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Preface
of ECF16 Chairman

Emmanuel E. Gdoutos

The "16th European Conference of Fracture," (ECF16), was held in the beautiful town

of Alexandroupolis, Greece, site of the Democritus University of Thrace, July 3-7, 2006.

Within the context of ECF16 forty six special symposia and sessions were organized by

renowned experts from around the world. The present volume is devoted to the symposium

on "Measuring, Monitoring and Modeling Concrete Properties" (MMMCP) organized by

my wife Dr. Maria Konsta-Gdoutos in honor of our good friend Surendra P. Shah of North-

western University, USA. I am greatly indebted to Maria for undertaking the difficult task

to organize this symposium with great success and edit the symposium volume. 

Started in 1976, the European Conference of Fracture (ECF) takes place every two

years in a European country. Its scope is to promote world-wide cooperation among sci-

entists and engineers concerned with fracture and fatigue of solids. ECF16 was under the

auspices of the European Structural Integrity Society (ESIS) and was sponsored by the

American Society of Testing and Materials, the British Society for Stain Measurement, the

Society of Experimental Mechanics, the Italian Society for Experimental Mechanics and

the Japanese Society of Mechanical Engineers. ECF16 focused in all aspects of structural

integrity with the objective of improving the safety and performance of engineering struc-

tures, components, systems and their associated materials. Emphasis was given to the fail-

ure of nanostructured materials and nanostructures and micro- and nanoelectromechanical

systems (MEMS and NEMS). The technical program of ECF16 was the product of hard

work and dedication of the members of the Scientific Advisory Board, the pillars of ECF16,

to whom I am greatly indebted. As chairman of ECF16 I am honored to have them on the

Board and work closely with them for the success of ECF16. 

ECF16 has been attended by more than nine hundred participants, while more than

eight hundred papers have been presented, far more than any other previous ECF over a

thirty year period. I am happy and proud to have welcomed in Alexandroupolis well-known

experts, colleague, friends, old and new acquaintances who came from around the world

to discuss problems related to the analysis and prevention of failure in structures. The tran-

quility and peacefulness of the small town of Alexandroupolis provided an ideal environ-

ment for a group of scientists and engineers to gather and interact on a personal basis. 
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I wish to thank very sincerely the editor Dr. Maria Konsta-Gdoutos for the excellent

appearance of this volume and the authors for their valuable contributions. Finally, a spe-

cial word of thanks goes to Mrs. Nathalie Jacobs of Springer who accepted my proposal

to publish this special volume and her kind and continuous collaboration and support.

January 2006

Xanthi, Greece ECF16 Chairman
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Emmanuel E. Gdoutos
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Editor’s Preface

This volume contains 94 papers presented at the symposium on "Measuring, Monitor-

ing and Modeling Concrete Properties," (MMCP), which was organized in honor of

Surendra P. Shah, Walter P. Murphy Professor of Northwestern University.  The sympo-

sium took place under the umbrella of the 16
th

 European Conference of Fracture in Alex-

androupolis, Greece, on July 3-7, 2006.  The book is dedicated to Surendra P. Shah, a

researcher, teacher, and advocate for the cement and concrete sciences, in recognition of

his continuous, original, diversified and outstanding contributions for half a century.

The book consists of invited papers written by leading experts in the field.   It contains

original contributions concerning the latest trends and developments in measuring, mod-

eling, and monitoring concrete properties.  Fourteen keynote papers were contributed by

B.L. Karihaloo, H. Stang, M. Corradi, G.W. Scherer, K. Pilakoutas, M.A. Tasdemir, J.

van Mier, F. Dehn, D. Cusson, T. Sui, B.H. Oh, B. Mobasher, N.R. Buenfeld and C.

Andrade.

The papers cover a wide range of subjects including fracture and mechanisms of dete-

rioration of cementitious composites, engineering performance and modeling for early-

age, high-performance fiber-reinforced cementitious composites and development of

innovative cementitious materials.  They are arranged in the following 8 sections:

The first section on engineering performance and modeling for high-performance

cementitious composites (HPFRCs), contains nineteen papers dealing with computational

and experimental micro-mechanical modeling of the mechanical behaviour of HPFRCCs

and the micro-structural modeling of their durability characteristics.

The second section on fracture and deformation of cement based composites contains

eleven papers dealing with a mechanical behavior and fracture of conventional and new

cement based composites, advanced methods for crack detection in concrete, obtaining

three-dimensional information of fracture processes, and new developments on the frac-

ture toughness of concrete including high strength concrete and size effects.

