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Abstract

This paper shows the relationship, in steel fiber-reinforced concrete, between fiber orientation and fatigue response
through the combined use of computed tomography (CT), digital image processing (DIP) software and wedge
splitting test (WST). The WST cubes were extracted from conventional 150 x 150x 600 concrete prisms and a groove
and notch were carved on different faces in such a way that in half of the test specimens the fibers are oriented
mostly perpendicular to the breaking surface and, in the other half, the fibers are mostly oriented parallel to the break-
ing surface. Fiber orientation was obtained using a CT device and DIP software from a miniprism extracted

from the previously mentioned concrete prisms. The results show that there is a strong correlation between the crack-
sewing fiber orientation on the one hand and fatigue life and crack opening rate per cycle on the other hand. Cubes
with a higher percentage of fibers perpendicular to the crack surface (i.e., with a higher efficiency index) show

a longer fatigue life and a lower crack opening rate per cycle, while cubes with a lower efficiency index show a shorter
fatigue life and a higher crack opening rate per cycle.
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1 Introduction

Fiber-reinforced concrete is a technical solution of great
interest in civil engineering due to the numerous advan-
tages it offers over traditional structural concrete solu-
tions. The fields of application of this building material
are multiple, covering almost all structural elements
traditionally built with reinforced concrete, as well as
other new applications. Moreover, nowadays, due to the
growing concern about the environmental impact of civil
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constructions, interest in fiber-reinforced concrete has
increased and quite a few promising research projects are
being carried out using natural fibers (Ahmand & Zhou,
2022; Khan et al., 2020; Shah et al., 2022).

One of the most common uses of fibers is to reduce
concrete cracking, caused by shrinkage and thermal vari-
ations, among others. Therefore, fibers improve the dura-
bility of concrete (Nogueira et al., 2021; Saradar et al,,
2018; Shen et al., 2022; Vrijdaghs et al., 2018; Zia & Ali,
2017). This application is particularly suitable for ele-
ments that do not require rebar structural reinforcement.
In these situations, the minimum reinforcement ratios
specified in the standards can be easily covered with nor-
mal fiber contents.

However, the greatest research efforts are being made
in the field of the use of fibers as a structural component
to replace the traditional rebar reinforcement totally or
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partially (Gao et al., 2021; Lee, 2017; Mobasher et al.,
2014; Mudadu et al., 2018; Nilforoush et al., 2017; Ortega
et al.,, 2022; Yoo & Yoon, 2015; Yuan & Jian, 2021). At
this point, fiber-reinforced concrete is a very competi-
tive option in civil engineering works, since it represents
a significant cost saving, especially in labor, compared to
conventional reinforced concrete. However, its imple-
mentation remains a technical challenge that has not yet
been fully solved.

Among the different mechanical solicitations to which
a fiber-reinforced concrete element may be subjected,
fatigue is the one that currently arouses most scientific
interest. There are two major structural elements where
fatigue is the most important loading condition: con-
crete pavements and wind turbine structures (mainly
foundations and towers). In both cases, the use of fiber-
reinforced concrete (instead of conventional reinforced
concrete) has great technological interest (Ali et al.,
2020a, 2020b; Batrukin et al., 2021; Cui et al., 2023;
Gonzdlez et al, 2014; Ozturk & Ozyurt, 2022; Yazdan-
bakhsh et al., 2018).

In addition to the fiber content, the orientation of the
fibers within the concrete matrix is an aspect that largely
conditions the macroscopic response of the elements.
However, its study is not straightforward, since the fiber
arrangement is in principle random and cannot be eas-
ily controlled. It strongly depends on the size and shape
of the specimens (due to the wall effect), the manufac-
turing process (whether the specimen is molded, drilled
or cut) and the length of the fibers, among other aspects
(Conforti et al., 2021; Laranjeira et al., 2011; Riedel &
Leutbecher, 2021; Vicente et al., 2019a; Zhou & Uchida,
2017). In most of the published investigations, specimens
showing uniform, preferred fiber orientations are usually
tested.

