of damp sample to weight of sample completely 
saturated by water.  

The DWS is largely determined with the porosity of samples. The analysis of data, 
presented in Figure 1, shows, that the process of water saturation is enough uniform one. 
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However, the local areas exist with sharp decrease of DWS The special observations 
during the saturation, have shown. That the mentioned bubbles phenomenon is connected 
with association of air bubbles, forming on the surface of the sample at the impregnation 
and their subsequent detachment. The investigation of the water saturation kinetiks has 
shown, that for all of the samples the changes of their weights in water one similar. At the 
same time, the duration of complete water saturation is mainly content determined by the 
ratio between OPC and CSH. Thus, lines for the composite binder are between the lines, 
describing water saturation of intitial components (Figure 1).  

The analysis of data given in Table 3 shows that the durationof water saturation can 
strongly to depend not only on porosity but also, probably, on pore size distribution for 
the samples A-3 (9.3%) and B-2 (8.8%), as well as A-2 (11.2%) and B-1 (10.8%) having 
almost the same porosity duration of saturation differs, respectivly, in 4 and 2 times. First 
of all, it can be connected with more fine pore size in samples, pressed at 100 MPa.  

However, the comparison of data for CSH samples (A-1 and B-1) shows that second 
probable reason of slowing down the water saturation of samples is the gel pores of CSH. 
As shown in [9] complete hydration of OPC need 25–28% of admixed water. 
Considering that the total quantity of water used is 23–27% of xamant weight, we obtaine 
that only 6–8% of water involved in cements hydration. Hence, water saturation of 
pressed products should be limited with mentioned DWS. It has not the significance that 
the part of water will adsorbed by the surface of CSH, as far as after hemosorbtion of 
water on the surface of of cement is particles, inside of material insulated from the 
environment (this requirement is standard to ECC) will arise the gradient of moisture, 
promoting the involvment of adsorbed water to the hydration of cement. But it should be 
noted, that the part of moisture is in gel pore of CSH (the value is approximately equal to 
3–5%). Then the limit of DWS should be of 9–13%. In Table 3 the values, appropriate of 
recommended duration of water saturation (10 s for the samples, pressed at 40 MPa, 30 s 
−100 MPa) are shadowed.  

 
Figure 1 The kinetic of water saturation for OPC and CSH samples  
Table 3 The degree of water saturation of samples depending on duratin of their 
saturation  
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THE DEGREE OF WATER 
SATURATION, % UNDER AT TIME OF 

SATURATION, sec  

CODE POROSITY, 
%  

DURATION OF 
SATURATION, s  

10  30  300  

A-1  18.8  125  5.2  6.9  10.6  

A-2  11.2  90  14.5  19.3  22.1  

A-3  9.3  40  12.1  12.5  12.6  

A-4  –  –  –  –  –  

B-1  10.8  170  4.8  7.1  9.3  

B-2  8.8  150  7.1  9.5  9.9  

B-3  7.7  60  8.4  8.9  9.0  

B-4  11.7  50  6.8  7.1  7.7  

Hydration. The features of hydration were studied by means of continious control over 
unbaunded water change during hardening. Firstly, the features of hardening of CSH gel 
and OPC were investigated. For samples CSH (Figure 2) characteristically follow oneing. 
In the samples of CSH the change of free water, content practically does not happen. It 
testifie the absence of hydration processes in CSH. The small reduction of quantity of 
physical water in starting period (about 10 minutes) is connected, in our opinion, with the 
fact that some of water (0.2–0.6%) becomes interlayer, thus the thickness of water layer 
reaches 1–4 monolayer of the water molecules. That is below the sensitivity of, i.e. water 
becomes “invisible” for device. Thus, interlayer water provides insignificant joint of CSH 
layers with weak hydrogenous bounds i.e. the quasi-bounding of water in CSH happens. 
Obviously, it has not essential influence on value development of further processes, and 
significant of free water is possible to be considered as the reserve, which can be used at 
hydration of cement. The character of dependences “the duration of hardening—moisture 
content” for cement samples are entailly different (Figure 3).  
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Figure 2 Free water content in CSH samples versus the duration of water saturation  

 
Figure 3 Free water content in OPC samples versus the duration of water saturation  
Starting first minutes of hydration the intensive preaction of water in connected condition 
is observed. Already after 7 days the quantity of free water decreases more than 2 times. 
At the same time the free water content remains quite significont. This is determines the 
instability of electrical conduction of on OPC base.  

For gel-modified cements, the following features (Figure 4) are characteristic.  
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Figure 4 Kinetik of free water content change in samples pressed at 40 MPa and saturated 
with water during 10 s  
At the begining,the hydration prosesses in composites with higher CSH content are more 
active. Probably, the water, adsorbed CSH, makes the additional reserve for hydration of 
cement, as far as with the beginning of interaction, the formation of moisture content 
gradient inside the material happens. After 1 day the interaction with water in such 
compositions is slowed down. It should be noted, that the values of moisture content of 
gel-modified cements are more lower, than those for unmodified cement. It makes 
possible the high stability of electro conductivity. The of electro conductivity of 
hardening gel-modified cement, show more features (Figures 5, 6).  