The third section on quantifying damage for early age concrete contains nine papers

dealing with realistic assessment and modeling for mechanical behavior of early age con-

crete, autogenous shrinkage and microcracking in heterogeneous systems. 

The fourth section on development of innovative cementitious materials contains

twelve papers dealing with performance criteria on the incorporation of industrial

byproducts in concrete and cementious composites.

The fifth section on designing concrete for unconventional properties contains eight

papers dealing with the use of chemical admixtures such as superplasticizers, shrinkage

 xv



reducing admixtures and viscosity modifying agents for designing the composition of

concretes with special rheological properties, such as self compacting concrete.

The sixth section on quantitative image analysis for microstructural characterization

of concrete contains four papers dealing with the use of imaging technology as a basis to

quantify and model the variability in the nano-, micro-, and meso-structure of concrete.

The seventh section on concrete deterioration, repair and rehabilitation contains

twenty two papers dealing with new concepts for the processing of repair and rehabilita-

tion measures of concrete structures, the development of predicting models characteriz-

ing the corrosion process of steel in concrete and a special session on the deterioration of

historic building materials and the development of crystallization pressure and the initia-

tion and propagation of cracks from growth of salt crystals.

Finally, the eighth section on FRPs and textiles in cement composites contains nine

papers dealing with the bond characteristics and structural behaviour of new reinforcing

materials such as fiber reinforced plastics and hybrid fabrics, and the modeling of textile

reinforced concrete.

I consider it an honor and privilege I have had the opportunity to edit this volume. I

wish to thank very sincerely the authors who have contributed to this volume and all those

who participated in the symposium on “Measuring, Monitoring and Modeling Concrete

Properties” to honor Surendra P. Shah, a great friend and a colleague, whose work will be

indelibly imprinted on the pages of cement and concrete science history.

All those involved in the work of this symposium are gratefully acknowledged, in

particular Professor E.E. Gdoutos for organizing ECF16 from start to finish and the mem-

bers of the Scientific Committee for soliciting and reviewing of papers. Finally, a special

word of thanks goes to Ms Nathalie Jacobs of  Springer for her interest in publishing this

work and her kind collaboration and support.

March, 2006 Maria  S. Konsta-Gdoutos

Xanthi, Greece Editor

  Editor's prefacexvi



Surendra P. Shah
Walter P. Murphy Professor  

Northwestern University, Evanston, Illinois, USA

Professor Surendra P. Shah's career began as most of ours begin. Shah, who grew up

in India, began his academic career there where he received his undergraduate degree

from B.V.M. College. His graduate work began at Lehigh University where he com-

pleted his Masters of Science. He then took two years to work as a design engineer at

Modjeski and Masters. During this time he met and married Dorothie Crispell. Suru then

attended Cornell University, where he received his Ph.D. in civil engineering under the

advisement of Professors George Winter, Richard White, and Floyd Slater. After receiv-

ing his Ph.D. he was ready to begin the journey that would establish him as a leading fig-

ure in the research and teaching in the field of cement and concrete sciences.

In 1965, Suru joined the faculty of the Materials Engineering Department at the Uni-

versity of Illinois at Chicago (UIC). There he taught courses in civil engineering and

materials science while developing a state-of-the-art research laboratory. In 1981, he

joined the faculty of Northwestern University where he is now a Walter P. Murphy Pro-

fessor. His research continues to focus on synthesizing materials science, mechanics and

structural engineering by combining our knowledge of different scales. He pioneered

research to better understand and develop new materials. He has written over 400 journal

articles, co-edited 20 symposium proceedings, co-authored two textbooks, and served as

the editor-in-chief for the journal, Materials and Structures. His foresight in research led

to the establishment of the National Science Foundation Center for Science and Technol-

ogy of Advanced Cement-Based Materials (ACBM). His leadership at ACBM has pro-

vided the opportunities for growth of research in the field, as well as the growth of

cement-based curriculum in undergraduate programs around the world. As he built a

strong research base, he was developing the next wave of researchers and educators.