The technical literature contains some interesting
works in which series of specimens with clearly different
fiber orientations have been fabricated. In this sense, it is
worth mentioning the work carried out by Minguez and
collaborators (Minguez et al., 2018). In this paper, a small
concrete wall was built from which concrete prisms were
extracted according to different orientations and posi-
tions. These prisms were subjected to 3-point bending
tests to evaluate the flexural strength. It was expected (as
it finally happened), that the fibers would be aligned in
the horizontal plane and substantially parallel to the main
direction of the wall. Therefore, the prisms extracted in
the horizontal direction showed fibers oriented mainly
orthogonal to the failure surface, while in the prisms
extracted in the vertical direction, the fibers were mainly
oriented parallel to it. In addition, the fibers (steel fib-
ers were used) tended to be located towards the bottom
of the wall, so the percentage of fibers was higher in the
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prisms extracted from the bottom of the wall than in
those from the top.

Similarly, the paper of Gonzalez and coworkers
(Gonzdlez et al., 2018a) is noteworthy. In it, fiber-rein-
forced concrete prisms were fabricated from which cubes
were extracted and then subjected to wedge splitting
tests (WST) in two different configurations. In this case,
it was expected that the fibers would be oriented in the
horizontal plane, so that in one series of cubes the fibers
would be arranged perpendicular to the cracking surface,
while in another series the fibers would be mainly parallel
to it.

However, in these two works fatigue tests were not per-
formed, but static ones. In general, research focusing on
the effect of fiber orientation on the fatigue response of
concrete is scarce, being more common in compressive
fatigue (Cachim et al., 2002; Cui et al,, 2021; Khan et al,,
2022; Medeiros et al., 2015; Minguez et al., 2019) than in
tensile (Deng et al,, 2021; Isojeh et al., 2017; Martinello
et al.,, 2019; Vicente et al., 2019b).

The main issue in any study of the influence of fiber ori-
entation on the macroscopic behavior of fiber-reinforced
concrete is to determine the real orientation of the fib-
ers within the specimens. There are techniques that pro-
vide average values of fiber orientations based on indirect
parameters such as inductivity (Al-Mattarneh, 2014;
Li et al., 2020) or permittivity (Akgol et al., 2019; Meh-
dipour et al,, 2017). These methods are fast, relatively
inexpensive and can be used on site. However, their main
drawback is their lack of accuracy.

X-ray micro-computed tomography is the technol-
ogy that provides the most accurate results of the posi-
tion, distribution and orientation of fibers in concrete. It
requires expensive scientific equipment, but the results
are of high quality and offer unlimited possibilities for
research. In an X-ray tomography, a three-dimensional
image of the sample is obtained, in which all the fibers
inside the concrete are perfectly identified.

For this reason, in recent years it has become estab-
lished as the reference technique for assessing the geo-
metric and morphological parameters of fibers within
the concrete matrix (Balazs et al., 2017; Gonzélez et al.,
2020; Herrmann et al, 2016; Oesch et al., 2018; Pas-
torelli & Herrmann, 2016; Ponikiewski & Katzer, 2016;
Rios et al,, 2020; Ruan & Poursaee, 2019; Vicente et al.,
2018). Among its many advantages, some of which have
already been mentioned, is that of being a non-destruc-
tive method (Mena et al. 2020; Vicente et al., 2014, 2017,
2019, 2021).

The research presented here is a continuation of
Gonzilez et al,, 2018a. The fatigue wedge splitting tests
performed here have the same setup as the static ones
described in the previous work.
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In this study, a fiber-reinforced concrete mixture was
evaluated. Eight prisms of 150 X 150x600 mm were fabri-
cated. Two 150-mm side cubes were extracted from each
prism. The cubes were cut so that the fibers of each cube
had a significantly different orientation. The orientation
of the fibers of each prism was obtained by micro-com-
puted tomography. Finally, the results were compared
and analyzed.

This paper is structured as follows: The experimental
procedure is presented in Sect. 2, the results of the tests
are described and discussed in Sect. 3; and finally the
conclusions are found in Sect. 4.

2 Experimental Program
The materials, the manufacturing procedure and the
scanning procedure are described in this section.

