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Abstract

An experimental program has been carried out to evaluate the performance of plain concrete and fiber-reinforced concrete under

compressive fatigue loading. Two types of hooked-end steel fibers (30 mm length and 60 mm length) have been tested and their

performance compared. The displacements and the acting load were measured during the tests so that several material parameters

could be identified and assessed. W€oohler diagrams were determined, cyclic creep curves were plotted and the evolution of the secant
stiffness was also appraised for the tested materials. The correlation between the secondary creep rate and the fatigue life was in-

vestigated. The monotonic stress–strain envelope was compared with fatigue deformations at failure and a good agreement was

found between them. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The search for construction materials with enhanced
properties such as strength, ductility, toughness and
durability has lead to an increasing interest in materials
like fiber concrete and high-performance concrete. The
limited knowledge about the long-term behavior or the
effects of repeated loading on the properties of these
materials has caused a growing interest on the fatigue
performance of concrete [4,5,7,8,11,13,15]. Additionally,
reliable data are needed for the calibration of accurate
models capable of predicting the fatigue behavior of
structural concrete.
The most important improvement attained by the ad-

dition of fibers to concrete is the increase in toughness and
ductility [18]. Nevertheless, it is also possible to improve
other properties such as the strength and stiffness [13]. In
practical applications, however, steel fibers are added in
percentages of about 0.5% in volume ð40 kg=m3Þ for
which it is unlikely to obtain higher strengths. Hooked-
end steel fibers seemed to be the most effective steel fibers
in terms of toughness improvement [13].

2. Materials, equipment and test procedure

The experimental test program has been carried out
at the Laboratory of Structures of the Faculty of En-
gineering of the University of Porto in Portugal. The
concrete composition is summarized in Table 1. Two
types of hooked-end steel fibers were used: 60 mm length
with 0.8 mm diameter (aspect ratio of 75) and 30 mm
length with 0.5 mm diameter (aspect ratio of 60). The
steel fibers were galvanized and had a minimum tensile
strength of 1100 MPa. The water–cement ratio was 0.38
and the percentage of fibers was 1.85% by weight of
concrete and 0.57% by volume of concrete. A plasticizer
was used in order to improve the workability of the mix.
Concrete was compacted with a vibratory needle. The
mixing procedure used in the manufacturing of concrete
was as follows. The aggregates (blue granite with max-
imum dimension of 15 mm) and the sand were washed
and dried before the process started. The constituents
were introduced in the following order: water, cement,
fibers, aggregates and sand. A small mixer with 200 dm3

capacity was used.
The specimens remained in the molds for seven days

covered by humid tissues after which they were cured at
the natural environment of the laboratory (approxi-
mately 20�C temperature and 70% relative humidity).
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The tested specimens were cylinders 150 mm in diameter
and 300 mm in height. The top cylinder extremity was
ground to ensure that both surfaces are parallel. Be-
tween the specimen and the load platens no interface
material has been used.
Two series of compressive fatigue tests on plain

concrete and fiber-reinforced concrete have been carried
out. As it is intended to compare the performance of
steel-fiber-reinforced concrete with that of plain con-
crete, batches of plain and fiber concrete were made in
each series. In series I, 30 mm steel fibers were used. In
this series, 17 specimens of plain concrete and 17 spec-
imens of fiber concrete were cast. In each batch, five
specimens were tested under monotonic conditions and
the other 12 were tested under fatigue loading. In series
II, 60 mm steel fibers were used. In this series, 36 spec-
imens of plain concrete and 18 specimens of steel-fiber-
reinforced concrete were cast. From these, six specimens
were used to estimate the monotonic properties of the
batch and the remaining specimens were tested under
fatigue loading. Series I was tested within 30–60 days,
while series II was tested within 18–20 months. This
means that the maturity of the concrete of these two
series is completely different. The reason for this differ-
ence in time was related with the setup of the fatigue
testing procedure in the laboratory.
An MTS� (series 315) testing machine was used. The