Suru Shah has been a strong advocate in the training of future scientists in the cement

and concrete field. Through his work at ACBM, he established a network of faculty

whose goal is to increase the amount of time spent teaching cement sciences as well as

improving the tools for teaching. Through the establishment of the Undergraduate Fac-

ulty Workshop, ACBM has reached over 100 faculty and in turn, influenced over 10,000

students. This is not to say that Suru has not influenced his fair share of students on his

own. During his tenures at UIC and Northwestern, he as advised over 160 graduate stu-

dents and 80 post-doctoral fellows. His influence in these student's academic careers has

been recognized at both UIC and Northwestern as the recipient of Excellence in Teach-

 xvii



ing awards. Suru's strong commitment to teaching is evident by the number of his stu-

dents who have joined the ranks of academia. As a result of the enduring partnership of

ACBM with industry, many of his students are enjoying successful careers in the indus-

trial sector.

Surendra Shah's dedication to the field is evidenced by the innovations he has

brought about through his research and teaching. Acknowledgement of this work is fur-

ther established by his recent election to the National Academy of Engineering, the most

prestigious award given in the engineering field. Over his career, he has received many

other awards including the ACI Phiello Award, the Swedish Concrete Award, the

RILEM Gold Medal, the ASCE-CERF Charles Pankow Award, and the ASTM Thomp-

son Award. ACI, RILEM and the University of Dundee have organized symposia in his

honor. In addition to his work in cement and concrete sciences, Suru is a strong propo-

nent of the arts. He is an avid stage fan, including opera, theatre, and the symphony. He

is a movie buff and, it is no secret that, he is a wine and food aficionado. Surendra P.

Shah epitomizes the phrase "Renaissance Man." 

Suru Shah is a man who has pushed the envelope in all areas of cement and concrete

technology and in doing so, has inspired professionals, researchers, and, students to do

the same. He has no immediate plans for retirement. He will continue his mission as a

teacher, researcher, and advocate for the cement and concrete sciences.  It is with a deep

sense of honor and respect that this book and symposium are dedicated to the work and

legacy of Surendra P. Shah.

March, 2006 Maria S. Konsta-Gdoutos

Xanthi, Greece Editor

Surendra P. Shahxviii
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Abstract: This paper describes a recent fatigue performance check on the high performance

fibre-reinforced cementitious composite CARDIFRC
®

. It is shown that an even

distribution of fibres throughout the bulk of the material is crucial to its excellent

fatigue performance. Moreover, the even distribution of fibres is also a key factor in

the reduction of the autogenous shrinkage strains in this material. The aim of this

investigation is to reveal the reason behind the low fatigue life and large scatter in

the autogenous shrinkage strains of CARDIFRC, when large test specimens were

used. It is confirmed to be due to poor distribution of fibres in the large specimens.

Key Words: Fatigue, shrinkage, fibre distribution

1. INTRODUCTION

The mechanical performance of any HPFRCC depends to a high degree on the even

distribution of fibres in the bulk of the material. Any regions with a low concentration of

fibres or with no fibres are potential sites of weakness. The distribution of fibres in the

mix depends on several factors, e.g. on how the fibres were introduced into the mix, on

the vibration frequency during compaction, and on the size and shape of the object cast

from CARDIFRC. The distribution of fibres within the matrix of the beam is a critical

parameter affecting the fatigue performance of steel fibre reinforced concrete. It is, how-

ever, extremely difficult to achieve an even distribution of fibres in large specimens. Fail-

ure to attain this goal may result in an extremely low fatigue life, whereas a proper and

even fibre distribution can guarantee an extremely long fatigue life. This is more evident

in the case of HPFRCCs, where the interfacial bond between the fibres and the matrix is

particularly strong, due to the dense structure of the material. The difficulty in achieving

an even distribution of fibres is more pronounced in thicker specimens (e.g. 100 mm),

3 
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whereas the even distribution can be achieved without difficulty in specimens with a rel-

atively small thickness (e.g. 35 mm). The uneven fibre distribution in the matrix also

affects measurement of autogenous shrinkage in large specimens of CARDIFRC
®

.

2. FATIGUE EXPERIMENTAL PROCEDURE

Specimens of Dimensions 100x100x500 mm

Fatigue tests were carried out in three-point bending in a stiff self-straining testing

frame fitted with a DARTEC 2500 kN dynamic-static actuator on 100x100x500 mm

beams made of CARDIFRC
®

 mix I. The beams were simply supported over a span of 400

mm. Four short cylindrical clamps were set on the supports to prevent the beam from mov-

ing, during the cyclic load application. These clamps did not actually come in contact with

the specimen, unless it started moving from its original position. The machine was pow-

ered by a 23 lit/min DARTEC hydraulic pump and was connected with a DARTEC 9600

Digital Feedback Controller. Four types of measurement were recorded for each beam: (1)

the load from the load cell of the testing machine; (2) the vertical deflection at the mid-

span; (3) the time from the start of load application; and (4) the number of cycles to failure. 

