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Abstract

An experimental investigation was carried out to generate the complete stress-strain curves of steel fibre reinforced high
strength concrete under axial compression. The experimental program consisted of testing 100 x 200 mm concrete cyl-
inders. The experimental variables of the study were concrete strength levels (58.03 MPa and 76.80 MPa), volume frac-
tions (0.5% to 2.0%) and aspect ratios (20 and 40) of flat crimped steel fibres. The effect of the mixed aspect ratio of
fibres on the stress-strain behavior of steel fibre high strength concrete was also studied by blending short and long fi-
bres. The effects of these variables on the stress-strain curves are presented and discussed. The results indicate that high
strength concrete can be made to behave in a ductile manner by the addition of suitable fibres. It is concluded that short
fibres are more effective in controlling early cracking, thereby enhancing the strength of the composite, whereas long
fibres are more effective in providing post peak toughness. Concrete strength seemed to have an adverse effect on the
deformability of fibre reinforced high strength concrete. Based on the test data obtained, a simple model is proposed to
generate the complete stress-strain relationship for steel fibre reinforced high strength concrete. The proposed model has

been found to give a good representation of the actual stress-strain response.

1. Introduction

The gradual development of concrete technology has
promoted the use of high strength concrete. Recently,
concrete strengths much higher than 60 MPa have
gained acceptance in the construction industry. Higher
compressive strengths, greater modulus of elasticity and
substantial savings resulting from the reduction in cross
sections, are all properties of high strength concrete
(HSC) that appeal to designers. One of the main appli-
cations of HSC is in the lower-storey columns of tall
buildings. However, high strength concrete when sub-
jected to short term or sustained loads tends to be brittle,
lacking the plastic deformation typical in normal
strength concrete. This behavior of high strength con-
crete raises questions about the application of the mate-
rial to structures, especially in seismic regions.

It is well documented now that the addition of small,
closely spaced and uniformly dispersed discrete fibers
to concrete substantially improves many of its engineer-
ing properties such as tensile strength, flexural strength,
fracture toughness, resistance to fatigue, impact and
thermal shock. Many researchers have studied the be-
havior of fibre-reinforced normal strength concrete un-
der compression (Fanella and Naaman 1985, Ezeldin
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and Balaguru 1992, Nataraja et al. 1999, Shah and
Naaman 1976, Hughes and Fattuhi 1971). Typical
stress-strain curves of fibre reinforced concrete in com-
pression show a marginal increase in peak stress, an
appreciable increase in strain at the peak stress and sub-
stantially higher toughness, where toughness is a meas-
ure of the ability to absorb energy. However, only a few
studies exist on the behavior of steel fibre reinforced
high strength concrete under compression (Hsu and Hsu
1994, Mansur et al. 1999, Campione et al. 1999).

Mohammadi and Kaushik (2003) investigated the
possibility of combining fibers of various lengths
(mixed aspect ratio) in the normal strength concrete
matrix and concluded that improvements in both peak
stress and post peak toughness can be achieved under
compression, which are better than those achieved if
fibers with only one aspect ratio are used. Pantazopou-
lou and Zanganeh (2001) studied the stress-strain be-
havior of steel fibre reinforced concrete in axial and tri
axial compression by blending short micro fibres with
long steel fibres. They observed that for the given mixed
content of these fibres, the addition of micro fibres in-
creased the pre-peak stiffness, while the longer fibres
improved the post-peak toughness of the composite.
These studies have definitely proved the viability of a
mixed aspect ratio of fibres as an attractive option for
modifying the compressive behavior of the concrete
matrix.

Recently some studies have been reported, where
various types of fibres have been used along with lateral
confining steel to improve the post peak performance of
reinforced concrete columns (Foster and attard 2001,
Ramesh et al. 2003, Paultre et al. 1996). It has been
shown that columns cast with suitable randomly distrib-
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uted discrete fibres show superior performance to com-
parable specimens cast without fibres, particularly with
respect to post failure ductility. These studies have indi-
cated that the fibres provide indirect confinement to the
concrete and could serve the same purpose as that
achieved by providing lateral confining steel in rein-
forced concrete columns. Further, it has been shown that
steel fibres coupled with a moderate amount of lateral
ties could be a good alternative to the high amount of
lateral confining steel required for high strength con-
crete columns in seismic regions. Obviously, these re-
cent studies have shown that fibre is a potential material
for structural application in high strength concrete col-
umns.

As part of a continuing research program aimed at in-
vestigating the strength and deformability of steel fibre
reinforced high strength concrete columns, the present
study attempts to investigate the stress-strain behavior
of steel fibre reinforced high strength concrete under
unconfined axial compression. To this end the various
parameters employed are strength of concrete, fibre vol-
ume fraction, aspect ratio of fibres and mixed aspect
ratio of fibres. In addition, a simple model capable of
predicting the complete stress-strain curve for steel fibre
reinforced high strength concrete under unconfined
compression is developed.

