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Abstract.
Due to the advancement of high-performance concretes, the development of filigree constructions

has been improved in the last decades. However, as the demand to create more filigree designs in-
creases, the vulnerability to fatigue loads of such structures has also become a decisive factor. Various
construction projects, such as wide-span bridges or wind turbines, are exposed to fatigue loads. Es-
pecially wind turbines are permanently subjected to wind and wave loads of several hundred million
load cycles during their service life. At present, the fatigue behavior of high-performance concretes
under cyclic loading is still unknown. In a worst-case scenario, the significantly lower ductility can
lead to a sudden failure of the entire structure. In this case, the addition of steel fibers could be ad-
vantageous, as they significantly improve the ductility of concretes. However, it is still undetermined
how the material fatigue is influenced by steel fibers. Hence, systematic investigations on the fatigue
behavior of various high-strength concretes with steel fibers were conducted. Since the crack-bridging
effect of fibers is relevant for tensile stresses, predominantly cyclic bending tests were performed on
concrete beams with different steel fiber variations. To accomplish the investigations, a test setup
has been developed which allows the simultaneous testing of a total of six specimens. Based on the
predetermined static concrete strengths, the specimens were subjected to cyclic loads with a defined
lower stress level and various upper stress levels. During these cyclic tests, the cycles-to-failure as well
as the degradation within the microstructure were detected.
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1. Introduction
With the increasing appearance of filigree designed
structures, the necessity to investigate the fatigue be-
haviour of materials has become more significant in
the past decades. Since the beginning of the 20th
century, railway bridges with large spans have been
constructed and the installation of e.g. offshore fa-
cilities followed. Many of those structures are ex-
posed to fatigue stresses during their service life.
Figure 1 provides an overview of various structures,
which are subdivided in accordance with the numbers
of load cycles during their lifetime [1]. Particularly
wind turbines are subjected to wind loads of up to
N = 109 load cycles, which endangers the foundation
and tower construction as a result of material fatigue.

Due to the further development of high-
performance concretes, it is possible to produce
the tower construction of wind turbines in reinforced
and prestressed concrete. However, an essential
difference between high-performance concretes and
normal concretes is their distinctly more brittle
material behavior or significantly lower ductility.
Considering the foundation of wind turbines, not
only compressive forces but also tensile forces occur
in the anchoring area. This may result in a sudden
failure of the structure under permanent fatigue
loading.

In this context, the addition of steel fibers could
be advantageous, as they significantly improve the
ductility and the post-cracking behavior by a crack-
bridging effect in the concrete. However, the fatigue
behavior of steel fiber-reinforced high-performance
concrete (SFRHPC) under fatigue stress is still un-
explored. In general, the overall test series described
in the literature are limited to the fatigue behavior
of normal steel fiber reinforced concrete under cyclic
stress up to about N = 106 load cycles. For particu-
larly high-performance concretes, the fatigue behav-
ior has only been investigated occasionally so far, see
e.g. [2] and [3]. An effective increase in the number
of cycles-to-failure could clearly not be determined
for SFRHPC, however, the concretes revealed a much
more ductile elongation behavior, resulting in a pro-
longed phase of unstable crack growth [2]. As a result,
these concretes showed better failure announcement
behavior. In addition to the fiber content, the effec-
tiveness of steel fibers is largely determined by the
geometry and length of the fibers [4]. Therefore, the
aim of this research study is to investigate the ex-
tent to which the addition of steel fibers influences
the fatigue behavior of high-strength concretes.
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Figure 1. Number of load cycles of different cyclically stressed structures [1].

Components C80 C120
Binder/Sand mixture CEM I 52.5 R CEM I 52.5 R
Aggregate 2/8 mm Quartz Gravel Quartz Gravel
Aggregate 8/16 mm Limestone Quartz Gravel
Superplasticizer PCE based PCE based
w/c-ratio (−) 0.47 0.35

Table 1. Concrete compositions of C80 and C120.

