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Abstract: The ongoing trend to create slender constructions makes the use of high-performance
building materials indispensable. One problem with lightweight construction is an increasing
vulnerability to fatigue loads caused by time-variant loadings, which may ultimately lead to earlier
fatigue failure. Examples include bridge girders, onshore and offshore installations, which are
affected by time-variant loadings such as traffic, wind, and waves simultaneously. The design of
filigree and slender constructions implies an increased sensitivity to vibrations due to various external
loads. This, however, may cause higher fatigue loads under cyclic stresses, which may further lead to
damage or even failure of the concrete components before the maximum static strength is achieved.
High-performance concretes have a denser matrix in comparison to normal-strength concrete and
associated with this is a very brittle material behavior in the event of failure. Steel fibers can positively
influence this brittle failure behavior and improve the ductility of the high-strength matrix. The extent
to which this can have a beneficial effect on fatigue behavior has not yet been sufficiently researched
experimentally. In this context, systematic investigations were carried out to gain knowledge about
the influence of two different types of microfibers (steel and carbon). The fibers were selected in such
a way that they can bridge microcracks in the range of <50 micrometers. To be able to investigate
and compare the influence of the fibers on the fatigue behavior and the damage progress, the strain
in the axial direction and an extensive microscopic evaluation of the microcrack behavior were carried
out. For this purpose, sections were taken from the specimens according to defined numbers of load
cycles, and thick sections were prepared. These thick sections were examined microscopically and
evaluated concerning the amount, size, position, and orientation of the microcracks.

The number of load cycles to failure tended to be slightly lower for the fiber-reinforced specimens
compared to the fiber-free specimens. The strains in the axial direction of the fiber-free specimens
are lower until fracture. The material degradation was investigated by means of a microscopic
analysis of the microcrack development. This analysis shows that in both high-performance concrete,
and fiber-reinforced high-performance concrete microcracking primarily takes place in the interfacial
transition zone (ITZ), and in the hardened cement paste, the crack width changed only marginally
during the applied load changes, predominantly newly formed microcracks appeared with increasing
degradation. This was found in both the fiber-free and fiber-reinforced samples. The fiber-reinforced
specimens show a reduced number of microcracks compared to the fiber-free specimens.
Additionally, it can be concluded that the increasing degradation is essentially caused by the
formation of new microcracks.
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1 INTRODUCTION

Concrete is an inhomogeneous material;
even minor external mechanical stresses can
lead to high local stresses and, hence, structural
degradation. Structural degradation in the form
of microcracking can already be seen with
stresses far below the static strength of the
concrete. Microcracks and, thus, degradation in
the microstructure increase with increasing load
cycles and can cause premature failure during
these stresses [1].

Micro-cracks already occur in the unloaded
state, this usually takes place along the
aggregate boundaries and is caused primarily
by thermal and hygric incompatibilities
between hardened cement stone and aggregate
[2, 3]. Accordingly, the contact zone between
the aggregate and the hardened cement stone
(the so called "Interfacial Transition Zone" =
ITZ) is a weak point in the structure. In
accordance with  further  investigations,
microcracks are usually less than 10 pym wide,
and their length varies between about 50 pm
and 1500 um [3, 4].In general, there are three
phases of damage evolution of concrete that
finally lead to fatigue failure, which is referred
to as the “s-shaped course of fatigue”. First, a
significant number of microcracks are created
(phase I). After this, a further steady formation
of microcracks takes place (phase I1), which is
significantly slower than during phase I. In
phase 11, the crack growth increases again and
there is an increased interconnection of
microcracks in combination with a large
increase in deformation [5]. In normal-strength
concrete, microcracks are usually found in the
contact zone between the aggregate and the
hardened cement paste (ITZ) [6]. Currently, no
clear starting point for the microcracks could be
identified in high-strength concrete due to the
more homogeneous structure [3]. Investigations
of [7] shows, that in high-performance
concretes, predominantly microcracks which
connect aggregates are found.They were
usually located at the smallest distance between
the aggregates, so that the bond between the
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aggregate and the cement is of
considerable importance. [3]