2. Research significance

The most fundamental requirement in predicting the
behavior of reinforced concrete structures is the knowl-
edge of stress-strain behavior of the constituent materi-
als. As concrete is basically used to resist compression,
the knowledge of its behavior in compression is very
important. Further if the behavior of unconfined and
confined concrete in uniaxial compression is known, its
flexural behavior can also be predicted. Therefore, over
the last few decades, a considerable volume of research
has been directed towards generating the stress-strain
relationships for compressed concrete both in confined
and unconfined states. As the use of fibres is now being
encouraged to compensate the ductility loss of high
strength concrete columns, the complete stress-strain
relationships of fibrous concrete are required in both
confined and unconfined states in order to analyze and
design such fibre reinforced concrete columns. However,

only few studies that describe the stress-strain behavior
of fibre reinforced high strength concrete have been
reported in the literature (Hsu and Hsu 1994, Mansur et
al. 1999, Campione et al. 1999). An attempt has been
made in the present study to obtain experimentally a
complete stress-strain curve and to develop empirical
equations in terms of this measured curve for steel fibre
reinforced high strength concrete in unconfined com-
pression.

3. Experimental program

This section describes the experimental program
planned for investigating the influence of various pa-
rameters of flat crimped steel fibres on the stress strain
behavior of high strength concrete under axial compres-
sion.

3.1 Material properties

Two high strength concrete mixes (Mix 1 and Mix 2)
were employed in the study. The materials consisted of
43 grade Ordinary Portland Cement conforming to IS:
8112-1989, natural river sand, crushed stone aggregate
with a maximum size of 10 mm, tap water for mixing
and curing, silica fume and a superplasticizer admixture
to maintain adequate workability of the mix. Concrete
Mixes 1 and 2 had respectively 28 days average cube
(150 x 150 x 150 mm) compressive strengths of 68.4
and 87.5 MPa, and average cylinder (100 x 200 mm)
strengths of 58.03 and 76.80 MPa, respectively. Table 1
lists the mix proportions and 28 days compressive
strengths of both mixes. The fibres used were flat
crimped steel fibres with a cross section of 2 mm x 0.6
mm (equivalent diameter = 1.24 mm). Two different
lengths, short (25 mm) and long (50 mm), of these fi-
bres were used to give aspect ratios of 20 and 40 (Fig.
1). Their ultimate tensile strengths were 826.61 MPa
and 776.20 MPa, respectively.

3.2 Mixing casting and curing

The dry cement and aggregates were mixed for 1 minute
in a tilting type rotary drum laboratory mixer. The mix-
ing was continued for 1 more minute while approxi-
mately 50% of water was added. The mixing was con-
tinued for approximately another 1 minute and after the
mix became uniform the fibres were then sprinkled in

Table 1 Mix proportions.

28 Days Cyl- | 28 Days Cube
inder Com- Compressive
Coarse Silica Super- pressive Strength*
Cement | Water | Aggre- Sand | Fume plasticizer Strength” f.'s | fu,MPa
Mix Kgm’ | Kgm’ | gate Kgm’ | Kg/m® | Kg/m’ MPa
Kg/m’
Mix 1 | 545 169 1105 700 - 5.45 58.03 68.40
Mix2 | 600 168 1055 625 50 7.5 76.80 87.50

* Average of 5 specimens.
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Fig. 1 Steel fibres used in the investigation.

the mixer for a period of 2 minutes. Finally, the remain-
ing water along with the superplasticizer was added and
mixing was continued for an additional 2 minutes. In the
specimens where mixed aspect ratios of fibres were
used, the short and long fibres were mixed together as
per the desired mix proportions in a tray and then sprin-
kled into the mixer. A desired level of workability was
achieved for both mixes at all the fibre volume fractions
by using a new range water-reducing admixture (super-
plasticizer). It was even possible to measure the slump
of fibrous concrete using a laboratory slump cone appa-
ratus, which gave slump values ranging from 65mm to
105mm depending upon the mix type and fibre content,
which seem to be quite satisfactory.

A number of different series of cylindrical specimens
(100 x 200 mm) for the two mixes were cast. While it
would have been preferable to use specimens with a
diameter much greater than the length of the fibres, this
was not possible because of the limited capacity of the
testing machine. Flat crimped steel fibres at four volume
fractions (0.5%, 1.0%, 1.5% and 2.0%) and two aspect
ratios (20 and 40) were used to investigate the effect of
these fibre parameters on high strength concrete. To
study the effect of a mixed aspect ratio of fibres, the
short and long fibres were blended by weight in the mix
proportions of 100%-0%, 65%-35%, 50%-50%, 35%-
65%, and 0%-100% respectively at 1.5% and 2.0% of
fibre volume fractions to Mix 2 and at 1.5% volume
fraction to Mix 1. Ideally, the shorter fibres should be
short enough (micro fibres) so that they can effectively
play the role of crack arrestors at the early stage of mi-
cro cracking. However, due to the non-availability of
these micro fibres indigenously and based upon the en-
couraging results obtained from the studies reported by
Gunasekaran (1975) (short fibres = 12.5 mm and long
fibres = 25 mm) and Mohammadi and Kaushik (2003)
(short fibres = 25 mm and long fibres = 50 mm), the
present study attempts to study the effect of mixed as-
pect ratios of indigenous and commercially available 25
mm and 50 mm flat crimped steel fibres on high
strength concrete matrix. The details of specimens with
types of mix, percentage and aspect ratio of fibres inves-
tigated are given in Table 2. For each series, three
specimens were cast in order to get the average of three
results. Therefore, in all 81 specimens were cast to study
the stress-strain behavior of fibrous concrete. After cast-

ing, the specimens were covered with plastic sheets and
cured for 24 hours at room temperature. They were then
demoulded and cured under water until testing.