The electrical resistance of samples of CSH (Figure 5) does not essentially change. 
The quantity of charge carriers does not change because there are no any chemical 
processes inside of materials. At the same time, the resistance GMC (Figure 6) are higher 
and continuously increas in futher period. The comparison of data on changes of 
resistance and moisture content shows, that the increase of resistance happens during the 
period, when moisture content has been stabilized.  

Obviously, it reflects the re-crystallisation processes on ordering of crystal structure of 
substance. That prosesses make CSH “more dielectric”, that, certainly, favorable for 
ECC. The influence of gel admixtures on the strength of GMC.  

The results on compressive strengths development of pressed and non-pressed samples 
are presented in Table 4 and 5.  
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Figure 5 Resistance of CSH samples pressed at 100 MPa  

 
Figure 6 Resistance of samples with various CSH contents, pressed at 100 MPa and 
satureted with water during 10s  
The data obtained testify that the strength of gel-modified cements, sufficient for the 
manufacture of ESS (about 300 MPa), can be reached already on the next day after 
compaction. The compaction pressure of 100 MPa is, probably, optimum bacause provide 
formation of quite stable (mith deuse contacts) electro-condycting structure [1].  
Table 4 The compressive strength of pressed of gel-modified cement  

PRESSURE, 
MPa  

CSH 
CONTENTS, 

l %

THE COMPRESSIVE STRENGHT, MPa AFTER 
STORAGE IN WATER DURING, days  
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 vol.%  after compaction  1  7  28  

0  3.4  7.9  21.0  84.1  

20  8.5  15.0  31.1  80.4  

70  19.3  19.8  19.3  26.0  

40  

100  21.0  18.7  18.1  19.3  

0  6.1  33.4  100.2  152.3  

20  15.3  35.1  87.8  121.2  

70  31.7  36.2  54.4  57.8  

100  

100  39.1  27.7  30.0  34.5  

The time of preliminary water saturation does not influence essentially on hydration, that 
is confirmed with mechanical characteristics (Table 6).  
Table 5 The compressive strength of non-pressed gel-modified cement  

THE COMPRESSIVE STRENGHT AT COMPRESSION, MPa  

After storage in water, 
days  

CSH CONTENTS, 
vol.%  

After boiling in water After steam curing 

1  7  

0  8.0  15.0  0.9  16.7  

20  7.8  12.0  0.9  13.3  

70  0.0  0.0  0.4  2.2  

100  0.0  0.0  0.0  0.0  

Table 6 The strength of pressed gel-modified concrete  

THE COMPRESSIVE STRENGTH 
AT COMPRESSION, MPa AFTER 

STORAGE IN NORMAL 
CONDITIONS, days  

PRESSURE, 
MPa  

DURATION OF 
WATER 

SATURATION, s  

CSH 
CONTENTS, 

vol.%  

1  28  

40  10  0  21.5  23.8  
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20  23.8  21.5  

70  21.5  19.2  

 

100  23.8  21.5  

0  40.2  43.6  

20  22.6  25.8  

70  23.8  27.7  

 

3600  

100  20.9  20.7  

0  37.4  66.8  

20  36.2  60.0  

70  31.1  48.7  

10  

100  44.2  49.8  

0  36.2  80.7  

20  37.9  69.4  

70  40.2  61.7  

100  

3600  

100  36.2  49.3  

CONCLUSIONS  

1.   In the presented work the gel-modified cements on OPC base intended for the 
manufacture of ECC were investigated.  

2.   

Is has been shown, that the CSH gel admixtures promote high initial strength of 
composite and low moisture content without significant influence on mechanical 
properties. Besides, the hydration of GMC results in formation more “dielectric” 
materials. All that creates the conditions for the production of material with more 
stable electrical conductivity.  

3.   
The results obtained may possible to recommend the technology of short-time-
hydration the manufacture of ECC. The method include compaction of dry mixtures 
of initial components, their short-term saturation with water (to moisture content of 9–
13% of cement’s weights) and insulating the product from environment (for example, 
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electro insulating the varnish).  