2.1 Materials
Eight prisms 150x 150 X600 mm were cast to perform
this work. Table 1 shows the mix proportion.

The Portland cement used was CEM I 52.5 R. A 2% in
volume of steel fibers Dramix 3D 55/60 BG (BEKAERT,
Kortrijk, Belgium), 60 mm in length and 1.05 mm in
thickness were wused. Additionally, superplasticizer

Table 1 Mix proportion

Materials (kg/m3) Mix proportion
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MasterGlenium 51 (BASF, Ludwigshafen, Germany) and
nano-silica MasterRoc MS 685 (BASF, Ludwigshafen,
Germany) were used. Tap water has been used (Forsat
et al.,, 2019; Shahrabadi et al., 2017).

In addition, three cylinders 150 mm in diameter and
300 mm in height were performed and tested under
compression to characterize their compression strength
[according to EN 196-1:2016 (British Standards Institu-
tion, 2016)]. The specimens were cured in a humid cham-
ber (20°C and 100% humidity) for 28 days. They were
then cured outside the humid chamber, in the labora-
tory, until the time of testing. The tests started when the
specimens were 4 years old. At the beginning to the test-
ing campaign, the average concrete compressive strength
was 86.9 MPa with a standard deviation of 2.7 MPa.

2.2 Specimen Manufacturing Process

Eight couples of cubes (i.e., sixteen cubes) 150 mm in
edge where extracted from the eight 150X 150x600 mm
prisms. Two cubes were obtained from each prism,
located approximately at 1/3 and 2/3 of the lateral side
of the prism (Fig. 1). Additionally, eight miniprims were
extracted from the center of each prism for the CT
scanning.

A groove and a notch were then carved in each cube
(Fig. 2). On one of the couple’s cubes, the groove and the
notch were performed on the top face along the trans-
verse axis of the prism. On the other couple’s cubes, the
groove and the notch were cut on the side face closest to

Cement 400 the center of the prims and, again, along the transverse
Fine aggregate 800 axis of the prism. The first set of cubes is called “top”
Coarse aggregate 1080 while the second one is called “side” Finally, a total of
Nanosilica 6 eight top cubes and eight side cubes were performed.
Water 125 It is expected that the fibers are mainly oriented par-
Superplasticizer 14 allels to the longest side of the prism. This means that,
Steel fibers 150 in the case of the top cubes, fibers are expected to be
Miniprism for CT Scanning
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Fig. 1 Scheme of the extraction of the cubes and the miniprism



Gonzalez et al. Int J Concr Struct Mater

(2024) 18:4

150
45_,30

75

X "Top" Cube

Fig. 2 Geometry of the cubes and the miniprism

oriented perpendicular to the notch and, finally, to
the crack, while in the case of the side cubes, fibers are
expected to be mainly oriented parallel to the notch and
the crack. This forces the fibers to have clearly different
orientations with respect to the plane of the crack.

In addition, a prismatic piece was cut from the center
of each prism (Figs. 1 and 2). This piece as a squared sec-
tion 0 mm side and a length of 150 mm. Because of the
limitation of the CT-Scan device, these specimens were
scanned to obtain the fibers orientation, instead of the
whole prisms. Consequently, it is assumed that this mini-
prism is representative of the complete prism and, con-
sequently, of the two cubes extracted from it (in terms of
fiber orientation).

2.3 Scanning Process

The small prims mentioned above were scanned using
a MicroCT Phoenix V|Tome|X s 240 unit from GE