3.3 Testing

All the cylindrical specimens were tested at 28 days
under axial compression. Before testing, the cylinders
were capped with a hard plaster to ensure parallel load-
ing faces and constant height of the test specimens. The
complete uniaxial stress-strain response of fibre rein-
forced concrete was obtained by testing the specimens
in a 1000 kN capacity servo controlled closed loop test-
ing machine. A slow displacement rate of loading (0.83
x 10? mm/s) was employed to capture the descending
portion of the stress-strain curve. An inbuilt electronic
data acquisition system of the UTM recorded the axial
displacement values and the corresponding loads. The
data acquisition of the UTM measured the total axial
displacement over the whole length of the specimen
instead of middle half-length. It was expected that this
would lead to higher displacement values. Therefore, to
determine the quantum of discrepancy, a compressome-
ter with two dial gauges was fixed to the specimens at
the middle 100 mm length for a limited number of test
specimens to measure displacement as shown in Fig. 2.
It was found that the average difference at the peak
strain between the total strain measured over whole
length between the platens of the testing machine and
the strain at middle 100mm length measured by the dial
gauges was of the order of 0.00066. Therefore, the dis-
placements given directly by the data acquisition system
over the entire length were used. Before testing, the
specimens were loaded and unloaded twice up to 5% of
the expected maximum load to take care of all loose
joints and reduce as much as possible the curvilinear
response, which would otherwise distort the initial por-
tion of the stress-strain curve.

The shape of the uniaxial stress-strain curves is
strongly affected by the testing conditions namely stiff-
ness of the testing machine, size and shape of specimens,
rate of loading etc. and concrete characteristics such as

Fig. 2 Test setup.
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Table 2 Characteristics of specimens.

I,
Specimen Designation | Type of Concrete Mix | Volume Fraction of Fibres ¥, Aspect Ratio of Fibres (é)
LP -- -
L0.5a 0.5% 20
L0.5b 0.5% 40
Lla 1.0% 20
L1b 1.0% 40
L1.5a Mix 1 1.5% 20(100%) + 40(0%)
L1.5b 1.5% 20(65%) + 40(35%)
L1.5¢ 1.5% 20(50%) + 40(50%)
L1.5d 1.5% 20(35%) + 40(65%)
L1.5¢ 1.5% 20(0%) + 40(100%)
L2a 2.0% 20
L2b 2.0% 40
UP __ _
U0.5a 0.5% 20
U0.5b 0.5% 40
Ula 1.0% 20
Ulb 1.0% 40
Ul.5a 1.5% 20(100%) + 40(0%)
Ul.5b Mix 2 1.5% 20(65%) + 40(35%)
Ul.5¢ 1.5% 20(50%) + 40(50%)
Ul.5d 1.5% 20(35%) + 40(65%)
Ul.5e 1.5% 20(0%) + 40(100%)
U2a 2.0% 20(100%) + 40(0%)
U2b 2.0% 20(65%) + 40(35%)
U2c 2.0% 20(50%) + 40(50%)
u2d 2.0% 20(35%) + 40(65%)
U2e 2.0% 20(0%) + 40(100%)

the water/cement ratio, aggregate type etc. To minimize
the effects of testing conditions, careful attention was
exercised to avoid variation in the testing setup.

4. Experimental results and discussion

The specimens were tested to study the stress-strain
behavior of high strength steel fibre reinforced concrete
under uniaxial compression. The observed test data is
presented in the form of stress-strain curves, in which
the stress value is assumed to be the ratio between the
load value provided by the UTM and the nominal value
of the cross section of the specimen; the strain value is
obtained as the mean value of the measured deformation
referred to the length of the specimen. Each curve is the
average of three tests. The key parameters normally
used to characterize a stress-strain curve, e.g., peak
stress f,', corresponding strain &, 'and the initial tan-
gent modulus E, , as obtained in this test program are
presented in Table 3.

The energy absorbed in compression by fibre rein-
forced concrete, known as compressive toughness, is
evaluated by the area under the stress-strain curve. A
convenient way to quantify the ductility of fibre rein-

forced concrete is to use toughness, which is measured
as either the toughness index 7'/. or toughness ratio 7'R.
Researchers have proposed various definitions to com-
pute 71 or TR. in the past (Fanella and Naaman 1985,
Ezeldin and Balaguru 1992, Nataraja et al. 1999). In this
study, the toughness is measured as toughness ratio,
TR..; which is the ratio of toughness of fibre reinforced
concrete to that of a rigid plastic material (Fig. 3). Note
that the toughness in each case is computed as the total
area under the stress-strain curve up to a strain value of
0.015, which is sufficient to represent the trend of the
post peak behavior (Fanella and Naaman 1985, Ezeldin
and Balaguru 1992). Using this definition, the toughness
ratios TR, were found for all the specimens of the
study and are presented in Table 3. To further character-
ize the deformability of fibre reinforced high strength
concrete, a post peak strain, &gs..' , (axial strain at
which the stress drops to 85% of the peak stress) was
also computed for all the specimens (Table 3).