The addition of steel fibers can improve the
properties of high-performance concrete under
tensile stress. The impact of fibers depends on
different factors, for example, fiber geometry,
fiber slenderness (length-to-diameter ratio), and
fiber amount [8, 9, 10, 11, 12]. Fibers can
transfer tensile stresses at least partially over
the cracks after their formation and
consequently improve the ductility of concrete
[13]. Crack initiation is particularly crucial here
it is characterized by the interaction of
individual fibers with the surrounding matrix of
the hardened cement paste. Usually
macrofibers (@ > 300 pum) are used in the
construction industry.Detrimental is, that
macrofibers are activated and transmit tensile
stresses only across cracks with a width greater
than 50 um. For this reason, microfibers with a
diameter smaller than 100 pm should be used to
effectively bridge microcracks with crack
widths much smaller than 50 um [14]. This is
because in the case of microfibers with a
diameter larger than 300 pm, the intact concrete
ligaments still transfer the tensile stresses
across the crack, and the fibers are not activated
because they are too thick compared to the
crack width. In order to transfer the tensile
stresses across the cracks with widths smaller
than 50 um, microfibers with smaller diameters
are necessary; see also [15].

paste

2 EXPERIMENTAL INVESTIGATIONS

The influence of two different types of fibers
on  fatigue, strain, and  microcrack
characteristics is investigated in a systematic
study.

2.1 Materials and composition

The investigations were carried out within
the framework of the research project
“Influence of microfibers on the degradation of
high-performance concrete under cyclic
loading,” which is part of the priority program
2020 "Cyclic  Deterioration of High-
Performance Concrete in an Experimental-
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Virtual Lab". A reference concrete composition
was developed within the priority program.
The investigations in the above-mentioned
subproject were carried out on the high-strength
reference composition (RH1). The composition
is designated HPC-08 in this paper. The
composition HPC-08 is characterized in [16] as
a C80/95. High-strength steel fibers, designated
HPC-08-SF, and carbon short fibers (HPC-08-
C) were added to the composition. The
compressive strengths of the specimens tested
here were about 110 MPA for the HPC-08 and
-08-SF. The compressive strength of the HPC-
08-C was slightly lower at 100 MPa. tested on
a cube-shaped test specimen with 150 mm of
edge length.The respective compositions are
shown in Table 1.

Table 1: Compositions

. HPC
Materials 08 [08-SE| 08-C
Cement [kg/m?3] 500
Sand 0/0.5 | [kg/m?3] 75
850
Sand 0/2 [kg/m3]
Basalt 2/5 [kg/m3] 350
Basalt 5/8 | [kg/m?] 570
Super-
pIastFi)cizer [kg/m’] 5.0 7.0
Stabilizer [kg/m3] 2.85 3.65
wi/c [-] 0.35
Fiber content [[Vol.-%]| - | 1.0 | 05

The specimens were stored underwater for
28 days in accordance with DIN EN 12390-2.
They were then prepared for the tests, i.e.,
covered with strain gauges, and tested
immediately. The properties of the fibres used
are shown in table 2.

Table 2: Properties of the fibers

Strength | Length %) Density
[MPa] | [mm] | [mm] |[kg/dm3]
Steel 2600 6 0,16 7,85

Carbon | 4000 6 0,007 1,80

2.2 Experimental method and variations

The cyclic tests were performed on
cylindrical specimens with a height of 300 mm
and a diameter of 100 mm. This means an h/d
ratio of 3 and corresponds to a typical specimen
shape for fatigue tests. The slenderness of the
specimens implies a relatively unimpeded
transverse strain in the center of the specimen.
The strains in the axial direction were
continuously recorded by two strain gauges
with a length of 100 mm.
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Figure 1: Schematic illustration of the specimen with
strain gauge

The experiments were force-controlled.
First, the compressive strength was determined
on at least three specimens of each series with
the same dimensions as for the fatigue tests.
From this, the upper load and lower load were
determined. The underload was defined as a
constant 10 percent of fcmax. The upper load
varied between 45 and 70 percent of fCmax.

After a defined number of load cycles, the
respective tests were stopped, and specimens
were taken for microscopic examination. So
that it is possible to get knowledge about
microcrack behavior after 0, 1000, 100000, and
1 million load cycles, respectively, immediately
before failure.