Fig. 3 Example of some slices binarized belonging to a miniprims

150

Miniprism for CT Scanning
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Sensing & Inspections Technologies (Boston, MA,
USA), equipped with a high-power nanofocus X-ray
tube (180 kV/20 W) and a high-power microfocus tube
(240 kV/320 W). A total of 4,300 2D slices (Fig. 3) were
obtained throughout the height of the miniprism. The
voxel size is 35x 35x35 pm?. Using the post-processing
software package, a 3D image of the specimens was cre-
ated. A gray level was assigned to each voxel of this tri-
dimensional object depending on the real density of the
matter at that point. Since 16-bit images are used, the
gray scale varied from 0 to 65,535, where 0 means pure
black, which is least dense (corresponding to pores)
and 65,535 means pure white, which is densest (cor-
responding to steel fibers). The result of this first post-
process was a file including the X, Y and Z coordinates
of the center of each voxel and its gray level. The total
number of voxels in each miniprism was approximately
9.1-10°.
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The information of the files mentioned above was next
post-processed using the commercial software AVIZO
(FEI Visualization Sciences Group, Hillsboro, OR, USA).
This tool identifies and isolates each individual fiber
inside the prism. The first step consists on extracting all
the voxels belonging to the fibers, which were defined on
the basis of a certain gray level. In this case, a lower gray
threshold of 30,000 was considered appropriate. There-
fore, all voxels whose gray level was between 27,000 and
65,535 were considered as fibers. As a general criterion,
the gray threshold is taken in a valley of the gray distri-
bution histogram, since the valleys correspond to the
boundaries between the different components of the
material (Fig. 4).

Next, all the voxels in contact were added, since they
belonged to the same fiber. Subsequently, the software
proceeded to separate all those fibers that had been
joined by small necks. In these cases, the voxel aggrega-
tion subroutine resulted in one fiber when in fact there
are two or more fibers very close to each other. An algo-
rithm based on watershed segmentation (Vicente et al.,
2021) was applied. The final result of this image analy-
sis is a new file containing the X, Y and Z coordinates of
the center of each fiber, its length (as the largest Feret’s
diameter) and the orientation of the axis containing the
length. The orientations is provided in Cartesian coordi-
nates, i.e., the direction angles of the axis are given. Fig. 5
shows the 3D images of two of the six miniprisms.
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Fig. 5 Examples of 3D view of the fibers'distribution in two
miniprisms

Fig. 5 shows how the fiber orientation is clearly dif-
ferent in two miniprisms extracted from two appar-
ently identical prisms. The specimen on the left shows a
lower fiber density. On the other hand, in the specimen
on the right, the fiber density is clearly higher. Both
miniprims show different fiber orientation patterns.

In this work, fibers with a length less than 2 mm were
discarded as too small. These are ends or fibers, cut
during the extraction process.
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2.4 Wedge Splitting Test

The traditional test to measure the mechanical behav-
ior of concrete under tension is the 3-point bending
test (3PBT), which can be carried out according the
standards EN 14651:2005 + A1:2007 (British Standards
Institution, 2008) or ASTM C1609 (American Society
for Testing & Materials, 2019), among others. One of
the main limitations of this test is that the fibers tend
to show a preferential orientation, due to the boundary
conditions of the mold, the concreting direction, etc.,
which directly affect the results.

An alternative test to the 3PBT is the wedge splitting
test (WST). This test was first proposed and described
by Linsbauer and Tschegg (Linsbauer & Tschegg, 1986)
and next developed by Briithwiler and Wittmann (Briih-
wiler & Wittmann, 1990). In this research, it is used to
evaluate the fatigue life of fiber-reinforced concrete in
tension.

Once the cubes had been extracted from the prism,
they were prepared by sawing a groove and a notch
(Fig. 6). As explained before, a novelty of this research
is that the groove and the notch were sawed in two dif-
ferent faces, belonging to two different orientation. In
consequence, it is expected that the orientation of the
fibers is clearly different in the cubes belonging to the
different series.

The cubes were placed on a square steel bar 20 mm
in width, centered in the specimen and parallel to the
groove’s direction. Two steel L-shape devices equipped
with two rollers each were placed on the top of the
specimen at the both lips of the groove. In addition, a

Groove
55 47[ 55

Notch—|

150
75 ‘ 45 ‘30

150

Fig. 6 Dimensions of the groove and the notch
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steel U-shape piece made up of two steel wedges were
hanged from the hydraulic cylinder (Fig. 7).

During the test, the following parameters were meas-
ured: the applied load and the crack mouth opening
displacement (CMOD). A tension—compression MTS
244.21 dynamic hydraulic cylinder (MTS, Eden Prairie,
MN) was used, with a capacity of+50 kN. The actuator
had a load cell MTS 661.20 F-02 (MTS, Eden Prairie,
MN), with a range of + 50 kN too and an error of below
1% of the range. For the measure of the CMOD, four laser
distance sensor WENGLOR CPOSMHTS80 (WENGLOR,
Tettnang, Germany) were used with a range of 50 mm
and an accuracy of 0.01 mm. For the measure of the
crack opening displacement, one MTS 624.12 F-24 clip
gauge (MTS, Eden Prairie, MN) was used with a range of
15 mm and an accuracy of 0.01 mm.