The vertical mid-span deflection was measured by a single LVDT. This LVDT was

calibrated for a very narrow range of deformation (±2.5 mm), because the deformation of

the beam during its fatigue life was expected to be very small. In this way, it was also antic-

ipated to minimise the noise in this particular measurement. A mechanical stop was

installed 10 mm below the centre of the beam in order to prevent damage to the LVDT if

the beam suddenly failed. All the data were acquired using DT800 dataTaker logger and

stored temporarily in its memory before they were downloaded to the connected com-

puter. The DT800 dataTaker is a data acquisition and logging instrument, which has the

ability to operate in burst mode. In this mode, DT800 can sample at very high rates, but

only for short periods of time. This mode of operation is appropriate for fatigue data acqui-

sition and logging. The logging procedure was controlled by appropriate software, called

DeLogger Plus. This software package contains a powerful set of tools for working with

DT800, like the programme builder option. This option allows the user to define the num-

ber and types of the scan channels, the time interval to trigger each scan, the quantity to be

read (e.g. voltage) and how to convert the reading into appropriate engineering units.

 Fatigue tests are generally carried out for a given constant minimum stress or for a

constant ratio between the minimum and maximum stress levels. In this study, a constant

minimum stress level of 10% of the static flexural strength was maintained. The cyclic

tests were carried out at maximum stress levels ranging from 70% to 85% of the mono-

tonic strength. The fatigue tests were performed in load control. The ultimate static load

in three-point bending equalled Pu = 57 kN. This value resulted if the standard deviation

of the peak load measured in static three point bend tests was subtracted from the mean

value. Each specimen was first subjected to three slow cycles between 2 kN and 28 kN,

which corresponded to a stress level of 50% of the monotonic strength. It should be noted

that specimens tested in this study were not pre-cracked before cyclic loading, so the

selected stress level of 50% lies within the elastic range of the material response. This is

an essential characteristic of this study compared with previous studies on fatigue of fibre
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reinforced concrete. The specimens were preloaded for stabilisation purposes. The test

stopped automatically after the specimen failure or after one million cycles, whichever

occurred first. 

The specimens were subjected to a sinusoidal cyclic loading with a frequency of 6 Hz.

The choice of the frequency was dictated by the time required for the test beam to reach

1000000 cycles and by the need to avoid undesirable side effects because of high frequen-

cies. Despite the fact that several researchers have conducted fatigue tests with frequen-

cies up to 20 Hz, these values were considered too high to maintain an accurate load range

and to minimise the effects of inertia. On the other hand, frequencies of 1-2 Hz were con-

sidered too low to complete a full test (up to 1000000 cycles) within a reasonable time

period. Therefore, a frequency of 6 Hz was selected and a full test was completed in less

than 48 hours.

3. RESULTS AND DISCUSSION

Tests have been performed in the load ranges between 10%-85%, 10%-80% and

10%-70% of the ultimate flexural strength. Table 1 and Figure 1 show the fatigue life of

specimens 100x100x500 mm (i.e. number of cycles to failure, N). It is clear that there is

a large scatter in the experimental fatigue life, which is a characteristic of the fatigue tests.

This is attributed to the nature of the material and also to errors in test variables, which are

repeated in a large number of cycles. The large scatter in the experimental results did not

give an opportunity to discern a trend in the fatigue life of the material , not even after a

large number of tests were performed.

The large scatter in the fatigue life of the tested beams is mainly attributed to the inho-

mogeneous nature of the material. The addition of fibres to the concrete matrix can dra-

matically improve the fatigue performance of the composite and also impart it with

additional strength in tension, shear and flexure.  It is, however, extremely difficult to

achieve an even distribution of fibres within the mix, because of the large quantity of

fibres used. This has the effect that some internal vertical planes of the specimen under

flexure will be devoid of fibres. In the worst case that the planes devoid of fibres are

located in the region of the maximum bending moment, they become the failure planes

after only very few cycles. Another important consideration is the orientation of the fibres

in the region of the maximum bending moment.