The discussion presented below focuses on the stress-
strain behavior in compression of crimped steel fibre
reinforced high strength concrete, comparing the effects
of the fibre volume fraction, aspect ratio of fibre, mixed
aspect ratios of fibres and concrete strength.
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Table 3 Experimental and predicted results.

RI Experimental Results Predicted Results
Specimen To' | ey’ Ey osse’ | Sor' | Eq Ey
RLs VR | vpy | mmnm | MPa | PR | mmimm | MPa mm/mm | MPa | [R¢
LP 0 0 5795 | 0.00290 | 27450 | 0.392 | 0.00338 - - - -
L0.5a 03185 | O 61.78 | 000317 | 27468 | 0447 | 0.00345 6123 0.00302 27679 | 0437
L0.5b 0 0.637 | 5844 | 0.00320 | 27488 | 0471 | 0.00378 5997 0.00318 27491 | 0464
Lla 0637 |0 65.80 | 0.003508 | 27690 | 0.53 | 0.00453 64.064 | 0.00341 27487 | 0.508
Llb 0 1274 | 63.82 | 0.004115 | 27050 | 0.623 | 0.00538 61.550 | 0.00373 27111 | 0.582
Ll.5a 09556 | 0 6695 | 000397 | 27365 | 0.592 | 0.00490 | 66.89 0.0038 27295 | 0.581
L1.5b 0.6225 | 0.6704 | 65.88 | 0.00408 | 27284 | 0.625 | 0.00518 65.59 0.00397 27096 | 0.609
L1.5c 04788 | 09577 | 64.14 | 0.00425 | 27100 | 0.667 | 0.00612 | 65.02 0.00404 27011 | 0.621
L1.5d 03352 | 1.245 | 6420 | 0.00433 | 26887 | 0.665 | 0.00745 64.45 0.00412 26926 | 0.634
L1.5e 0 1915 | 62.87 | 0.00440 | 26769 | 0.714 | 0.00762 | 63.14 0.00429 26728 | 0.662
L2a 1277 |0 68.04 | 0.004561 | 27180 | 0.744 | 0.00765 69.753 | 0.00419 27101 | 0673
L2b 0 2.554 | 64.54 | 0.005137 | 26900 | 0.792 | 0.00936 | 64.714 | 0.00483 26347 | 0.760
UP 0 0 7540 | 000316 | 30620 | 0.328 | 0.00345 - - - -
U0.5a 03185 | O 77.02 | 000328 | 30860 | 038 | 0.00352 | 78.682 | 0.00328 30849 | 0372
U0.5b 0 0.637 | 76.53 | 0.00335 | 30680 | 0407 | 0.00368 77425 | 0.00344 30661 | 0.399
Ula 0637 |0 80.13 | 0.003464 | 31050 | 041 | 0.00435 81.513 | 0.00367 30657 | 0444
Ulb 0 1274 | 77.14 | 0.003999 | 30080 | 045 | 0.00490 | 79.000 | 0.00399 30281 | 0.498
Ul.5a 09556 | 0 85.71 | 0.003987 | 30320 | 0452 | 0.00442 84.346 | 0.00405 30465 | 0.506
Ul.5b 0.6225 | 0.6704 | 8497 | 0.004159 | 30190 | 0.52 | 0.00455 83.042 | 0004232 | 30266 | 0.545
Ul.5c 04788 | 09577 | 84.92 | 0.004325 | 30120 | 0.562 | 0.00496 82474 | 0.00430 30181 | 0.557
Ul.5d 03352 | 1.245 | 8234 | 0.004387 | 29880 | 0.61 | 0.00579 81.908 | 0.00437 30096 | 0.569
Ul.5e 0 1915 | 80.56 | 0.004453 | 29650 | 0.604 | 0.00542 80.584 | 0.00454 29898 | 0.597
U2a 1277 |0 86.25 | 0.00444 | 30050 | 0.58 | 0.00528 87203 | 0.00445 30271 | 0.589
U2b 0.83 0.894 | 85.85 | 0.004543 | 30100 | 0.598 | 0.00551 85439 | 0.00467 30007 | 0.627
U2c 0.6384 | 1.277 | 85.15 | 0.00462 | 29970 | 0.623 | 0.00567 84.683 | 0.00477 29894 | 0.643
v2d 0447 | 1.66 82.25 | 0.004718 | 29700 | 0.664 | 0.00646 83.928 | 0.00487 29781 | 0.659
U2e 0 2.554 | 81.46 | 0.004937 | 29410 | 0.656 | 0.00609 82.164 | 0.00509 29517 | 0.696
100
, A curves indicated that the slope of the descending part
o decreases with an increase in the fibre content at a con-
= stant aspect ratio and with an increase in the aspect ratio
:'s_" for a constant volume fraction. It was observed that the
@ 50 addition of steel fibres increased the maximum strength,
:,,j T.R = Area OABC! (., x 0.015) B Sor' apd the corresp(?nding peak strain, &, ' with respect
2 o to plain concrete. Figures 6 to 9 show the percentage
< increase in f.'and . ' over plain concrete ( f.' and
g.") for both concrete mixes as the volume fraction of
o fo ' ' c fibres is increased from 0.5% to 2.0% and the aspect
0 0.005 0.01 0.015 ratio is changed from 20 (100% short fibres) to 40

Axial Strain (mm/mm)

Fig. 3 Definition of toughness ratio (T.R.).