capacity of the system is 2700 kN with a maximum
displacement of 100 mm. A digital controller allows that
the tests can be carried out under displacement control

or load control (closed loop system). The complete
process, including starting and terminating the test and
acquiring and saving data, was computer controlled.
The axial displacement of the cylinders was measured
between the load platens by two LVDTs, thus avoiding
any deformation of the testing machine to be included in
the measured displacement.
The monotonic tests were carried out with displace-

ment control with a speed of 10 lm=s. The values of the
force and the displacements were stored every 0.4 s. The
fatigue tests were carried out with load control between
two limits (with a sinusoidal force variation in time).
The minimum stress level, Smin, is 10% of the monotonic
strength and the maximum stress level, Smax, ranges from
60% to 90% of the monotonic strength. Before the cyclic
process is started, the load is monotonically applied with
displacement control ð50 lm=sÞ until it reaches the
maximum stress level. The frequency of loading used
was 2.5 Hz. Data are acquired 10 times during each
cycle and three different types of data acquisition have
been used. First, the sampling rate of the initial 500
cycles is set to 25 Hz. After that, data of four cycles are
acquired at a sampling rate of 25 Hz at intervals of 100,
500 or 2000 cycles depending on the load level. The re-
sults of the four cycles are then averaged to store a
unique cycle. Finally, the last 300 cycles are recorded at
a sampling rate of 25 Hz.
The test stopped after specimen failure or after half a

million cycles in the case of series I and after a million
cycles in the case of series II. This difference in the given
number of cycles to stop the test was set because of re-
strictions in the use of the testing machine. The speci-
mens that did not fail are named run-out specimens.

3. Results of the tests

3.1. Monotonic test results

The results of the monotonic tests show that the
compressive strength of concrete reinforced with 30 mm
fibers was about 17% higher than the corresponding
plain concrete strength. Contrasting with these results, it
was observed that, in series II, the compressive strength

Notation

dEf=dN , dEf=dt fatigue modulus creep rate
dmax maximum displacement at failure

in a fatigue test
dmon envelope displacement (monotonic

test) for a particular stress level

d _ee=dN , d _ee=dt secondary creep rate
N fatigue life, number of cycles to

failure
S stress level, fatigue strength
Smax maximum stress level
Smin minimum stress level

Table 1

Material characteristics and concrete composition

Materials Composition

ðkg=m3Þ

Cement (Portland type II, class 32.5) 450

Sand (0–3 mm) 716

Aggregate (0–5 mm) 533

Aggregate (5–15 mm) 533

Water 171

Steel fibers (hooked-end)

Series I: 30 mm length, 0.5 mm diam. 45

Series II: 60 mm length, 0.8 mm diam.

Plasticizer (Rheobuild� 561) 4.5
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of concrete reinforced with the 60 mm fibers was iden-
tical to that of plain concrete. Nevertheless, no general
conclusions can be deduced from these observations.
With respect to the deformation of the specimen at the
peak load and dissipated energy (defined as the area
under the stress–strain diagram after peak load), it was
observed that fibers increased both properties (see
Fig. 1).

3.2. Stress level

Plotting the stress versus the number of cycles until
failure (known as S–N diagrams or W€oohler diagrams)
an assessment of the influence of the stress level on the
fatigue life of concrete can be illustrated. However,
when presenting the results of fatigue tests on an S–N
basis, it must be kept in mind that the relative stress
level (S) is not known because the strength of that
specimen is not known, which may explain by itself
some scatter found on fatigue data. The fatigue life of
concrete is represented in Fig. 2 for series I and in Fig. 3
for series II.
To represent the fatigue data, a power law between

the stress level and the fatigue life is used. The regression
equations and the regression coefficients for all test se-
ries are presented in Table 2. The regression equations

