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a b s t r a c t

This paper presents the recent experimental results aimed at disclosing the loading frequency effect on
the fatigue behavior of a plain concrete and two types of fiber-reinforced concrete, using polypropylene
and steel fibers. Compressive fatigue tests were conducted on 123 cubic specimens (100 mm in edge
length). Four different loading frequencies, 4 Hz, 1 Hz, 1/4 Hz and 1/16 Hz, were employed. The maxi-
mum stress applied on the specimen was 85% of its compressive strength and the stress ratio was kept
constant as 0.3. The results show that the loading frequency effect on the fatigue behavior of the plain
concrete is pronounced. The fatigue life (the number of cycles to failure) at lower frequencies is less than
that at higher frequencies. However, the fibers do improve the fatigue behavior significantly under low
loading frequencies. Such trend can be attributed to the effectiveness of the fibers in bridging cracks,
and thus inhibiting the crack extension under cyclic loads.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Since the beginning of research work on the fatigue behavior of
concrete, numerous experiments have been conducted to study the
influence of different fatigue parameters [1–18]. These parameters
are either set by fatigue test conditions, such as the minimum
stress rmin, the maximum stress rmax and the loading frequency
f, or determined by material properties, for instance, the static
material strength rc, which can be the compressive strength fc or
the tensile strength ft, or any other critical stress defined
accordingly. Other parameters include the stress ratio R, defined
as rmin/rmax, or the stress level S, defined as rmax/rc.

Regarding the effect of loading frequency f on the fatigue life N
(the number of cycles resisted before failure) of plain concrete,
the first studies [1,2] show that when f was between 4.5 Hz and
7.5 Hz, the loading frequency had slight effect on the fatigue life,
however, when f was less than 0.16 Hz, the fatigue life was reduced.
Some other researchers [6,10] suggested that the loading frequency
had minor influence on the fatigue life when the loading frequency
was between 1 Hz and 15 Hz, and the maximum stress Smax was less
than 75% fc. After that, it was shown that when Smax was greater
than 75% fc, the loading frequency had a significant influence on N

[19], a reduction of the frequency by a factor 100 resulted in short-
ening of N by a factor of 10 to 30.

The classical fatigue equation [7] has evolved accordingly to
illustrate the role of some common fatigue test parameters:

Smax

rc
¼ 1� ð1� RÞb log N ð1Þ

where b is a material parameter. The same relation was confirmed
for fatigue strength of concrete in compression and in tension for
splitting tests of cubes [11,12]. Even though the influence of loading
frequency (or time) has been observed as early as in 1960 [5] and
confirmed in the 1970s [8,9,20], it was not considered analytically
until Hsu [13] modified Eq. (1) by including the loading frequency.
He put forward two models accounting for the fatigue life, namely a
model considering low-cycle fatigue (N < 103) for structures sub-
jected to earthquake, which is expressed below as Eq. (2); the other
one took high-cycle fatigue (103 < N < 107) into account for airport
pavements, bridges and highways, shown below as Eq. (3), where
T is the period of the repeated loads (T = 1/f):

Smax

rc
¼ 1� 0:0662ð1� 0:556RÞ log N � 0:0294 log T ð2Þ

Smax

rc
¼ 1:20� 0:20R� 0:133ð1� 0:779RÞ log N � 0:053ð1

� 0:445RÞ log T ð3Þ
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Another model was developed by Furtak [14] containing a fre-
quency influence coefficient Cf as described in Eq. (4):

Smax

rc
¼ CN�Að1þ BR log NÞCf ð4Þ

Cf ¼ 1þ að1� bRÞ log f ð5Þ

where A, B, C, a and b are adjusting parameters and, Cf is determined
by Eq. (5).

An improvement on the previous equation was performed by
Zhang et al. [16], including reversal stress besides the loading fre-
quency as expressed in the Eq. (6):

Smax

rc
¼ ðab� log f þ cÞ½1� ð1� R0Þb log N� ð6Þ

Recently, Saucedo et al. [21] developed a probabilistic fatigue
model for concrete and fiber-reinforced concrete (FRC), which took
into account the effect of loading frequency, see Eq. (7). The model
is based on the initial probabilistic distribution of compressive
strength, i.e., on the distribution of the specimens broken at the
first cycle in quasi-static compressive tests. The model also needs
two series of tests at different frequencies to fit its parameters.
The fatigue life is estimated as follows:

NðPF;rmax; f ;RÞ ¼
k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� lnð1� PFÞk

p
rmax

_r0
2f ð1�RÞrmax

h i0:014expðcf Þ
� rmin0

8><
>:

9>=
>;

1
½bþclnð1þf Þ�ð1�RÞ

ð7Þ

where rmin0;k; k are parameters related with the initial Weibull
distribution of compressive strength. b; c; c can be fitted by two dif-
ferent fatigue loading conditions with varied frequencies. PF is the
probability of failure. _r0 represents the stress rate of the character-
ization tests.