4.   ECC based on gel-modified cement may be used fo the production of resistors and 
electric heaters.  
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ABSTRACT. Test methods for quantifying chloride transport rates in concrete are 
reviewed and results from studies on fly ash concrete are presented. Fly ash imparts a 
significant improvement to the resistance of concrete to chloride ingress. However, much 
of this benefit is manifested at later ages, with significant reductions in diffusion 
occurring beyond the first year. Consequently, accelerated early-age tests are unlikely to 
provide a true measure of the service-life extension afforded by ash utilization. It is 
possible that the time-dependent diffusion effects could be accounted for by using 
suitable accelerated curing techniques for concrete containing fly ash (and similar 
materials). Most of the recent tests are further limited either by failure to provide a direct 
measure of chloride movement (ASTM C1202 and related tests) or by the rigorous 
application of mathematical relationships developed for ideal conditions not 
representative of chloride transport in concrete. However, such tests likely provide an 
index of the relative ease of chloride ingress and represent a considerable advance in 
performance testing for durability design.  
Keywords: Chloride, diffusion, fly ash, test methods  
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INTRODUCTION  
Corrosion of steel in reinforced concrete, due to the penetration of chlorides from deicing 
and marine salts, is one of the most prevalent forms of deterioration of concrete structures 
worldwide. Considerable research effort has been directed towards the elucidation of 
chloride transport and steel corrosion mechanisms in reinforced concrete, and in the 
development of models to predict the service life of structures exposed to chloride 



environments. The service life is dependent on a great many factors, bit chief among the 
material considerations is the ability of the concrete cover to resist the penetration of 
chloride ions and, thus, provide lasting protection to the steel reinforcement. As a result, 
the last decade has seen the emergence of a multitude of different test methods aimed at 
characterizing the chloride transport properties of concrete and, indeed, some of these 
have recently found their way into concrete specifications for prestigious projects [1, 2].  

Some test methods actually determine the “chloride diffusion coefficient” of the 
concrete and this parameter may be used as a direct input for a service life model. Other 
methods provide an indirect measure of the transport properties and a diffusion 
coefficient can only be obtained from previously derived empirical relationships. Many 
of the theories that are used in calculating diffusion coefficients were derived under 
specific ideal conditions, e.g. for a dilute, single species electrolyte in free solution with 
no chemical interactions. These conditions will not exist in concrete which is composed 
of a relatively high concentration electrolyte and relatively “unstable” hydrates which 
will interact both physically and chemically with the diffusing species. Furthermore, the 
properties of concrete change with time due to continued hydration and interaction with 
its environment. These changes are particularly marked for concrete containing slowly 
reacting pozzolans (e.g. fly ash) or latent hydraulic materials (e.g. slag), as significant 
reaction of these materials occurs at later ages. However, researchers and specifiers have 
tended to favour rapid tests that produce data in hours or days and which, especially for 
quality control purposes, may often be used at early ages (e.g. 28 days).  

This paper presents a variety of data from a wide range of test methods used to 
characterize the performance of fly ash concrete in chloride environments. The data 
originate from a number separate research programmes carried out in recent years at the 
Building Research Establishment and Dundee University in the U.K. and the University 
of Toronto in Canada.  

TEST METHODS  
A number of methods are available for determining the diffusion of chlorides in concrete; 
however, most of these tests fit into one of three categories. These are:  

•    steady-state diffusion tests  

•    penetration (or bulk diffusion) tests  

•    electrical migration diffusion tests.  

Details of each test method are given below.  

Steady-State Diffusion Tests  
Steady-state chloride diffusion through hardened cement paste samples has been 
measured by a number of workers [3–5] using diffusion cells similar to that reported by 
Page et al [3]. In this cell, the concentration difference between the two compartments is 
the only driving force and flow is assumed to obey Fick’s first law for steady-state 
diffusion, i.e. rate of flux of chloride ions, J, through a unit area of a section of the 
sample is proportional to the concentration gradient normal to the section:  
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(1)  
where D is the diffusion coefficient and C is the concentration of chloride ions at depth x.  

As the process is slow, this method has, traditionally, been used to measure flow 
through thin discs of cement paste. However, similar methodology has been used to 
measure diffusion through concrete discs [6–8]. Dhir and Byars [6] used a 25mm thick 
concrete disc with a very high chloride concentration (5M NaCl) on one face. Despite, 
the high concentration gradient, long time periods (typically 3–6 months) are necessary to 
attain steady-state conditions [9] even in concrete with a moderate water/cement ratio. 
Other workers have used thinner concrete discs [7, 8] to expedite the test; however, this 
may introduce problems if normal size coarse aggregate is used.  

This method would probably take many years to perform using high performance 
concrete of reasonable sample thickness (>25mm) and is not, therefore, suitable as a 
performance test.  

Penetration (or Bulk Diffusion) Tests  
Diffusion coefficients for concrete have been calculated from the chloride concentration 
profiles determined for specimens immersed in solutions of known concentration in the 
laboratory [10–15] exposed to salt spray in the field [7] or exposed to seawater [15–17]. 
The chloride profile is established by taking samples at incremental depths from the 
exposed surface and analyzing the sample for chloride content. The apparent diffusion 
coefficient can be calculated using Fick’s second law [18] which states that, for a 
semiinfinite system:  

 
(2)  
Using the initial condition, and the boundary condition, 

the diffusion coefficient can be found using Crank’s solution [18]:  
zv726  

 
(3)  
where Cs=chloride concentration at the surface, Cx=chloride concentration at distance x 
and time t, x=depth from the surface, Da=apparent diffusion coefficient.  