(RL) and the 90% confidence limits (CL) are also plotted
in these figures. From the observation of the W€oohler
diagrams it is apparent that the scatter of data related to
steel fiber-reinforced concrete is much greater than that
of plain concrete. Additionally it was found that the
fatigue data of concrete reinforced with 60 mm steel fi-
bers show more scatter than concrete reinforced with 30
mm steel fibers.
The fatigue life of fiber-reinforced concrete was found

to be smaller than that of plain concrete in series II while
in series I the fatigue life of fiber concrete was slightly
bigger than that of plain concrete. The shorter fatigue
life of fiber-reinforced concrete in series II may be ex-
plained by several factors. The main reason is related to
the fact that the fatigue phenomenon is related to initial
imperfections, such as micro-cracks or voids, existing in
concrete. Thus, the presence of fibers, especially bigger
ones, may be an additional cause of imperfections, cre-
ating bridges between the aggregates and initial residual
stresses. An effect of the size of the fibers relative to the
size of the tested specimens could also possibly occur,
since for the 60 mm fibers the ratio between the cylinder
diameter and the fiber length is 2.5, which is a relatively
low value. Another point arises from the fact that the
used fibers are initially glued into bundles that should be
separated during the concrete mixing. However, it was

Fig. 1. Monotonic stress–strain diagrams for series I and II.

Fig. 2. W€oohler diagrams for series I.

Fig. 3. W€oohler diagrams for series II.
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observed that some fibers remained glued creating a
larger fiber, augmenting the bridge formation problem.
The smaller fatigue life found for series I, when

compared with series II, may be explained by the age of
concrete at the time of testing. The younger concrete,
the 30 mm series, exhibits a more prominent nonlinear
behavior on the ascending branch of the monotonic
curve characterized by lower initial tangent modulus
and higher peak strains. Since the non-linear behavior
means damage at the internal structure then it is prob-
able that for the same stress level the state of damage of
series I was bigger than that of series II. Thus, it should
be expected that the fatigue life of series I would be
smaller than that of series II.
The effect of fibers on the compressive fatigue life of

concrete is a subject that must be analyzed with some
attention. In fact, Paskova and Meyer [12] testing fiber
contents ranging from 0.25% to 1.0% found an increase
of the fatigue life of fiber concrete augmenting with fiber
content. However, for the steel fiber content of 0.75% the
fatigue life was smaller than for all the other fiber con-
tents, although bigger than that of plain concrete. The
deviation of this result was attributed to difficulties in the
production and compaction of the specimens. Addi-
tionally, in a previous work, Grzybowski and Meyer [6]
stated that a reduction of the fatigue life of fiber concrete
occurs for fiber contents above 0.25%. Yin and Hsu [17]
reported the effects of steel fibers (fiber content of 1%) on
the compressive fatigue life of concrete finding that the
addition of fibers increases the fatigue life of concrete for
stress levels above 0.70. However, these tests are some-
what different since the test specimens are plates
ð150� 150� 38 mm3Þ sawed from blocks.
Therefore, the experimental results seem to confirm a

dual effect of fiber reinforcement on the fatigue behavior
of concrete. On one side, fibers bridge micro-cracks and
tend to delay their growth, causing a strength increase.
On the other side, fibers increase the initial micro-crack
density causing a strength decrease. The combination of
these opposing effects may cause an increase or a re-
duction of the fatigue life of fiber-reinforced concrete
when compared with plain concrete. Special attention
should then be taken during the mixing process to en-
sure that the fibers are very well dispersed in the con-
crete paste.