Steel fiber
series Shape SLength

l (mm)
Diameter
d (mm)

Aspect ratio
l/d (−)

Tensilestrength
ft (MPa)

SF-A straight 6 0.16 37.5 2,600
SF-B straight 13 0.20 65.0 2,600
SF-C (Mix) straight / hooked end 6 / 35 0.16 / 0.55 37.5 / 65.0 2,600 / 1,345

Table 2. Properties of the steel fiber series.

2. Investigation program
2.1. Concrete compositions
As a basis for the following studies in this paper, par-
ticularly two high-performance concretes with com-
pressive strengths of 80 MPa (C80) and 120 MPa
(C120) were included in the experimental investiga-
tions. In addition to their high-strength properties,
both concretes also have self-compacting properties,
as they show a self-levelling and self-venting behav-
ior after mixing. In principle, the composition of the
two concretes were defined by an industrial partner
in the form of a specified binder/sand mixture with
a maximum aggregate size of 16 mm. The concrete
compositions of C80 and C120 are listed in Table 1.

2.2. Workability with steel fibers
The first part of the experimental investigations was
to examine the workability of the fresh concrete due
to the addition of steel fibers and to define a suitable

maximum fiber dosage. For this purpose and in order
to determine the influence of the steel fibers, different
fiber variations (fiber geometry, tensile strength and
aspect ratio) were specified. In this case, the selected
variations are a high-strength micro-steel fiber with
6 mm length (SF-A series), an another high-strength
micro-steel fiber with 13 mm length (SF-B series) and
a fiber mix of 50 % micro-steel and 50 % macro-steel
fibers (SF-C series). The characteristic properties of
the different steel fiber series are listed in Table 2.

In order to assess the change in workability
of the high-strength concretes with especially self-
compacting properties, the slump flow and the t500-
time were determined according to EN 12350-8 [5].
During the examination, the mixtures of both con-
cretes were not modified in general, e.g. the cement
paste volume was not adjusted due to the addition
of steel fibers. Only the superplasticizer content was
adjusted to control the consistency and processing of
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Figure 2. t500-time (left) and slump flow (right) depending on the fiber variations and content.

Figure 3. Flexural strength of C120 depending on the test age and preliminary storage.

the fresh concrete. The results of the t500-time and
slump flow tests, determined with the concrete C120
on different fiber dosages, are shown in Figure 2.

As can be seen from Figure 2, an affection of the
fresh concrete properties can be detected with higher
steel fiber content, since the tests results demon-
strates a decreasing slump flow value and thus an in-
creasing t500-time. At a steel fiber content of 1.5 Vol.-
%, occasional agglomerations could be observed in
the fresh concrete regardless of the type of steel fibers.
By slightly increasing the superplasticizer dosage, it
was also possible to improve the slump flow of all
mixtures with 1.0 Vol.-% fiber dosage to approx. 600-
630 mm without any signs of segregation. Therefore,
a maximum steel fiber content of 1.0 Vol.-% was de-
fined for the following investigations.

2.3. Flexural strength
Prior to the cyclic bending tests, it is necessary to
examine the static strength of the concretes and
thereby to be able to define the upcoming stress lev-
els. Thus, the flexural strengths of concrete beams
(700 × 150 × 150mm3) were determined according to
the DAfStb German Guideline "Steel fibre reinforced
concrete" [6] in a four-point flexural setup. In order
to also take into account the influence of the pre-
storage conditions, the test series were stored in a

preliminary study as follows: On the one hand, the
specimens were stored under water according to EN
12390-2/A20 [7] until the time of testing and, on the
other hand, stored in a dry environment (20 ◦C, 65
% RH) after the 6th day of water. For this purpose,
the fibre-free reference concrete (C120) and the steel
fibre-modified concrete with SF-A (C120) were ini-
tially tested, see Figure 3.

At first glance, it can be stated that no significant
increase in flexural strength due to post-curing was
observed as a result of a later test period (56d). By
adding the steel fibers (SF − Awet), an increase in
flexural strength of about 14 % could be achieved
compared to the fiber-free samples (REFwet). In the
case of the dry-stored samples REFdry, the flexural
strength was measured to be about 46 % lower than
REFwet due to the resulting shrinkage stresses dur-
ing dry storage. For REFdry compared to SF − Awet,
however, only a reduction of the flexural strength of
roughly 23 % was found, indicating a possible influ-
ence of the steel fibers on the shrinkage behavior or
on the residual stresses.