Generally, the best fit values of Cs and Da are found by iteration using least squares. 
The solution produces an “apparent” diffusion coefficient, Da, since values of total 
chloride are usually used whereas Eqns. 1 and 2 describe diffusion of free ions in 
solution. The use of Eqn. 3 assumes a linear relationship between “bound” and “free” 
chlorides, i.e. that Da is constant with depth (or chloride concentration). However, 
binding relationships have been shown to be non-linear [14, 19], and the use of linear 
relationships may lead to significant error in service-life prediction [20].  

The value obtained from Eqn. 3 gives the “lifetime average” for the concrete over the 
time period t. Thomas [16] and Dhir et al [13] found that the chloride diffusion 
coefficient determined from chloride profiles reduces with the length of exposure, at least 
up to 4 years (and possibly beyond); the reduction is particularly pronounced in concrete 
containing fly ash.  
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Electro-Chemical (Migration) Tests  
Due to the time-consuming nature of chloride diffusion under concentration gradients, a 
number of workers have developed techniques to increase the rate of flow of chlorides 
using an electrical field [6, 7, 21–26].  

The accelerated test developed by Whiting [21] has been adopted as a standard method 
by both AASHTO (Test T227–83) and ASTM (Test C1202). In this test, the total charge 
passed through the specimen in six hours is measured and reported in coulombs. The test 
is semi-quantitative and classifies the permeability of the concrete as high, average, low, 
very low or negligible. The test does not give direct information about the diffusion of 
chloride ions; it is assumed that the diffusion will be related to the total charge passed. 
However, a number of concerns have been expressed about this method. The main 
problems with using this test method for assessing chloride flow are: (i) the total current 
measured is the result of all ionic migration and not just chloride ions [27]; (ii) the 
measurements are made before steady-state conditions are attained [27, 28]; (iii) the high 
voltage (60V) can lead to high temperature rises (especially in low-quality, permeable 
concrete) which can increase the flow of ions [27, 29–31]. Other workers have produced 
tests that operate at lower potential differences thereby reducing the effect of heat 
development [6, 7, 23, 25, 26]. In addition, in these tests the migration of chlorides is 
actually determined directly by measuring the change in concentration in the anodic cell 
[6, 7, 23], the time to breakthrough in the anodic cell [26] or the depth of penetration in 
the actual sample [25].  

A steady change in concentration in the anodic cell indicates that steady-state 
conditions have been attained and the diffusion coefficient can be calculated from the 
Nernst-Plank equation [25, 27]:  

 
(4)  
where: J=flux of ions, D=diffusion coefficient, C=chloride concentration in the cathodic 
cell, z=valency, F=Faraday constant, R=gas constant, T=Kelvin temperature, and 
E=potential gradient. The solution of the diffusion coefficient may be simplified by 
assuming the flow contribution due to concentration gradients (−D·dC/dx) is negligible at 
voltages in excess of 10V.  

Application of Eqn. 4 to concrete migration tests assumes that: (i) D is constant with 
time, (ii) the charge is carried by chloride ions only, (iii) the potential decreases linearly 
with depth (d2E/dx2=0), and (iv) binding is proportional to concentration. None of these 
assumptions really apply to concrete. Furthermore, the relationship was developed for 
solutions of relatively low concentration (compared to concrete). Determining the 
chloride concentration in the anodic cell may be complicated by chlorine gas evolution at 
the anode and reaction of chloride ions with the anodic electrode [22, 27], however, these 
effects can be reduced by selection of suitable material for the anode and avoidance of 
excessively high driving voltages. Using the time to chloride breakthrough [26] or the 
depth of chloride penetration [25] negates the effect of chloride interaction and evolution 
at the anode. However, use of these parameters leads to a more complex solution for D, 
based on a modified Fick’s second law and Nernst-Plank equation. In addition, errors 
may be introduced due to non-steady state conditions, chloride binding effects and 
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inaccuracies in the determination of the depth of penetration or time of chloride 
breakthrough.  

RESULTS FOR FLY ASH CONCRETE  
The results given here have been selected from comprehensive research programmes on 
fly ash concrete performance being carried out at the Building Research Establishment 
(BRE) and Dundee University in the U.K., and the University of Toronto in Canada. Full 
details of concrete mixes, test methods and resulting data have been presented elsewhere 
[6, 9, 13, 16, 17].  

Selected results from chloride penetration studies at Dundee and the BRE (BRE) are 
shown in Figure 1. In the Dundee tests, specimens were immersion in 5M NaCl at 20°C 
for various periods of time up to 1 year prior to establishing the chloride profile. BRE 
specimens were placed in the tidal zone of a marine exposure site for periods of up to 4 
years. Both sets of data show considerable improvement due to the use of fly ash and also 
demonstrate the effect of exposure time (up to 4 years) on the calculated zv728 diffusion 
coefficient. Calculating coefficients from short-term tests (e.g. 3 months) ma lead to 
considerable overestimation of the diffusivity over the life of the concrete and this is 
more marked for concrete containing fly ash. For concrete with 50% ash, the value of Da 
decreases by one order of magnitude between 1 and 4 years.  