4.1 Effect of variables

The typical uniaxial compressive stress-strain curves of
fibre reinforced high strength concrete showing the ef-
fect of the volume fraction and aspect ratio of fibres are
given in Figs 4 and 5 for both concrete mixes. These
curves clearly show that the peak and the post peak
segments of the stress-strain curve are affected exten-
sively by the addition of fibres with almost no effect on
the ascending part. A perusal of all the stress-strain

(100% long fibres). It was noticed that the gain in the
peak strain, & ' was considerably more pronounced than
that in the peak stress, f.,'. The percentage increase in
the maximum strength, fcf', over plain concrete, in-
creased from 6.6% to 17.41% and 0.84% to 11.37%
with the increase in the fibre volume fraction from 0.5%
to 2.0% for the specimens with 100% short fibres and
100% long fibres, respectively, for Mix 1. Similarly the
percentage increase in maximum strength, f ', over
plain concrete, increased from 1.34% to 13.48% and
0.7%% to 7.18% with the increase in the fibre volume
fraction from 0.5% to 2.0% for the specimens with
100% short fibres and 100% long fibres respectively for
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Fig. 4 Effect of volume fraction and aspect ratio of fibres
for mix 1.
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Fig. 5 Effect of volume fraction and aspect ratio of fibres
for mix 2.

the higher strength mix i.e. Mix 2. This shows that the
percentage increase in peak stress, f,,', increased with
increase in the fibre volume fraction at a constant aspect
ratio, whereas it decreased slightly at the constant vol-
ume fraction with increase in the aspect ratio from
100% short fibres to 100% long fibres. This is probably
due to the fact that short fibres become active earlier
than longer fibres to control the initiation and propaga-
tion of initial micro-cracks. For a given volume of fibres
added to the matrix, the short fibres are greater in num-
ber and therefore much closer together. Short fibres thus
influence to a greater degree the early part of matrix
cracking, thereby enhancing the strength of the compos-
ite as compared to longer fibres.

The percentage increase in peak strain, £, ', with re-
spect to plain concrete increased from 9.31% to 57.27%
and 10.34% to 77.14% with the fibre volume fraction
(0.5% to 2.0%) for the specimens with 100% short and
100% long fibres, respectively, for Mix 1. It increased
from 3.79% to 40.5% and 6.01% to 56.23%, respec-
tively, for the specimens with 100% short and 100%

100% Short Fibres B 100% Long Fibres

20 -
- 15 -
gmf
S 5|7
=7

0

0.5 1 1.5 2
Volume Fraction V,

Fig. 6 % increase in peak stress v/s volume fraction of
fibres at different aspect ratios for mix 1 concrete.

100% Short Fibres ®100% Long Fibres

100
80

S 60-

$

3 40

S

® 20-
0+

0.5 1 15 2
Volume Fration V,

Fig. 7 % increase in peak strain v/s volume fraction of
fibres at different aspect ratios for mix 1 concrete.

long fibres for Mix 2. The percentage increase in peak
strain was observed to increase with increase in fibre
content for the same aspect ratio and with increase in
aspect ratio for the same volume fraction of fibres, al-
though it was more marked in the case of 100% long
fibre specimens than in the case of 100% short fibre
specimens. This may be due to the fact that the short
fibres begin to pull out once the micro cracks start coa-
lescing into macro cracks around the peak, thus provid-
ing lesser effect thereafter compared to longer fibres,
which are now contributing to arrest these macro cracks.

The effects of volume fraction and the aspect ratio of
fibres on the toughness ratio, T.R..;, are shown in Figs
10 and 11 for Mix 1 and Mix 2, respectively. It may be
noted that the fibre volume fraction and aspect ratio of
fibres markedly influence the toughness of concrete,
which is a measure of ductility. In general, percentage
increase in the toughness ratio, T'R.., , with respect to
that for plain concrete, T.R.., increased with increase in
the fibre volume fraction and aspect ratio of fibres, but
concrete with fibres of a higher aspect ratio (long fibres
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100 % Short Fibres B 100 % Long Fibres

Volume Fraction V,

Fig. 8 % increase in peak stress v/s volume fraction of
fibres at different aspect ratios for mix 2 concrete.

100 % Short Fibres B 100 % Long Fibres
60 -

I
o
.

20 -

100 (gor-e.)/ &

Volume Fration V,

Fig. 9 % increase in peak strain v/s volume fraction of
fibres at different aspect ratios for mix 2 concrete.

only) has greater toughness compared to concrete with
fibres of a lower aspect ratio (short fibres only). This
may be attributed to the fact that under increasing loads,
once the cracks become quite wide in the post-peak re-
gion, the short fibres are pulled out and their structural
role is relatively diminished compared to the longer
fibres. The longer fibres can, however, arrest the propa-
gation of these macro-cracks, and by their gradual pull
out mode of failure, substantially improves the tough-
ness of the composite. The percentage increase in tough-
ness ratio, T.R..r, was found to increase from 14.03% to
89.79% and from 20.15% to 102% with the increase in
the fibre volume fraction from 0.5% to 2.0% for the
concrete with 100% short and 100% long fibres respec-
tively, for concrete Mix 1. Corresponding percentage
increases in toughness ratio from 15% to 76.83% and
from 22% to 94.5%, respectively, were observed for the
specimens with 100% short fibres and 100% long fibres
in the case of concrete Mix 2 specimens.