In order to prevent the shrinkage stresses, the flex-
ural strengths of the two concrete strength classes
were subsequently investigated as dry stored speci-
mens. Figure 4 shows the average flexural strength
values of the concretes C80 (left) and C120 (right),
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Figure 4. Average flexural strength of C120 and C80 depending on the different fiber variants.

Figure 5. Test setup for the simultaneous loading of six specimens.

subdivided according to the specified fiber variations
(REF, SF-A, SF-B and SF-C). The test specimens
were also tested at concrete ages of 28d and 56d.

In terms of the observed test results, it can be
stated that the development of the flexural strength
also does not change significantly over time. Accord-
ingly, it can be seen in each test series that the flexu-
ral strengths between 28d and 56d remain dominantly
at the same level. The effect of adding fibers is again
very noticeable from the results between REF and
with steel fibers (SF-A, SF-B and SF-C).

2.4. Cyclic bending test
2.4.1. Test setup
In order to conduct the cyclic bending tests, an in-
novative test setup has been developed which en-
ables the cyclic loading of six prismatic specimens
(700×150×150mm3) at the same time and therefore
substantially shortens the generally long procedure of
fatigue tests. In principle, the test setup is hydrauli-
cally operated and the frame is designed in a way that
allows three specimens to be placed on each side (see
Figure 5). A main hydraulic cylinder leads the pres-

sure into the system, where it is distributed to each
of the six individual test positions. This method en-
sures a reliable reproducibility, as all six specimens
are subjected to the same pressure and force simul-
taneously.

At each individual test positions there are two
smaller modified hydraulic cylinders, which can
transfer a pre-defined pressure of up to 200 bar into
the specimens with a frequency of 5 Hz (see Figure 6,
left). All concrete beams were subjected to the cyclic
stresses at a minimum age of 56 days and in a four-
point-flexural setup, so that the maximum bending
tensile stress is located on the upper side of the beam.
Accordingly, when the concrete reaches the number
of cycles-to-failure, the cracking occurs on the upper
side of the specimen (see Figure 6, right).

2.5. Degradation
In addition to the determination of the number of
cycles-to-failure, the stiffness development of the con-
cretes was also monitored during the fatigue tests.
Especially by examining the stiffness, a progressive
degradation of the test specimens can be visualized
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Figure 6. Display of max. bending stress in the test specimen (left) and an example of crack (right).

Figure 7. Schematic test arrangement for US (left) and course of stiffness development (right [8]).

[9]. This degradation within the concrete structure
caused by cyclic bending stresses was measured after
specified numbers of load cycles by means of compar-
ative ultrasonic runtime measurements (longitudinal
waves) in the area of maximum bending stresses (Fig-
ure 7, left). For this purpose, a suitable ultrasonic
measuring device was used.

Based on the ultrasonic runtime measurements, the
dynamic modulus of elasticity can be determined.
A continuous reduction in the relative dynamic E-
modulus over the loading periods indicates an in-
creasing number of microcracks as well as other mi-
crostructural changes in the concrete structure [9]. If
the determined stiffnesses is plotted against the num-
ber of load cycles or against the related number of
load cycles, an S-shaped curve is formed that can
basically be divided into three phases (see Figure 7,
right).

2.5.1. Results
For the fatigue tests under cyclic bending stress, pre-
liminary studies on the influence of the pre-storage
(between wet and dry) were also required and thereby
conducted. In that case, three test specimens without
steel fibers (REF) as well as three test specimens with
steel fibers (SF-A) were again included and tested
with up to N = 107 load cycles at a frequency of 5
Hz. The setting of the upper and lower stresses based
on the results of the static flexural strength tests and
was determined as follows:

• upper stress σo = 0.60 · fct, fl

• lower stress σu = 0.30 · fct, fl

Figure 8 shows the courses of the rel. dynamic E-
modulus for the specimens without steel fibers (REF)
and with steel fibers (SF-A) of concrete C120.