 
Figure 1. Comparison of chloride ingress into similar concrete systems under marine and 
under accerated conditions  
As mentioned above these diffusion coefficients are average values for the exposure 
period. A numerical model was developed to calculate the diffusion coefficient that best 
described the change in profile between 2 ages, i.e. a “moving average”, and has been 
described elsewhere [33]. The average coefficients between 2 and 4 years for 35 MPa 

Application of HPC in Shanghai     705



concrete with 0 and 50% fly ash were 50×10−13 m2/s and 2×10−13 m2/s, respectively. This 
represents a difference of 25 times.  

The increased ability of fly ash to resist the penetration of chlorides has been 
corroborated by field studies of structures exposed to de-icing and marine structures [34]. 
Figure 2 shows concentration profiles for two bridges exposed to de-icing salts (samples 
taken from roadside pier, 1m above ground) and a sea wall exposed to marine zv729 salts 
(samples taken~1m above high tide). Both cases allowed the comparison between plain 
OPC and fly ash concrete. Diffusion curves were fitted to the concentration profiles 
although it is recognized that diffusion is not the only mechanism contributing to chloride 
ingress in these structures. Calculated diffusion coefficients were an order of magnitude 
lower in the ash concrete. However, of greater significance is the lower chloride content 
at depth in the fly ash concrete.  

 
Figure 2 Concentration profiles from structures exposed to chlorides  
Figure 3 shows typical concentration profiles for laboratory immersion tests with 
diffusion curves fitted according to Eqn. 3. The data demonstrate another potential source 
of error when using penetration tests to determine diffusion coefficients and select 
(design) concrete for chloride resistance. There is significant variation in the chloride 
content close to the surface between different concrete mixes (with the same W/CM) 
resulting in different calculated surface concentrations, Cs, despite the use of the same 
external salt solution (3M NaCl). This obviously has an impact on the calculated value of 
Da. For example, the concrete with 25% ash has much higher concentrations at the 
surface than the concrete with 56% ash, but the concretes have comparable 
concentrations at depth (20mm). This results in a higher concentration gradient dC/dx in 
the 25% ash concrete and, thus, lower value of Da. In practice it is the concentration at 
depth that is important, and both concretes show equal performance in this respect. 
Despite this, the 25% ash concrete would be selected on the basis of the penetration test.  
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Figure 3 Concentration profiles from laboratory “Bulk Diffusion Tests”  
Figure 4 shows results for three series of concrete mixes (20, 40 and 60 MPa) using 
different test methods. The steady-state and penetration tests both show the positive 
effect of fly ash, 30 to 50% ash generally reducing the diffusivity by 5 to 10 times. 
However, fly ash has minimal effect on the results from migration tests. This is probably 
related to the effect of maturity. Although all tests commenced at the same age (28 days), 
migration involves a relatively short test periods and the benefits of long-term curing are 
not manifested in the ash concrete so shown in Figure 4 is the relationship between the 
diffusion coefficient and the “effective” water-cement ratio of the concrete, W/(C+k·F). 
The value k is the “efficiency” factor which can be defined as the mass of OPC which 
makes the same contribution to a particular property of the concrete as a unit mass of fly 
ash. For steady state tests the value of k is found to be 2, which implies that 1 kg of ash 
makes the same contribution to chloride resistance as 2 kg of OPC. A similar relationship 
was found for the data from BRE marine studies.  

Figure 5 shows the results of migration tests for a series of concrete mixes including 
the variables, water-cement, fly ash level and fly ash source. Studies at Dundee have 
demonstrated that the quality of Class F ashes has little impact on the diffusion properties 
of concrete. However, a wide range of fly ashes (Class F and C) are available in North 
America and the chemistry (and other properties) of ashes can vary considerably between 
sources. Four fly ashes, selected to provide a range of CaO contents (2.0 to 27.3% CaO), 
were used in this study. Concrete specimens were cured for a minimum of 4 months prior 
to testing which included ASTM C1202 and electrical migration tests. The Class F fly 
ash (Lingan) was effective in reducing the diffusion coefficient by up to an order of 
magnitude, the effect being more marked at higher water-cement ratios.  
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Figure 4 Effect of fly ash on chloride diffusion coefficient as measured by various test 
methods  
Concrete cast with two of the other ashes, with higher CaO contents (15.0 and 21.5% 
CaO), gave similar results; the diffusion coefficients were generally less than 10−12 m2/s 
regardless of the water-cement ratio or level of replacement. However, the concrete with 
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the highest-calcium ash (27.3% CaO) did not perform as well and in all cases had 
measured diffusion coefficients in excess of 10−12 m2/s.  