The failure surfaces of the tested beams were thoroughly examined visually. It was

observed that beams that failed after a very small number of cycles, had large areas in

these planes almost devoid of fibres, especially in the zones of tensile stress. Others had

a significant number of fibres in these planes, but these were oriented vertically, i.e. they

did not exert any closure pressure across the plane of failure. On the other hand, speci-

mens that withstood a large number of cycles before failure, had an even distribution of

fibres crossing the plane of failure, and most of them applied substantial closure pressure,

thus extending the fatigue life of the beams. In the case of the beams that withstood

1000000 cycles without failure, the planes of failure (revealed after the specimens were

broken) were full of fibres (most of them long), all of them exerting closure pressure. It

can be concluded that the distribution of fibres within the matrix of the beam is a very

important parameter affecting the fatigue life of the tested specimens.

Fatigue and autogenous shrinkage of CARDIFRC
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Figure 1. Fatigue life of CARDIFRC - Mix I beams (100x100x500 mm)

 It is, however, extremely difficult to achieve an even distribution of fibres in the mix.

For the improvement of fibre distribution, the fibres are added to the mix through vibrat-

ing sieves; for 6 mm long fibres, a 5 mm sieve is used and for 13 mm long fibres a 12 mm

sieve is used. Many interesting observations regarding the fibre distribution in CARDI-

FRC were made by the image analysis of specimens, which will be discussed later.

There was a suspicion that the poor distribution of the fibres within the specimen was

also a result of the high frequency of compaction 100 Hz (on an electric vibrating table)

used during the casting of the specimens as a result of which the fibres were forced to the

sides of the beams. In order to confirm or dispel this suspicion, some of the remaining

100x100x500 mm specimens were cut into six smaller specimens of dimensions

33x100x250 mm, as shown in Figure 2.

Fatigue Tests - CARDIFRC
®

 - Mix I Beams (100x100x500 mm)

Beam

Number
10% - 85% Pu 10% - 80% Pu 10% - 70% Pu

1 706 9918 5910

2 181738 2144 18

3 18 14 437

4 2510 4036 1000000

5 41539 28733 279

6 169279 911453 4

7 1000000 195703 1000000

8 6174 9337 3

9 4918 131237 527988

10 161839 78940 110999

11 493 - -

12 54977 - -

Table 1. Number of cycles sustained by cardifrc - mix i beams (100x100x500 mm)



Fatigue and autogenous shrinkage of CARDIFRC 7

The cut specimens were tested statically in three-point bending under displacement

control, and the peak loads were noted. The average peak loads for top, middle and bot-

tom specimens were:

Top Specimens:        P
u,top

 = 4.30 kN

Middle Specimens:  P
u,mid

 = 6.09 kN

Bottom Specimens:  P
u,bot

 = 11.31 kN

It can be clearly observed that the ultimate load from the flexural static tests is much

lower at the top, and is significantly increased when moving to middle and finally bottom

specimens. The bottom specimens give the highest value of peak load, which is a clear

indication that these specimens had more fibres, in comparison with the top and middle

specimens. These experimental results undoubtedly confirm the suspicion of the poor dis-

tribution of fibres within the original specimens, as a result of the high frequency of

almost 100 Hz used during the compaction of the cast specimens.

Figure 2.  Schematic presentation of the cut specimens and the fibre density in the top, middle and bottom

Specimens of Dimensions 35x90x360 mm

After the completion of the static tests on the cut specimens, where it was clearly

revealed that the high vibration frequency had produced poor distribution of the fibres, it

was decided to cast smaller CARDIFRC
®

, Mix I beams, 360x90x35 mm, and use a fre-

quency during compaction not exceeding 50 Hz. The selected dimensions were regarded

to be more realistic, in the sense that CARDIFRC
®

 is a material that is mainly intended

for use for repairing and strengthening in thin strips of about 20 mm thickness.

For the fatigue tests, it was decided to use a value of ultimate load equal to P
u
 = 10

kN. This value is two standard deviations less than the mean value of the peak load

obtained earlier from static three-point bend experiments, i.e. P
u
 = P

avg
 – 2S.D. The sub-

traction of two standard deviations from the average peak load increases the probability

that the ultimate monotonic load of all specimens tested in fatigue would be lower than

specimens
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the applied P
u
, to about 95.5%. This choice was aimed at minimising the factors that

caused the huge scatter in fatigue life of the 100x100x500 mm beams, and eventually at

obtaining more consistent results.