Niklas Schafer®, Rolf Breitenbucher”

2.3 Experimental setup

For the execution of the cyclic compressive
tests, a multiple-test setup for compression tests
was developed and built as part of the research
project. This test setup allows three specimens
to be tested under the same test boundary
conditions at the same time. Since fatigue tests
in particular can sometimes have a very long
test duration and are generally subject to greater
scatter, it is thus possible to carry out a
sufficient number of fatigue tests in an adequate
amount of time. The multiple test setup consists
of three rigid steel frames (Fig. 2), each with a
hydraulic differential cylinder with a maximum
force of 1000 kN (force-controlled) and a
maximum load frequency of 7 Hz. The load is
applied via spherical domes with connected
pressure plates. The flexible design of the test
frame allows specimens with different heights
and diameters to be tested. Typical dimensions
for specimens in fatigue research are 300/100
mm, 180/60 mm, and 150/50 mm,
corresponding to an h/d ratio of 3. [17]

Figure 2: Multiple test setup [17]

2.4 Microscopic investigations

After 0, 100,000, and 1 million load cycles,
one test specimen of the three tested specimens
in each series is extracted, from which thick
sections were extracted, prepared and used for
microscopic examinations (amount, length,
width, and position of the microcracks).The
thick sections were prepared with colored resin
(blue) to make the microcracks as visible as
possible. Two thick sections were taken out of
the test specimen in the axial direction (see
Figure 3). Thick sections refer to preparation

with a thickness of 200-300 um. With the thick
sections being prepared after the specimens
were subjected to a different number of load
cycles, it is possible to capture the crack
evolution over the course of fatigue behavior.
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Figure 3: Examination of thick sections
3 RESULTS

The following paragraphs present the results
obtained. For this purpose, the fiber-reinforced
specimens are directly compared with the fiber-
unreinforced reference. In addition to the
maximum number of cycles to failure, the strain
in the axial direction for the stress levels 0.45
and 0.70 and the microcrack characteristics are
presented.

3.1 Numbers of cycles to failure

The number of cycles to failure of the high-
strength composite with and without steel and
carbon microfibers is presented in Figure 4 as
mean values. The specimens loaded with a
stress level of Smax = 0.45 all achieved the
specified number of load cycles. For this
reason, these tests are not shown in Figure 4. A
total of 44 specimens with a maximum stress
level of Smax = 0.70 were tested. For each
composition, at least 14 specimens were tested
to determine the mean value. The specimens
were taken from different batches to ensure a
comparable concrete age. The S/N curve of the
2010 model code [18] has been included for
comparison.
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Figure 4: Number of cycles to failure for HPC-08,
-SFan-C

Figure 4 shows that both the HPC-08-SF and
the HPC-08-C, i.e., both compositions with
fiber reinforcement, achieved lower load cycles
than the unreinforced one. The values for the
HPC-08-SF with log N = 4,13 and the HPC-08-
C with log N = 4,09 were comparable. The
HPC-08 achieved log N =4,82, which is
slightly lower than the S/N curve according to
Model Code 2010 (log N = 5,16). The reason
for this is that the test specimens of the
investigations that are the basis for the Model
Code 2010 are stored differently (and thus had
different moisture conditions). The moisture
condition of the specimens has a significant
influence on the number of cycles to failure.

3.2 Strains

The mean strains (average of 3 specimens)
at a stress level of Smax = 0,45 are shown in
Figure 5. On the x-axis, the load cycle numbers
are displayed via the previously defined load
cycle number. In this case, Nr = 5 million load
cycles. At the stress level of Smax = 0.45, no
fatigue failure occurs at this number of load
cycles. The strains of the fiber-free high-
strength concrete (HPC-08) are lower than
those of the fiber-reinforced ones. The high-
strength concrete reinforced with short steel
fibers shows the highest strain; the high-
strength concrete reinforced with short carbon
fibers shows comparable strains to the steel
fiber reinforced concrete, but these strains are
slightly lower.
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—HPC-08-C
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Cycles N/Ng [-]