 
Figure 5 Comparison of migration and ASTM C1202 test results for fly ash concrete  
Results from ASTM C1202 tests showed similar trends and a fairly reliable correlation 
was established between the charge passed, C, in this test and the coefficient, D, 
calculated from the migration test (Figure 5); the relationship being:  
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(5)  
It is not suggested that the ASTM C1202 test result be used to provide absolute values for 
the diffusion coefficient. However, the test is undoubtedly useful for quality controll 
purposes and can be expected to provide a better indication of the transport properties of 
the concrete than the compressive strength! The test has the advantage that it can be 
completed in 6 hours; results indicate that the charge passed in 10 minutes may be 
equally reliable.  

SUMMARY AND CONCLUSIONS  
A number of tests have been developed to determine the diffusion coefficient or related 
properties of concrete. All of these tests have drawbacks related either to the duration of 
test or the rigorous application of relationships developed for ideal conditions (and 
certainly not intended to describe the processes in concrete). It is likely that none of these 
tests yields a “true” diffusion coefficient for concrete, if such a parameter exists. 
However, such tests represent a significant advance in an industry that places almost total 
reliance on compressive strength and water-cement ratio for specifying concrete for 
aggressive environments. The development of suitable performance tests for concrete 
exposed to chlorides will assist in the design of durable mixes and the development of 
appropriate specifications.  

It is clear from the studies presented here, and numerous others, that the incorporation 
of fly ash significantly enhances the resistance of concrete to chloride ingress. However, 
much of the benefit is not manifested at early age and may not be revealed in accelerated 
tests. Designers and specifiers should be cognizant of the time-dependent nature of 
diffusivity and suitable approaches should be developed to permit the diffusion 
coefficient to be extrapolated to the end of the service life of the structure. It is possible 
that accelerated curing of fly ash concrete (and similar materials) may be allow its long-
term properties to be evaluated within a reasonable time frame. Further work is needed in 
this area.  
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by E & FN Spon, 2–6 Boundary Row, London SE1 8HN, UK. ISBN 0 419 21480 1.  
ABSTRACT. Cast-in-place concrete segmental bridges constructed by form travelers 
using the balanced cantilever method were designed for significant portions of the Sun 
Yat-Sen Freeway Widening Project, one of the projects in Taiwan’s Six-Year Plan. 
Bridges within the Project were constructed as integrated concrete box girders cast 
monolithically with the piers and made continuous over the mid-spans where the two 
cantilevers meet, thus forming a rigid framing system in resisting seismic forces. Material 
creep, shrinkage and steel relaxation factors were taken into consideration in the 
computer program for analysis. Actual construction camber at different loading stages 
will be measured during construction and the analysis model be adjusted to verify results. 
Seismic design in dynamic analysis was in accordance with the Taipei Basin Spectrum 
and California earthquake engineering details were applied. Earthquake in vertical 
direction combined with horizontal earthquake components were also considered in the 
project. Bridge elements of segmental design bridges subject to earthquake excitation 
were analyzed using different coherencies to compare and evaluate the results for seismic 
design of the bridges.  
Keywords: Continuous frame system, Cantilever segmental construction, Spectrum 
dynamic analysis, Multiple seismic ground motion, Time history analysis.  
Mr Yen-Nan Shih is Deputy Chief Engineer of the Taiwan Area National Freeway 
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construction practices.  
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INTRODUCTION  
The Taiwan First Freeway system, opened to service only 18 years ago, is facing severe 
congestion problems for many years, especially on the four-lanes in each direction near 
Taipei City. Expansion of the freeway lanes to increase the traffic flow has become a 
priority task for transportation planning and administration. Local rural traffic which uses 



the freeway system in between major interchanges impedes the flow of longer-distance 
traffic near metropolitan/urban Taipei. Relieving the traffic jams at the portion of the 
freeway between Hsichih and Wuku as quickly as possible was identified as the priority 
task in the First Freeway Expansion Program. The length of this portion is 22 kilometers.  

Innovative structural and construction solutions were developed to avoid the 
expensive acquisition of new land right-of-ways. An elevated roadway was designed to 
provide a three-lane expansion along each side of the existing freeway to be constructed 
on the existing right-of-way and shoulder lane properties. Packages have already been 
awarded for construction. The bridge structural system used for most of the elevated 
structures were designed using single piers founded on drilled Caisson foundations. Span 
designed as steel box girders or precast AASHTO girders vary in length from 25m to 
45m. Most of the steel box girders are simply supported on pier heads without continuity. 
Precast AASHTO girders provided with hinges are also simply supported on pier heads 
without continuity. On the project where crossing Keelung River, concrete box girder 
system were adopted. Segmental concrete box girders were constructed monolithically 
with piers and made continuous over several pier supports to form a continuous frame 
system. Span length varied from 75m to 175m. The continuous system provides greater 
redundancies, better ridability, and better capabilities of resisting seismic forces.  