Similar to toughness ratio, T'R..,, the post-peak
strain, £ gs," values also clearly show that important

100% Short Fibres B 100% Long Fibres

120 -
of 100 |
~
3 80 -
&
=60
& 40
~
S 20 -
e

O,

0.5 1 1.5 2
Volume Fraction V,

Fig. 10 % increase in toughness ratio v/s volume fraction
of fibres at different aspect ratios for mix 1 concrete.

100% Short Fibres B 100% Long Fibres

100 -
¢ 80 -
5
¢ 60
~
5 40 -
&
=
s 20

0,

0.5 1 1.5 2

Volume Fraction V,

Fig. 11 % increase in toughness ratio v/s volume fraction
of fibres at different aspect ratios for mix 2 concrete.

gains in ductility can be achieved through the introduc-
tion of fibres into the high strength concrete mix. It can
be noticed that the strain &;4s,.' increased with an in-
crease in the fibre volume fraction for the same aspect
ratio and with an increase in the aspect ratio for a con-
stant fiber content. A maximum percentage increase of
177% in strain €085 with respect to plain concrete
was observed for the L2b specimen having 2% volume
fraction of longer fibres for concrete Mix 1. On the
other hand, in the case of higher strength concrete Mix 2,
a maximum percentage increase of 87% was noticed in
the U2d specimen having 65% of long fibres and 35%
of short fibres.

The effect of mixed aspect ratio on the compressive
stress-strain behavior of fibre reinforced high strength
concrete was also studied by blending the long and short
fibres in various proportions by weight at a constant
total fibre volume fraction as described earlier. Figures
12 and 13 show the typical experimental stress-strain
curves for the different mixed aspect ratios. The per-
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centage increase in peak stress, f,', and toughness ratio,
TR.;;, as compared to that for the plain concrete for
various mixed aspect ratios of fibres, are schematically
shown in Figs. 14 to 16. Based upon these results, it
may be inferred that for a given total fibre content of
blended fibres, as the amount of short fibres increases,
the peak stress increases and the gain in toughness ratio
decreases whereas, as the share of longer fibre increases
the relative gain in the post peak toughness increases
with a decrease in peak stress. It was observed that in
the case of the Ul1.5d and U2.0d specimens (65% long
fibres + 35% short fibres), the toughness ratios, T'R../,
were even greater than those of the Ul.5e and U2.0e
specimens (100% long fibre specimens), respectively.
This indicates that the combined use of short and long
fibres created a better energy dissipation mechanism,
the short fibres contributing at the early stage of crack-
ing when the cracks were small in nature and the longer
fibres effectively bridging the wider cracks at the later
stage. Therefore, it is postulated that an advantage can
be obtained using mixed aspect ratio of fibres by judi-
ciously mixing short and long fibres to incorporate in
the composite the specific advantages offered by each
type of fibre.

The effect of concrete strength on the stress-strain
behavior of fibre reinforced high strength concrete
could be studied by comparing those specimens of Mix
1 and Mix 2, that have a similar volume fraction and
aspect ratio of fibres. Figure 17 depicts one such repre-
sentative stress-strain comparison. It is interesting to
observe that, the greater the strength, the greater the
brittleness, because the post-peak part of the curves be-
comes steeper as the concrete strength increases. The
results also indicated that the percentage increase in
peak stress, f, ', corresponding strain, &', and the
toughness ratio, T.R..;, over plain concrete in the case of
Mix 2, i.e. the higher strength mix, were comparatively
less marked compared to Mix 1, which is the lower
strength mix. This suggests that Mix 2 requires more
fibres to acquire the same ductility as that provided by
the Mix 1 fibrous concrete. Thus, the same percentage
of fibres had different effects on the behavior of two
mixes with different concrete strengths.

4.2 Failure modes

The typical failure modes of some of the specimens are
shown in Fig. 18. These failure modes were observed
for plain high strength concrete and the fibre reinforced
high strength concrete specimens. In the case of plain
concrete cylinders the failure was due to tensile splitting
and was brittle. On the other hand, when fibres were
added, the mode of failure was a combination of shear
failure and tensile splitting. In the case of specimens
where only short fibres were present, the failure was
essentially due to tensile splitting and cracks propagated
parallel to the loading direction. This confirms that short
fibres are mainly effective in arresting early small
cracks and make a comparatively lesser contribution to
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Fig. 12 Stress strain curves for mixed aspect ratio of
fibres (mix 1).
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Fig. 13 Stress strain curves for mixed aspect ratio of
fibres (mix 2).

% Increase in Peak Stress
B % Increase in Toughness Ratio

100 -
o
T &
N
-Q-?
Sk
u."'T
5
o
~ =~
O ~
© o
- o
-

L1.5a L1.5b L1.5¢ L1.5d L1.5e
Different Mixed Aspect Ratios

Fig. 14 % increase in peak stress and toughness ratio at
different mixed aspect ratios (mix 1, Vf = 1.5%).
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Fig. 16 % increase in peak stress and toughness ratio at
different mixed aspect ratios (mix 2, Vf = 2%).

post-peak ductility. However, as the amount of long
fibres increased the failure mode was marked by the
bulging of the specimen in the lateral direction, with
cracking along the outer surface thus, improving the
ductility of the high strength concrete. Figure 18 shows
such failure modes for Mix 2 specimens in the plain
state (UP) and with the addition of fibres (U1l.5a, Ul.5¢
and Ul1.5e). This figure clearly shows that as the amount
of longer fibres increased, the failure mode changed
from the tensile splitting type to the bulging type. In the
case of lower high strength concrete mix (Mix 1), the
same mode of failure was observed, but the behavior of
the concrete was more ductile for the same fibre content
and aspect ratio.