Figure 5: Averaged strains at Smax = 0.45

At a stress level of Smax = 0.70, the HPC-08
in phase 1 of the S-shaped damage progression
initially exhibits greater denier, which then
increases to a lesser extent in phase 2 compared
to the fiber-reinforced specimens. For the fiber-
reinforced specimens, a stronger increase in
strain is then seen in phase 2. The HPC-08-C
(with carbon fibers) reaches somewhat the same
strain as the HPC-08 at the end of phase 3 (i.e.,
shortly  before specimen failure). The
specimens with steel fibers show larger strains
shortly before specimen failure.
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Figure 6: Averaged strains at Smax = 0.70

The strain development is presented in the
usual way for compressive fatigue behavior,
with the strain development normalized to the
related number of cycles N/Nr, see Figures 5
and 6. The advantage of this representation is
that differences in the shape or length of the
individual phases and the absolute strain values
are illustrated. A disadvantage is that the
increase in strain with the increasing number of
load cycles, and thus the slope of the curve, is
distorted [19]. For this reason, the strain
development is additionally shown for the
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stress level Smax = 0.70 in relation to the
achieved number of cycles to failure, (see
Figure 7).
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Figure 7: Strains at Smax = 0.70 displayed via the
number of cycles to failure

3.3 Crack characteristic; stress level = 0.45

The crack characteristics at a stress level of
Smax = 0.45 are shown in Table 3 for the HPC-
08. The crack growth is continuous; the crack
width changes initially and then remains
relatively constant during the cyclic loading,
between 100K and 1 million cycles. This means
that at the beginning of the cyclic loading,
cracks initially widen slightly, and wide cracks
develop. The cracks that appear in the course of
the cyclic loading then no longer show any
significant change in width. Instead, new cracks
of similar width are formed. The length of the
microcracks changes only marginally in the
course of the cyclic loading within the first
100K load cycles. After that (up to 1 million
load cycles), the crack length increases. The
total crack area increases by approximately 6
times after 1 million load cycles.

Table 3: Microscopic analysis of HPC-08

HPC-08 Reference omax/ fc = 0.45
Gmin/ fc =0.10
Cycles 0 100,000 | 1 Mio.
Number of 143 387 423
cracks
Mean crack
width [um] 4 6 6
Mean crack 471 462 550
length [um]
Total crack
area 111.9 482.9 640.3
[pmZ/mm?2]

In comparison, the HPC-08-C also shows an
increase in microcracks in the course of cyclic
loading, but the number of microcracks is
significantly lower. With an average of 196
microcracks, less than half the number of
microcracks as in HPC-08 can be detected after
one million load cycles. In addition, the
microcrack width is significantly smaller and
changes only marginally as a result of the cyclic
loading; the microcrack length and thus the
total crack area are also significantly smaller
(see Table 4).

Table 4: Microscopic analysis of HPC-08-C

HPC-08-C Reference omax/ fc =0.45
Gmin/fc =0.10
Cycles 0 100,000 | 1 Mio.
Number of 155 218 | 196
cracks
Mean crack
width 2 2 2
[um]
Mean crack
length 341 323 370
[um]
Total crack
area 39.7 73.7 71.2
[pm&/mm?2]

The high-strength concrete with steel fibers
shows a microcrack development comparable
to the carbon fiber-reinforced high-strength
concrete in terms of the number of cracks. The
overall microcrack width is larger and
comparable to the HPC-08 in unloaded
condition. As the cyclic loading progresses, the
crack width increases slightly, but significantly
less than the HPC-08. The microcrack length is
the largest compared to the HPC-08 and HPC-
08-C. The microcrack width is smaller in the
unloaded condition. However, longer cracks
appeared in this series even in the unloaded
condition. The increase in crack length due to
cyclic loading, however, is greatest for the
HPC-08-SF without taking this into account.
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Table 5: Microscopic analysis of HPC-08-SF

Table 6: Microscopic analysis of HPC-08

HPC-08-SF | Reference omax/ fc = 0.45 HPC-08 Reference omax/ fc = 0.70
omin/ fc=0.10 omin/ fc =0.10
Cycles 0 100,000 | 1 Mio. Cycles 0 10,000 | 80,000
Number of 141 202 233 Number of 128 183 274
cracks cracks
Mean crack Mean crack
width 4 5 5 width 5 4 6
[um] [um]
Mean crack Mean crack
length 534 616 630 length 542 564 450
[um] [um]
Total crack Total crack
area 133.2 242.6 284.5 area 137.4 193.4 329.5
[pmZ/mm?2] [um?/mm?2]