Only the seismic analysis and design of the cantilever constructed segmental concrete 
box girders are presented in this article because of the limitations on length.  

CONTINUOUS FRAME SYSTEM  
Starting from Wuku, the existing freeway with four lanes in each direction extends 
northward to Hsichih, thus covering most of the metropolitan area of greater Taipei. In 
1990, a proposal was prepared to improve the efficiency through traffic by constructing a 
new elevated structure which would carry only the freeway’s South-North through traffic. 
The new elevated structure would be constructed along the side of the existing freeway 
on existing right-of-ways and shoulder properties. The detailed design contract for this 
portion of the freeway expansion started in mid-1990 and was completed in mid-1992.  

The pier locations of the existing freeway Yuan-Shan Bridge were matched in the 
design of the new parallel bridge crossings in order to minimize flood blockage and back 
flow which backup the water level during the typhoon season and cause upper stream 
bank elevations to reach critical safety margins. To provide aesthetic zv739 integration of 
the new and existing bridges, the piers of the new bridge structures are of the same shape 
as those of the existing Yuan-Shan Bridge, i.e. as a cylindrical cone (Figure 1) with an 
interior void. The hollow piers are tapered 1:20m. The pile caps are 4.0m in depth and 
rest on Caissons of 2m in diameter. Piers vary in height from 8m to 30m.  
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Figure 1 Typical pier  
The existing Yuan-Shan Bridge was designed as a cantilevered box girder superstructure 
with expansion joints at the cantilever ends, thus making all piers integrated with the box 
girder at each side to form a self-sustained unit. The new bridges (Figure 2) are designed 
as a system that links several continuous girders together. This continuous framing 
system provides redundancy in resisting seismic and lateral or longitudinal forces. 
However, shrinkage, temperature and creep induced forces in the girders after the 
structures are made continuous complicate the design.  

Computer programs “SFRAME” and “PTFRAME” developed in-house were used to 
analyze and verify stresses step-by-step during construction and upon completion. Creep 
and shrinkage model were in compliance with F.I.P. model code. Construction camber 
and stage stress variations were also listed for the engineer. Bridge designs were also 
checked for longitudinal stresses after the completion connection. Frames were checked 
for both longitudinal and transversal response to seismic disturbances.  
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Figure 2 Typical cross section  

CANTILEVER SEGMENTAL CONSTRUCTION  
The segmental construction consists of North bound 7 bridge unit of total length 2611m 
and South bound 6 bridge unit of 2594m. The bridges twice across Keelung River and 
existing freeway. Bridge span varies from 75m to 175m with 2 traffic lanes and shoulder 
of 1m and 3m at each side totaling 12.6m. Box girder depth varies from 8.75m at pier to 
2.6m at mid-span.  

The pier head section was designed to have length of 14.5m box girder which is 
adequately to house two traveling form and then 4.5m segment for typical length 
However, the contract modify the pier head length to 8.1m to house one traveling form at 
first step to save shoring cost, and also modify the subsequent segmental length to 5.0m 
to maximize the benefit of traveling form and save construction time.  

Concrete pier head segments were cast-in-place monolithically with the pier shafts 
following placement of the reinforcement and formwork. When the formwork was 
removed, form travelers were hoisted and placed on each side of the pier head segment. 
The box girder was constructed in cast-in-place concrete segments cantilevering outward 
from each pier head segment. When cantilevers from adjoining piers met at mid-span, 
continuity reinforcing steel and stressing tendons were placed and the closure pours at the 
cantilever ends also varied from 2.50m to 4.00m.  

The girders were designed using conventional tendon layouts (Figure 3) for segmental 
cantilever construction. In order to obtain more structural redundancy in the girder than 
provided by short straight positive tendons at the bottom of the girder, the positive 
tendons were designed with a parabolic shape from pier to pier. Low-relaxation tendons 
were used to minimize losses. The parabolic shape also provides the possibility for future 
repair/replacement of the positive tendons in case of future transportation overloading.  
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Figure 3 Tendon layout  
At the span where end support will be expansion type, the construction of last quarter 
span near the support were modified from continuous shored pour-in-place method to a 
propped segmental cantilevered construction. The prop of steel frame with temporary 
support on footings was used in place of continuous shoring and expansive bridge form 
called for by P.I.P. construction.  

Jacking technique were used to reduce long-term creep/shrinkage-induced shear and 
moments of piers and foundations and thereby minimizing the amount of reinforcements 
required in them. Box girders were jacked to create reverse forces equal to the built-in 
shear and moments at the opposite side due to predicted creep shrinkage effects.  

SEISMIC DESIGN CRITERIA AND SPECTRUM DYNAMIC 
ANALYSIS  
Seismic design was based on Caltrans’ bridge design practice and design philosophy [1, 
2, 3]. Following the 1989 failure of the Bay Bridge and the collapse of the Cypress 
Structure in the Loma Prieta earthquake, Caltrans revised its bridge design philosophy to 
require major bridges to remain repairable after a major seismic event. In effect the 
standards for seismic design were raised to higher levels then was standard practice 
before that earthquake.  