3.3. Deformations

The cyclic creep curves represent the evolution of the
maximum deformation during a fatigue test plotted
against the number of cycles. Three different stages can
usually be observed in a cyclic creep curve: during the
first 10–15% of the cycles, a rapid increase in deforma-
tion can be observed; then, an approximately linear
branch, the secondary creep branch, can be observed up
to about 85% of the fatigue life; finally, the deformation
varies at an increasing speed until failure occurs. It is
usually observed that a strong correlation exists between
the slope of the secondary creep branch, the secondary
creep rate, _ee, and the number of cycles to failure [7,16].
This relation is linear when a logarithmic scale is used
(Fig. 4). In Table 3 the regression equations for the
secondary creep rate versus fatigue life are shown. It can
be observed that an excellent correlation exists between
these variables with the coefficients of correlation being
higher than 0.99 for both types of concrete series. For
series II it can be observed that for the same secondary
creep rate the fatigue life of fiber-reinforced concrete
was bigger. However, in series I, almost no differences
are found between the two regression lines although a
slightly increase of the fatigue life of fiber concrete was
also observed for the same secondary creep rate. Addi-
tionally, it can be observed that, in all cases, the slope of
the regression line is approximately the same. Similar
findings have also been reported by other investigators
(see [1,7,16]).

Table 2

Regression equations for S–N diagrams of plain and fiber concrete

Specimen series Material Regression equation r2

Series I: 30 mm fibers tested 1–2 months Plain concrete logðNÞ ¼ 1:3528� 25:7033 logðSÞ 0.924

Fiber concrete logðNÞ ¼ 1:1529� 24:1578 logðSÞ 0.781

Series II: 60 mm fibers tested 18–20 months Plain concrete logðNÞ ¼ 1:3292� 19:1663 logðSÞ 0.774

Fiber concrete logðNÞ ¼ 1:6208� 17:6600 logðSÞ 0.572

Fig. 4. Secondary creep rate versus fatigue life.
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The fatigue life of fiber concrete is bigger than that of
plain concrete for the same secondary creep rate. It can
be understood with the help of Fig. 5, wherein the
maximum deformation at failure, dmax, is plotted over
the monotonic stress–strain diagrams for the case of
series I. The maximum deformation at failure is defined
as the deformation corresponding to the maximum force
of the last cycle supported by the cylinder. As expected,
the final deformation at failure is larger for fiber con-
crete. Thus, if two specimens of both types of concrete
fail for the same number of cycles, then the secondary
creep rate must be greater for fiber concrete.
An important question regarding the fatigue behavior

of concrete that is generally accepted in the literature is
the existence of an envelope for deformations ([3,9] for
plain concrete and [11] for fiber concrete). The envelope
coincides with the monotonic loading curve or, at least,
is very close to it. It is evident from the observation of
Fig. 5 that the maximum deformations at failure agreed
quite well with the monotonic envelopes. Although not
presented in the figure, similar results were attained for
series II. Hence, it can be concluded that the monotonic
stress-deformation diagram can be used as an envelope
for fatigue deformations.

3.4. Fatigue modulus

Fatigue modulus is defined as the ratio between the
stress range and the corresponding deformation range

within a load cycle. The effect of fatigue loading on the
fatigue modulus can be observed in Fig. 6, where the
number of cycles is normalized with the maximum
number of cycles and the fatigue modulus is normalized
with the initial fatigue modulus. Since the fatigue
modulus is directly related with the deformations, be-
cause the stress range is constant, the same three dif-
ferent stages (see Fig. 6) can be observed during a
fatigue test. The observed reduction of fatigue modulus
is about 30% for all types of concrete.

3.5. Post-fatigue properties

A monotonic test has been carried out on the cylin-
ders that do not fail after a predetermined number of
cycles. The monotonic tests allow the assessment of the
fatigue loading on the monotonic properties of concrete
in order to establish the differences between the pre-fa-
tigue and post-fatigue behavior. Facing the limited
number of run-outs the presented results must be ob-
served with caution.
Probably the run-out specimens were stronger than

the other specimens tested at the same level, otherwise
they would have failed. Consequently, it is expected that
the strength of these specimens should be higher. It was
observed that the monotonic strength of series I in-
creases 16% in the case of plain concrete and 8% in the
case of fiber-reinforced concrete. With respect to series
II, average increases of 6% in the monotonic strength of
plain concrete and of 15% in the case of fiber concrete