3.4 Crack characteristic; Stress Level =0.70

At a stress level of Smax = 0.70, the HPC-08
shows constant crack growth; see Table 6. The
number of microcracks in the unloaded state is
similar to that of the specimens tested at a stress
level of Smax = 0.45. Since the specimens are
from different batches, it can be assumed that
both tested batches had approximately the same
damage state in the unloaded state. Depending
on the maximum number of load cycles (log N
= 4,82; approx. 77K load cycles), one test was
stopped at 80,000 load cycles, thus shortly
before the expected failure. The microscopic
evaluation after 80,000 load cycles showed a
continuous increase in microcracks. However,
it was noticeable that, in comparison to 100,000
load cycles applied at a stress level of Smax =
0.45, fewer microcracks appeared. It can be
concluded that not only the number of
microcracks is responsible for the failure of the
specimens. It is rather assumed that the abrupt
failure of the specimens is due to local damage
events within the specimen. This would mean
that stresses can no longer be absorbed in local
damage hot spots, resulting in abrupt failure
starting from these points.

For the HPC-08-C at a stress level of
Smax = 0.70, the unloaded condition showed a
higher number of microcracks and thus a
slightly larger pre-damage to the specimen.
In addition, the HPC-08-C showed
significantly faster microcrack growth. After
1000 load cycles, the number of microcracks
was comparable to that of the HPC-08 at 80K
load cycles. After 15 K and thus shortly
before failure (log N = 4.09; approx. 12K
load cycles) of the specimens, a similar
number of load cycles of microcracks as in
the HPC-08 shortly before failure of the
specimens was observed.

Table 7: Microscopic analysis of HPC-08-C

HPC-08-C Reference | omax/ fc =0.70

omin/ fc =0.10
Cycles 0 1,000 15,000

Number of 208 241 263

cracks

Mean crack

width 1 2 2

[1m]

Mean crack

length 350 417 508

[um]

Total crack

area 45.3 85.3 87.1

[um3mm?]

At the time of writing, the microscopic
analysis of the thick sections of HPC-08-SF
was not yet complete.
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4 DISCUSSION AND CONCLUSION

In the present paper, systematic
investigations were carried out on the influence
of two different fibers on the fatigue behavior
of high-strength concrete. The following
conclusions can be drawn from the
investigations carried out:

1. Both compositions with fiber reinforcement
(HPC-08-SF and -C), achieved lower load
cycles than the unreinforced one (HPC-08).
The Cycles to failure of the reinforced
compositions were quite equal. so that there
is no noticeable influence from the fiber
type.

2. At a stress level of Smax = 0.45, the strains
of the fiber-reinforced concrete are larger
than those of the HPC-08. This could be
observed in all tested specimens. The HPC-
08-SF showed the largest strains.

3. The same could be observed at a stress level
of Smax = 0.70. The HPC-08 also showed the
largest strains here. Furthermore, a steeper
increase in strains can be observed in the
second phase of the s-shaped damage
progression for the fiber-reinforced
specimens.

4. Microscopic examinations of specimens
subjected to cyclic loading with Smax = 0.45
showed continuous crack growth for all
compositions investigated. HPC-08 showed
by far the largest number of microcracks.
Regarding the crack width, the specimens
with carbon fibers showed the smallest
crack width and thus also a significantly
smaller total crack area. The crack widths of
the steel fiber-reinforced specimens were
comparable to those of the unreinforced
high-strength concrete.

5. At a stress level of Smax = 0.70, the
microscopic evaluation showed that the
HPC-08 and HPC-08-C had approximately
similar numbers of microcracks until
shortly before fracture failure. The
achievable number of load cycles was
naturally lower in the HPC-08-C, so faster
crack growth can be assumed. In this case,
the microcrack width was again
significantly smaller in the HPC-08-C.

On a global basis, it can be stated that the
fiber-reinforced concretes investigated here
exhibited poorer fatigue behavior. The
maximum achievable load change was lower,
and the strains were greater. With regard to the
microcrack behavior, the positive effects of the
fibers can be determined. The fiber-reinforced
concrete exhibited fewer microcracks. The
microcrack width was significantly smaller,
especially in the composition with carbon
fibers.
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