5. Analytical model

An analytical model for the complete stress-strain curve
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Fig. 17 Effect of concrete strength on stress-strain be-
havior.

of steel fibre reinforced high strength concrete is essen-
tial for the analysis and design of fibre reinforced con-
crete structural members. Several empirical stress-strain
relationships for fibre reinforced concrete in compres-
sion have been reported in the literature (Fanella and
Naaman 1985, Ezeldin and Balaguru 1992, Nataraja et
al. 1999, Hsu and Hsu 1994, Mansur et al. 1999,
Mohammadi and Kaushik 2003). However, most of
them were developed for normal strength concrete and
only a few are applicable to high strength fibrous con-
crete. The common parameters with physical signifi-
cance used to define the stress-strain curve of fibre rein-
forced concrete include f,,'= peak stress of fibre con-
crete, &£, '= strain corresponding to the peak stress f,,',
E; = initial tangent modulus, and RL=w, (I, /d)=
reinforcing index of fibres by weight. After investigat-
ing various empirical expressions available in the litera-
ture, the analytical equation proposed by Carreira and
Chu (1985) for plain concrete and later used by Ezeldin
and Balaguru (1992) and Hsu and Hsu (1994) for steel
fibrous concrete is modified here to predict the complete
stress-strain curve for steel fibre reinforced high
strength concrete as:

KL
Lo eyt )
Jo e (S
Eef
po— )
1- Jer
o By

where f. andée = any stress and strain values on the
curve, f = material parameter that, depends upon the
shape of the stress-strain diagram, and k; and k, = also
material parameters that depend upon the strength of the
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Fig. 18 Typical failure modes.
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Fig. 19 Predictions by various models for L2a specimen.

material.

In the past, many researchers have used the Carreira
and Chu (1985) equation to model the stress-strain be-
havior of fibrous concrete, but with different parameter
values. A study reported by Ezeldin and Balaguru
(1992) employed a similar expression to predict the
stress-strain curve of hooked end steel fibre reinforced
concrete. The value of a material parameter f was
evaluated from the physical property of the curve, i.e.
the slope of the inflection point in the descending side.
Nataraja et al. (1999) and Mohammadi and Kaushik
(2003) also used similar expressions to model the stress-
strain curve of crimped steel fibre normal strength con-
crete and the same definition for parameter £ . Hsu and
Hsu (1994) modified the original Carreira and Chu
(1985) expression to make it suitable for hooked end
steel fibre reinforced high strength concrete. They pro-
posed a factor n, which is to be multiplied by # in the
numerator and denominator of the equation to properly
predict the descending portion of the curve. Later, Cam-
pione (2002) also followed a similar procedure to model

the stress-strain behavior of fibre reinforced high
strength concrete. A comparative study of the existing
stress-strain models indicated that none of the earlier
models correctly predicted the descending portion of the
stress-strain curves when applied to the present test data
of flat crimped steel fibre high strength concrete. One
such comparison is given in Fig. 19. Therefore, two
correction factors, k; and k,, are introduced in this
study to correctly predict the softening branch of the
stress-strain curve. The factor 4, is applied to f values
in the numerator and in the first term of the denominator,
while k, is applied to £ in the exponent of the last
term of the denominator. The values of &, and £, are to
be taken as unity for the ascending portion of the curve.
In stress-strain modeling of fibre reinforced concrete,
the parameters of the stress-strain curve are usually re-
lated to the reinforcing index, R.I., because the fibre
content, length and diameter of fibres are normally
known (Fanella and Naaman 1985, Ezeldin and
Balaguru 1992, Nataraja et al. 1999). In the present
study, the parameters of the proposed equation are also
related to the reinforcing index, R./ of fibres, where
RI= w,(l;/d). Here w, is the weight fraction of
fibres, /, is the length of the fibres and d is the equiva-
lent diameter of the fibres. A best-fit statistical analysis
was performed to calibrate the various parameters. In
the case of a mixed aspect ratio of fibres, the R./. cannot
be computed by simply adding the reinforcing indices of
the short and long fibres because the present study has
indicated that short fibres contribute more to strength
than to toughness, whereas long fibres are more effec-
tive in providing post-peak toughness. Thus, the various
parameters were calibrated in terms of both the reinforc-
ing indices of short fibres (R.1.) ; and long fibres (R.1.),
to incorporate the effect of mixed aspect ratios. A non-
linear multiple regression based upon the least squares
method was employed to get the best fit of data points.
The following lists the relationships between the pa-
rameters S,k ,k,, fcf ', gcf'and E; with the reinforc-
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ing indices of fibres (R.1.) ;, (R.I), and the physical
parameters of plain high strength concrete. The coeffi-
cient of multiple correlation was never allowed to be
less than 0.9 in deriving each of the empirical equations.
The test results showed that £ is a function of peak
stress of fibrous concrete and the reinforcing index of
fibres. The regression analysis of the experimental re-
sults gave the following relationships for parameter £ :