Seismic design was performed using a modified reduction and site-specific response 
spectrum developed by Prof. Penzien [4]. The spectrum curves are shown in Figure 4 The 
basic difference between the Caltrans’ specific response spectrum for soft soils and the 
response spectrum of the Taipei Basin is the long plateau of the response curves 
reflecting the deep soft-soil character of the Taipei Basin where the response plateau 
extend to 1.65 second before response spectrum curve turn downwards.  
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Figure 4 Normalized response spectra for site conditions S1, S2, S3 and S4  
Modifications were made in the design criteria to the following: Spectrum Shape, 
Reduction Factor, Shear Requirement, and Confinement Reinforcement.  

Elements with seismic reduction/risk factors were modified in design from Caltrans’ 
previous 6.0 to the current 2.0 for these portions of the structures. Dynamic time history 
analysis demonstrated that the pier element meets a ductility requirement of 2.0 to 2.5. 
Time history dynamic in both elastic analysis and non-linear analysis were performed on 
bridge structures and compared. Column moment and load capacity interaction revealed 
that the ductility demand closely matches the designed ductility. The non-linear analysis 
response diagram also indicated that the moment capacity is well within the interaction 
elastic curve (Figures 5 and 6).  

 
Figure 5 P-M interaction diagrams and time-history traces obtained by linear analysis for 
Pier PU10M: Longitudinal bending  
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Figure 6 P-M interaction diagrams and time-history traces obtained by nonlinear analysis 
for Pier PU10M: Longitudinal bending  
Structural seismic detail criteria are similar to those used by Caltrans. Modifications were 
made for local soil conditions and construction practices. Shear and confinement 
reinforcement (Figure 7) were designed with special consideration for local construction 
practice with circular ties used in lieu of spiral ties.  

 
Figure 7 Typical column confinement  

MULTIPLE SEISMIC GROUND MOTION—TIME HISTORY 
ANALYSIS ON LONG SPAN STRUCTURE—COHERENCE 
CONSIDERATION  
Multiple dynamic time history analysis was performed for the Yuan-Shan Bridge using 
seismic ground motion input which are response spectrum compatible and properly 
spatially correlated. One of the bridges in the expansion program was studied. This 
bridge has a 6-span continuous span arrangement 75–120–140–125–150–90m in length 
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supported at two end spans on slide joints located on the two first interior pier supports to 
permit movement in the longitudinal direction. The other pier supports for each span are 
integrated (constructed monolithically) with the box girders. The cross-section is as 
shown in Figure 2 with a width at the top of 12.6m to carry three lanes of traffic.  

Peak horizontal free-field ground surface acceleration produced by a maximum 
credible earthquake was taken to be equal to 0.20g. Because the bridge is continuous over 
six spans, covering a distance of 750m, the free-field ground motions have significant 
spatial variations from end pier to end pier. The coherency amplitude functions were 
developed from Accelerograms recorded in SMART-1 array located in Lotung, Taiwan 
[5]. Coherency amplitude functions are derived from array record Three components of 
acceleration were used as the input to structure. Passage functions associated with these 
functions were correlated with the response spectrum in the investigation of multiple 
seismic ground motion inputs for the system.  

A time history response analysis of the complete bridge model was performed for 5% 
Raleigh damping using longitudinal and transversal free-field ground displacement and 
acceleration time histories as inputs corresponding to the discrete translational foundation 
springs placed at the base of each pier. Notice that from ground acceleration at Pier 1 
through Pier 7, the peak acceleration shifting with time from 23.5 seconds for Pier 1 to 
24.5 seconds for Pier 7. The analysis was performed using computer program NEABS. 
The results were compared to those from uniform inputs.  

Although the moment results for piers differ by 11%, the multiple input moments are 
judged as being more practical for the evaluation of seismic performance.  

CONCLUSIONS  
Rigid frame bridge structures can be designed and constructed for areas of high seismic 
activity. Segmental concrete box girders constructed by balanced cantilever methods are 
viable for crossings of rivers or areas of busy local traffic where ground activities require 
minimum disruption. Seismic continuous frame systems of long-span structures can be 
analyzed for seismic response using multiple ground motion input time history analysis 
techniques to verify the adequacy of the design.  

Frequent dependent coherency amplitude functions can be incorporated in the time 
history analysis and the results obtained are more realistic for evaluating seismic 
performance.  

Confinement reinforcement should be designed in elements to ensure ductility. New 
materials such as spiral coils and high-strength reinforcements may be used for 
construction in earthquake zones. Proper seismic reduction factors should be assigned to 
important bridge structures such as freeway system structures to ensure that they remain 
repairable after a major earthquake.  
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