Plotting the loading frequency versus the number of cycles
to failure according to Eqs. (2)–(6), Fig. 1 was obtained for
Smax/rc = 0.75 and R = 0.1. The model of Saucedo et al. is not plotted
in the graph because it is related with the initial distribution of
compressive strength, rather than a single value of rc. Besides, it
fits the actual materials sensitiveness to the frequency since two
series of results at different frequencies are required to obtain
the parameters.

From Fig. 1, it can be observed that the fatigue life decreases
with a decrease in loading frequency. Note that, however, these
equations were obtained based solely on the plain concrete fatigue
tests. Regarding the fatigue behavior of FRC in compression, the

available work is rather limited [22–26]. Furthermore, the effect
of loading frequency has not been considered so far.

Thus, in order to evaluate the effect of the loading frequency on
the compressive fatigue behavior of plain concrete and FRC with
steel and polypropylene fibers, several series of compressive fati-
gue tests at various frequencies were performed as a part of a
longer study [27]. The results show that the loading frequency
effect on the fatigue behavior of the plain concrete is pronounced.
However, for the fiber-reinforced concretes the fatigue life under
low loading frequencies approaches that under high loading fre-
quencies. Furthermore, a comparison among different fatigue mod-
els is also presented.

The rest of this paper is structured as follows: the material char-
acterization is given in Section 2, Section 3 describes the fatigue
tests and results which are discussed regarding the fatigue life
and the strain history. Finally, relevant conclusions are drawn in
Section 4.

2. Material characterization

Three types of concrete were made of the same matrix, using
ASTM type I cement 52.5R, sand size no greater than 4 mm, sili-
ceous gravel aggregate of 12 mm maximum size and superplasti-
cizer (Glenium C-355). The mixing proportions by weight were
1:0.35:1.89:2.17:0.014 (cement: water: sand: siliceous gravel:
plasticizer).

Different types of fiber and the fiber content are as follows:

� Concrete 1 (C1): plain concrete without fibers.
� Concrete 2 (C2): polypropylene fiber reinforced concrete; corru-

gated polypropylene fibers, 40 mm in length, rectangular cross
section (0.50 mm � 1.30 mm), aspect ratio 62, fiber volume
ratio 0.56% (5 kg/m3).
� Concrete 3 (C3): steel fiber reinforced concrete; hooked end

steel fibers, 35 mm in length, 0.55 mm in diameter, aspect ratio
64, fiber volume ratio 0.64% (50 kg/m3).

The tests were divided in twelve series: three types of concrete
and four loading frequencies. For each type of concrete, 40 cubic
specimens (100 mm in edge length) were assigned for the fatigue
tests and 6 cubes were tested to measure the quasi-static compres-
sive strength at the stress rate 0.2 MPa/s. The 100 mm cubes were
cut from prismatic specimens with dimensions 100 mm �
100 mm � 450 mm, the loading direction on the cubes was always
perpendicular to the longitudinal axis of the prism.

In order to obtain the mechanical properties, eight
300 mm � 150 mm (height � diameter) standard cylinders were
cast, four of them were tested at 28 days, the rest at around one
year, following ASTM C39 and C469 Standards. Table 1 provides
the quasi-static compressive strength fc, elastic modulus E and
Poissońs ratio v at both ages, moreover, corresponding standard
deviations are shown in the table.

3. Fatigue tests

The compressive and fatigue tests were performed through a
servo-hydraulic testing machine, cubes (edge length 100 mm)
were used as shown in Fig. 2. The displacement between two steel
platens was measured by two LVDTs (Linear Variable Differential
Transducer).

The load control was applied for the fatigue tests with a sine
signal as shown in Fig. 3, where Smin, Sm and Sa are the minimum
stress, mean stress and stress amplitude, respectively.

The maximum stress Smax applied on the cubic specimen was
85% of the cubic strength fc, the stress ratio R = Smin/Smax was set
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Fig. 1. Number of cycles to failure – frequency by adopting different models.
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