The fatigue tests were carried out in three-point bending, in the same way as was

described earlier for the 100x100x500 mm beams. The tests were performed under load

control between two limits (with a sinusoidal force variation in time). The minimum

stress level, S
min

, was 10% of the monotonic strength and the maximum stress level, S
max

,

ranged from 80% to 90% of the monotonic strength. Before the cyclic loading was

applied, the beams were preloaded with 3 static loading/unloading cycles between 1 kN

and 5 kN, the higher load corresponding to 50% of the monotonic flexural strength of the

material. The specimens were preloaded for stabilisation purposes. The frequency of

loading used was 6 Hz. The tests stopped after specimen failure or after one million

cycles, whichever occurred first. In the special case of two specimens, it was decided to

test them up to a larger number of cycles.

Tests have been performed in the load ranges between 10%-80%, 10%-85% and

10%-90% of the ultimate flexural strength. Table 2 gives the fatigue life of specimens

(i.e. number of cycles to failure, N). It is immediately noticeable that there is an excellent

consistency in the fatigue life for the load ranges between 10%-80% and 10%-85%, since

all of the eight specimens sustained 1000000 or more cycles without failure. This is attrib-

uted to the smaller thickness of these specimens (35 mm), the lower frequency used dur-

ing the vibration of these specimens, which ensures a more even distribution of the fibres

within the specimens, and also to the choice of P
u
 as equal to P

avg
-2SD, as explained

above.

Table 2. Flexural fatigue tests experimental results (CARDIFRC
®

*1
The average fatigue life considers only the first 1000000 cycles sustained by specimen No.4. 

An important observation from the tests performed at maximum load levels of 80%

and 85% P
u
, is the fact that none of the eight tested specimens developed any visible

cracks during the 1000000 cycles, attesting once again to the improved distribution of the

fibres within these specimens. It also implies that probably no specimen will fail at lower

maximum stress levels. From the above experimental results, it can be concluded that the

endurance limit of the material is approximately at 85% of its flexural strength. Below

this limit none of the tested specimens failed, not even after a very large number of cycles

(e.g. 20000000 cycles). Slightly above this load limit, some specimens did not fail after

1000000 cycles, whereas some others failed after a relatively small number of cycles.

Another remark about the observed fatigue limit is that it is very high, not very often

observed in the relevant literature. This is an indication that CARDIFRC
®

has an exten-

sive elastic zone. This is confirmed by direct tension tests performed by Benson (2003).

Load 

Amplitude

(% Pu)

Fatigue Life (N)

N1 N2 N3 N4 Average Fatigue 

Life (N)

10-90% 1000000 21564 9315 1000000 -

 10-85% 1000000 1000000 1000000 20000000 1000000
(*1)

10-80% 1000000 1000000 1000000 2000000 1000000
(*1)

- MIX I, 360x90x35 mm)
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In order to check whether internal cracks had developed in the specimens that sus-

tained 1000000 or more cycles without failure, they were tested afterwards in static three-

point bending. The purpose of this static testing was to compare the post-fatigue flexural

strengths and static envelope curves with the pre-fatigue test results. None of the speci-

mens had any visible external cracks at the end of fatigue testing. The specimens tested at

80%, 85% and 90% P
u
 in fatigue, showed a small increase in their flexural strength

(Table 3). This increase seemed to be higher than could be attributed to the increase due

to age alone. It is believed to depend on the maximum flexural fatigue stress (S
max

) to

which the specimens were subjected earlier. From the available evidence, it was antici-

pated that with lower S
max

 values the increase in flexural strength would be higher. This

was however not confirmed experimentally, since the increase of the flexural strength for

specimens tested earlier up to 80%, 85% and 90% P
u
 was of the same order of magnitude.

A remarkable observation was that the specimens which did not fail after 1000000 cycles

up to 90% P
u
, showed the highest increase (7%), whereas the lowest increase (5%) was

observed for specimens tested earlier up to 80% P
u
. The increase observed in specimens

tested earlier up to 85% P
u
 was about 6%. 

Although it seems that there exists a linear correlation between the fatigue loading

stress and the corresponding post-fatigue static flexural strength, no definite conclusions

can be drawn. The difference is believed to be very small; therefore the increase in the

flexural strength is assumed to be of the same order of magnitude for the three groups.

Moreover, the result of the average strength for specimens tested up to 90% P
u
, was based

only on two specimen results, which did not fail after fatigue. It is believed that the

increase in flexural strength is approximately constant for specimens subjected to fatigue

stress close to the fatigue limit of the material. This result confirms previously noted

results in the literature, that prior cycling may lead to an improvement in strength (Naa-

man and Hammoud, 1998; Ramakrishnan et al., 1996; Naaman and Harajli, 1990). It has

been suggested that this increase in strength is due to densification of the material, caused

by stress cycling. It is also known that most FRCs are linearly elastic up to about 80% or

more of the matrix tensile strength and that the microcracking process starts beyond this

point. This leads to the conclusion that beam specimens subjected to cyclic flexural stress

below this level are not likely to have a reduced first crack flexural strength (Ramakrish-

nan and Lokvik, 1992). However, the mechanisms behind the increase of the post-fatigue

flexural strength in HPFRCCs are still unclear.