Following the developments of the rel. dyn. E-
modulus, a significant degradation already occurs in
the early load cycles. As expected, the REFwet spec-
imens already failed after roughly 300,000 load cycles
due to the shrinkage stresses superimposed by cyclic
loading. However, a failure of the SF-A specimens
did not occur even after 10 million load cycles. But
a continuous decrease in the rel. dynamic E-modulus
was notable. In a first phase up to about 500,000
load cycles, a relatively steep decrease in the rel. dy-
namic E-modulus is caused by the initiation of mi-
crocracks. This is followed by a flatter decline of the
rel. dynamic E-modulus. When comparing the wet
and dry stored test series, significant differences can
be observed. While the rel. dyn. E-modulus of the
wet-stored SF-A test specimens is around 76.5 % af-
ter 10 million load cycles, the rel. dyn. E-modulus of
the dry-stored SF-A test specimens is around 89.7 %.
One of the reasons for the early failure of the REFwet
test specimens is the drying out and the associated
additional shrinkage stresses as these series had been
stored in water until the test day.

Under consideration of the results of the prelimi-
nary studies, the following test series are stored solely
in a dry environment in order to reduce the dry-
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Figure 8. Decrease of the rel. dyn. E-modulus of REF (left) and SF-A (right).

Figure 9. Decrease of the rel. dyn. E-modulus of SF-A, SF-B and SF-C at various upper stresses.

ing effects (shrinkage stresses). Subsequently, the
concrete C120 was further examined (up to N =
2.5 · 107), taken into account the influence of differ-
ent fiber variations and additionally various stresses
σo = 0.60, 0.70 and σu = 0.30 (Figure 9).

The results with an upper load of 0.70 are interim
results, which are currently recorded up to 12.5 mil-
lion load cycles. According to the diagrams it can be
observed, that the higher the load stress, the greater
the drop in the relative dynamic modulus of elasticity
becomes. After 100,000 load cycles, a drop to 95.3 %
(SF-A), 94.7 % (SF-B) and 97.2 % (SF-C) was ob-
served at a load level of σo/fct, fl = 0.60, whereas
a significantly higher drop to approx. 92.4 % (SF-
A), 91.3 % (SF-B) and 93.7 % (SF-C) was already
noticed at σo/fct, fl = 0.70. All test samples have
passed through up to 12.5 and 25 million load cy-
cles without failure. Regardless of the load level, the
loss of stiffness is particularly evident within the first
few load cycles. Furthermore, it can be seen that
the relative dynamic E-modulus of all test specimens
decreases further with increasing number of load cy-
cles, as expected. The falling curves show the typical
S-shaped course of fatigue tests.

3. Conclusion
In order to study the influence of steel fibers on the
fatigue behavior of high-performance concretes, pre-
dominantly cyclic bending tests on concrete beams

(700 × 150 × 150mm3) with different steel fiber varia-
tions (SF-A, SF-B and SF-C) were conducted. Dur-
ing these cyclic tests (up to N = 2.5 ·107), the cycles-
to-failure as well as the degradation within the mi-
crostructure were monitored. The presented test re-
sults reveal a significant influence of the cyclic bend-
ing tests (N = 107) on the effectiveness of the steel
fiber (SF-A) when compared with a fiber-free con-
crete (REF). As the the number of load cycles in-
creased, a steady drop in the dynamic E-modulus
could be detected without the steel fiber-modified
test specimens failing in contrast to the fiber-free test
specimens (REFwet failed after 300,000 load cycles).
The steel fiber modified test samples were all able to
pass through up to 12.5 and 25 million load cycles
without any failures. For the following studies, fur-
ther experimental investigations on series with more
fiber variants are planned. Moreover, microscopic ex-
aminations are planned to examine the microstruc-
ture in case of degradation. Additionally, a compar-
ison of the fatigue behavior between high-strength
and normal-strength steel fiber reinforced concretes
is intended.
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