3
ﬁ'=[%} e G

where, parameters A (MPa) and C (dimensionless) are
defined as:

A=50.35+2231(R1.), +19.13(R.1.), 4)
C=2.04-0313(R.I.), —0.155(R.I.), (5)

To develop a better curve to fit the descending side of
the test curves for crimped steel fibre reinforced high
strength concrete, the factors k; and k, are proposed in
the present analytical model. The values of these modi-
fication factors are dependent on the compressive
strength, f.'. For fibre reinforced concrete, the slope
of the descending portion decreases with increase in the
reinforcing index of fibres. Therefore, k; and k, are
related to R.I. of fibres also. The following expressions
are proposed for the parameters based upon the regres-
sion analysis of the test data:

For the ascending portion of the curve:

k=1, ky =1 (6)

For the descending portion of the curve:

D 3.79 G 1.46
, ky = 7
fcf':l ? lifcf':| ( )

where D (MPa) and G (MPa) are given as:

k1:

D =35.635+1721(R1.), +9.11(R.I), ®)
G =31.82+16.39(R.I.), +9.35(R.I), 9)

The following expressions are derived to establish re-
lationships between the strength of fibre reinforced con-
crete, f.,', corresponding strain, £.', and the initial
tangent modulus of fibrous concrete, £, , with the cor-
responding parameters of plain high strength concrete:

fop'= fo'+0.45+8.89(R.L)  +24T(R.L), (10)
&.'= £,'~0.00026 +0.001214(R..), +0.00086(R.L.), (11)

Ej = E; +422-603(R.1), —597((R.1.), (12)

where, f,.'= strength of plain concrete, ¢, '=strain cor-
responding to maximum strength f,.'of plain concrete ,
and E;= initial tangent modulus of plain concrete. A
regression analysis was also carried out to propose a
relationship for toughness ratio 7.R.., of crimped steel
fibre reinforced high strength concrete based on the pre-
sent test results. The following expression was devel-
oped for TR. .

TR, =T.R,=0.027+0.226(RL), +0.155(R1); (13)

where TR is the toughness ratio of plain high strength
concrete. Knowing the parameters of plain high strength
concrete and the reinforcing indices of short (R.1.) ;and
long (R.1.) ; fibres, all the parameters of the proposed
expression for the stress-strain curve of fibrous concrete
can be estimated using expressions (3) to (11). The val-
ues of these parameters are then inserted in equation (1)
to generate the complete stress-strain curve of crimped
steel fibre reinforced high strength concrete. Figure 20
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Fig. 20 Comparison of experimental and predicted
curves for some of the specimens.
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shows a comparison of the experimental and the ana-
lytical stress-strain curves for a few representative cases.
The predictions of the proposed model can be seen to be
in very good agreement with the experimental curves. A
similar agreement may be noted between the experi-
mental and the analytically found values of /', &',
E s and T'R. s as summarized in Table 3.

6. Summary and conclusions

A total of 81 cylindrical specimens (100 x 200mm) were
tested in this study to generate the complete stress-strain
curves of flat crimped steel fibre reinforced high
strength concrete under compression. From the test data
presented and discussed here, the following conclusions
may be made.

The addition of steel fibres to high strength concrete
changes the basic characteristics of its stress-strain be-
havior. Compared with plain concrete, the ascending
portion of the stress-strain curve changes slightly, but
the descending portion changes remarkably. The slope
of the descending part decreases with an increase in the
fibre content at a constant aspect ratio and with an in-
crease in the aspect ratio for a constant volume fraction
of fibres. The gain in the peak stress, f,.,', over plain
concrete increases with an increase in the fibre volume
fraction at a constant aspect ratio, whereas it decreases
for a constant volume fraction with an increase in the
aspect ratio. While, both the peak strain, &', and
toughness ratio, TR.., increase with increases in the
fibre content and aspect ratio of fibres, their percentage
gains with reference to plain concrete are more marked
in the case of longer fibres. It is concluded that short
fibres are more effective in controlling early cracking,
thereby enhancing the strength of the composite, while
long fibres are more effective in providing post peak
toughness.

It was observed that if the fibres of two different
lengths, i.e. short and long fibres, are blended together
at some optimum mix proportions by weight for the
given total fibre content, better overall performance in
terms of crack arresting capability, strength of the com-
posite and post-peak toughness of fibrous concrete can
be achieved compared to the case of a single aspect ratio.
It is also concluded that the improvements in strength
and ductility of concrete due to the addition of fibres
decrease as the strength of concrete increases. Therefore,
it can be concluded that high strength concrete requires
an increased quantity of fibres to achieve the same duc-
tility as that provided by a certain amount of fibres in
the case of normal strength concrete. The study shows
that the failure mode of high strength concrete is im-
proved from tensile splitting to lateral bulging by the
addition of fibres.

Analytical expressions have been proposed to predict
the complete stress-strain curve of crimped steel fibre
reinforced high strength concrete under unconfined
compression, and good agreement has been achieved

between the predicted and the experimental stress-strain
curves.
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