Table 3. Experimental peak loads and tensile/flexural strengths of CARDIFRC
®

 - MIX I beams (360x90x35

Beam Number 10%-90% Pu 10%-85% Pu 10%-80% Pu

Pu (kN) f t (MPa) Pu (kN) ft (MPa) Pu (kN) ft (MPa)

1 14.65 55.81 12.65 48.19 14.30 54.48

2 - - 14.64 55.77 13.70 52.19

3 - - 14.30 54.48 12.40 47.24

4 12.88 49.07 13.33 50.78 13.60 51.81

Average 

Strength
52.44 52.30 51.43

mm), tested in 3 – point bending, after they have been subjected first to fatigue loading
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4. IMAGE ANALYSIS OF FATIGUE SPECIMENS

Due to the large scatter observed in the fatigue life of large CARDIFRC
®

 - Mix I

beams (100x100x500 mm), it was decided to investigate the fibre distribution in the planes

of failure of six specimens tested under fatigue loading (between 10-70% P
u
). The fatigue

life of the selected specimens varied between a very small number of cycles (less than a

decade) and a very high number of cycles (more than 500000 cycles). In addition, the dis-

tribution of fibres in a section of a specimen that did not fail after 1000000 cycles was also

investigated. This particular specimen was cut along a predetermined section, located in

the centre of the beam, using a diamond saw. In the case of specimens that failed under

fatigue loading, the planes of failure had to be flattened first before examination under the

microscope. This was also done using a diamond saw, as close as possible to the actual

plane of failure. The exact number of cycles sustained by each of the selected specimens

and the average number of fibres (/cm
2
) resulting from the image analysis of their planes

of failure are shown in Table 4. Other statistical measures are given in Table 5.

Table 4. Average number of fibres resulting from image analysis of specimens tested under fatigue

The conclusion from this investigation is that a high average number of fibres in the

plane of failure is a guarantee for an extended fatigue life of the specimen. The case of the

specimen that sustained just 4 cycles is an exception, since the average number of fibres

is lower than the specimen that sustained 3 cycles. It is, however, important to note that

both specimens have an average number of fibres lower than that in the specimens that

No. of Cycles Average No. of Fibres 

(/cm
2
)

Max. No. of Fibres (/cm
2
) Notes

3 120 Theoretical result based 

on the solution of “the 

Buffon needle problem”. 

For a 10x10x10 mm 

cube, the total number of 

fibres in a cut section, 

equals 215/cm
2
.

All specimens 

(100x100x500 mm) 

made of CARDI-

FRC
®

- Mix I and 

tested in fatigue 

between 10-70% Pu.

4 116

437 125

5910 131

110999 159

527988 174

>1000000 194

sustained higher number of cycles. All planes of failure examined have at least one grid

where the maximum counted number of fibres is equal or very close to the theoretical

maximum resulting from the solution of the “Buffon needle problem” (Nicolaides,

2004). On the other hand, the minimum fibre count varies significantly between the

selected specimens. This discrepancy is reflected clearly in the values of standard devia-

tion and coefficients of variation. It is apparent that the decreased standard deviation,

which means a more even distribution of fibres within the matrix, leads to a higher num-

ber of cycles to failure. The same conclusion is also supported by the coefficients of vari-

ation, which also decrease as the fatigue life increases. 

loading
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Table 5. Statistical analysis of the results of the image analysis of specimens tested under fatigue

Specimens that sustained a very small number of cycles (3 and 4 cycles) have a very

heterogeneous distribution of fibres in their planes of failure. It is clear from Figures 3-5

that large areas of these sections have a significantly lower density of fibres. The areas

with lower density of fibres are located in both cases in the bottom of the specimens. This

is very important, since these parts of the beams were subjected to tension, and a lower

number of fibres made it easy for a crack to initiate, resulting in extremely low fatigue

life. Although the upper parts of these sections have a higher number of fibres, this was

not sufficient to prevent their fast fracture. It must be mentioned that at some locations in

the examined sections the number of counted fibres was extremely small, less than ten

(Table 5). The average number of fibres in these two sections was 118 (/cm
2
).