Table 3

Regression equations for secondary creep rate versus fatigue life

Specimen series Material Regression equation r2

Series I: 30 mm fibers tested 1–2 months Plain concrete logðNÞ ¼ �0:9975 logð _eeÞ � 0:0770 0.997

Fiber concrete logðNÞ ¼ �0:9850 logð _eeÞ þ 0:076 0.994

Series II: 60 mm fibers tested 18–20 months Plain concrete logðNÞ ¼ �1:0725 logð _eeÞ � 0:6556 0.996

Fiber concrete logðNÞ ¼ �1:0298 logð _eeÞ � 0:2261 0.996

Fig. 5. Comparison of maximum deformation at failure with mono-

tonic envelope (series I).

Fig. 6. Evolution of the fatigue modulus during fatigue tests for series

I at S ¼ 0:8:

P.B. Cachim et al. / Cement & Concrete Composites 24 (2002) 211–217 215



were found. These findings coincide with results pre-
sented in the previously mentioned RILEM and CEB
reports [2,3,14], where increased strengths up to 15% of
the monotonic strength are reported. In addition, Ta-
liercio and Gobbi [16] found increases in strength up to
18% of the monotonic strength and Nelson et al. [10]
found increases up to 39% of the monotonic strength.
The initial tangent modulus of series I increases 5

MPa for plain concrete and 8 MPa for fiber-reinforced
concrete. In the case of series II, the initial tangent
modulus increases 10% in the case of plain concrete and
16% in the case of fiber concrete. This is in agreement
with the fact that higher strengths correspond to higher
moduli. Nelson et al. [10] also found an increase in the
tangent modulus (about 4%). The post-fatigue behavior
also exhibits a linear stress–strain curve up to a higher
percentage of the ultimate strength. An important aspect
should be mentioned here in regard to the increase of the
initial tangent modulus. The difference in the increase of
the initial tangent modulus for series I and for series II
was quite different. However, the specimens of series II
exhibit a pre-fatigue initial tangent modulus about 35%
higher than that of series I. Thus, it seems that the fa-
tigue loading induced a similar beneficial effect to that of
aging of concrete with respect to the initial tangent
modulus.
The observed hardening effects may be explained by

Fig. 7, where the cyclic creep curves of the run-out
specimens of 60 mm fiber-reinforced concrete are plot-
ted (similar results are attained for plain concrete and
for series I). It can be seen that the rate of variation of
the deformations is permanently decreasing. It seems
that the specimen is not yet in a phase where damage
prevails over the consolidation.

4. Conclusions

The described experimental program pointed out
some of the most relevant characteristics of the behavior

of plain and steel fiber concrete under compressive fa-
tigue loading. An excellent agreement was found be-
tween the secondary creep rate and the number of cycles
to failure. The existence of an envelope for deformations
was also observed which means that the monotonic
stress–strain curves might be used as a deformation
failure criterion for concrete under fatigue loading. The
fatigue modulus is also a very important property to
accurately model individual load–unload cycles. The
rate of variation of the fatigue modulus during a test is
strongly correlated with the number of cycles to failure.
An increase of some monotonic properties, initial
modulus and strength, of the run-out specimens was
observed.
The addition of fibers to concrete provides an in-

crease in the deformation at failure. This additional
ductility of fiber-reinforced concrete may be very im-
portant if stress redistribution between sections take
place. The 60 mm fibers used in the experiments may be
too long for the sectional characteristics of the speci-
mens, creating conditions for a shorter fatigue life of
fiber concrete.
The key to the success of improving the fatigue life of

concrete with the addition of fibers seems to be related
with the distribution of the fibers in concrete. In fact, if
the fibers are not well dispersed in concrete, the addition
of fibers may have a detrimental effect on the fatigue life
of concrete.
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