No. of Cycles
Average No. of 

Fibres (/cm
2
)

Max. Count Min. Count
Standard Devi-

ation (SD)

Coefficient of 

Variation 

(COV) (%)

3 120 215 5 70.30 61

4 116 215 5 66.02 55

437 125 215 28 58.89 47

5910 131 202 27 37.73 29

110999 159 212 72 28.32 18

527988 174 213 127 20.82 12

>1000000 194 215 138 14.54 7

Figure 3.  Contour plot showing the fibre distribu-

tion for the 100x100 mm beam plane of failure,

after fatigue testing between 10-70% P
u
 (failure

Figure 4.  Plane of failure of the 100x100 mm beam

after fatigue testing between 10-70% P
u
 (failure

loading

after 4 cycles)

after 4 cycles)
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The third specimen under examination that sustained a slightly higher number of

cycles (437 cycles) also had a heterogeneous distribution of fibres in the plane of failure.

It is very apparent that three main regions, covering a large fraction of the total section,

have a considerably lower density of fibres, as shown in Figure 6. The average number of

fibres in this section is 125 (/cm
2
), which is higher than the number of fibres counted in

the sections of specimens that sustained lower number of cycles. 

The fourth specimen under investigation, which failed after 5910 cycles, had a gener-

ally uniform distribution of fibres in the plane of failure, apart from an area at the bottom

of the beam and extending up to the centre, where the fibre concentration was noticeably

lower (Figure 7). The average number of fibres in this section is 131 (/cm
2
), which is

higher than the number of fibres counted in the sections of specimens that sustained lower

number of cycles.

Figure 5.  Contour plot showing the fibre distribu-

tion for the 100x100 mm beam plane of failure, after

fatigue testing between 10-70% Pu (failure after 3

Figure 6.  Contour plot showing the fibre distribu-

tion for the 100x100 mm beam plane of failure, after

fatigue testing between 10-70% Pu (failure after 437

Specimens that sustained significantly higher number of cycles (110999 and 527988),

have a considerably higher number of fibres in their planes of failure (159/cm
2
 and 174/

cm
2
, respectively) (Figures 8, 9). The distribution of fibres is also generally even, with the

exception of some areas with lower fibre concentration. It is believed that these areas

facilitated the crack initiation and propagation within these sections.

Finally, in the case of the specimen that did not fail after the application of 1000000

cycles, the even distribution of fibres is very noticeable, which in combination with the

significantly higher average number of fibres (194/cm
2
), satisfactorily explains why the

specimen did not fail during testing (Figure 10). 

cycles) cycles)
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Considering that the theoretical maximum number of fibres per cm
2
 resulting from

the solution of the “Buffon needle problem” (Nicolaides, 2004) is 215, it can be con-

cluded that the closer the number of fibres in the plane of failure is to the theoretical max-

imum, the higher the number of cycles it will sustain (Figure 11). This result is very

important in the light of an existing correlation between the image analysis and CT-scan-

ning analysis, as shown by Nicolaides (2004). By applying the non-destructive CT imag-

ing method, the maps of the X-ray absorption density of the specimen can be produced.

The magnitude of the X-ray absorption in several areas of the section can lead to an esti-

mate of the corresponding numbers of fibres in those areas (based on the correlation

between X-ray absorption density and corresponding number of fibres), and therefore to

an estimation of the expected fatigue life of the specimen.

5. AUTOGENOUS SHRINKAGE

Autogenous shrinkage experiments conducted on large (100x100x500 mm) CARDI-

FRC
®

 members revealed a large scatter in the measured strains as a consequence of the

uneven distribution of fibres into the matrix, as shown in the Figures 3-10. This large scat-

ter is clearly seen from the entries in Table 6 and Figure 12.  The spread of the results is

very large, since even at the end of the first 10 hours the COV is relatively high for such

Figure 7.  Contour plot showing the fibre distribu-

tion for the 100x100 mm beam plane of failure, after

fatigue testing between 10-70% Pu (failure after

Figure 8.  Contour plot showing the fibre distribu-

tion for the 100x100mm beam plane of failure,

after fatigue testing between 10-70% P
u
 (failure

set of data. These tests were therefore discontinued after 90 hours. Smaller specimens

with the same dimensions as those used for fatigue testing were used for measuring

autogenous shrinkage strains. These specimens gave very consistent results with very low

scatter. 

5910 cycles) after 110999 cycles)