The laser distance sensors were placed at the bottom of
the notch, i.e., at the beginning of the crack to measure
accurately the CMOD while the clip gauge was placed
at the beginning of the notch, centered on the concrete
cube (Fig. 7).

Two of the laser distance sensors were placed on the
front face and the other two were placed on the rear face.
The body of the sensor remained fixed and it monitor
the distance to a L-shaped small piece glued to the speci-
men close to the end of the notch, i.e., at the beginning
of the crack. The crack opening at a face was obtained as
the sum of the displacement measured by the two laser
distance sensors. Finally, the crack width, or CMOD, is
defined as the average value of the measures of the crack
openings of the front and rear faces. The measurement
provided by the clip gauge was used as a contrast, to
verify that the data provided by the laser distance sensors
were consistent.

The test campaign had two stages. In the first stage,
all the specimens were subjected to a static test until

Static / Cyclic Load

Clip gauge

L-shape device
& rollers

Laser distance sensors

- Bottom support

Fig. 7 Scheme of the WST. General view
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the crack appeared. During this test, an increasing ver-
tical load Fy was applied. The test was displacement-
controlled and the tension speed was 0.05 mm/min until
the maximum load is reached. The test stopped when the
load decreased below 95% of the maximum vertical load
or the CMOD reached a value of 0.5 mm (the condition
that was first fulfilled).

At the end of this first stage of the test campaign, all the
test specimens are pre-cracked. Then, in a second stage
of the test campaign, the specimens were subjected to
cyclic loading between 85 and 5% of the maximum load,
measured in the pre-cracking test described above. The
testing frequency was 5 Hz and the data recording fre-
quency was 50 Hz.

In the wedge splitting test, the vertical force is decom-
posed, at the roller level in two forces, a vertical force
0.5 - Fy and a horizontal force Fp, according to the fol-
lowing expression (Eq. 1):

Fy

T ey W

where « is the wedge angle. In this case, « = 15°.

According to the Strength of Materials, both vertical
and horizontal force cause a tension force and a bending
moment at the collapse cross-section, according to the
following expressions (Eq. 2):

F
T2’ ®

"= (*3)
T2 U 2) 7

The tension stress ¢ can then obtained considering a
linear-elastic behavior of the material (Eq. 3).

BT

N M _N  6M

CEAtwTra T r e )

In this case, a = 76mm, b = 60mm and h = 75mm
(Fig. 8).

3 Results and Discussion

Several correlations between the fiber orientation and the
fatigue behavior of fiber-reinforced concrete under ten-
sion can be obtained using the information provided by
the CT-Scan and the one obtained through the wedge
splitting test.

3.1 Fiber Orientation

The CT-Scan and the DIP software provide the necessary
information to obtain the fiber orientation with respect to
each of the Cartesian axes X, Y and Z (see Fig. 2), i.e., the
direction angles of the length axis of the fiber. Next, the
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Concrete—"|
cube

Fig. 8 Mechanical behavior of the WST

histograms of angle distribution are shown for each mini-
prism (Figs. 9, 10, 11).

Figs. 9, 10, 11 reveal that fiber are substantially oriented
along the XY plane, i.e., perpendicularly to the Z-axis.
This is the expected result, since the process of filling
the prisms and the vibration of the molds means that the
fibers tend to be arranged horizontally. With respect to
the X and Y axes it is not observed a dominant orienta-
tion, i.e., fibers are uniformly distributed in the XY plane.
It should be noted that, in the X and Y directions, some
specimens show a slightly different behavior than the
rest, presumably of a random nature.

Using the data shown in Figs. 9, 10, 11, it is possible to
obtain a parameter called efficiency index with respect to
the X, Y and Z axes, respectively (eiy, eiy and ei,), accord-
ing to the following equations (Eq. 4) (Gonzélez et al.,
2018a; Minguez et al., 2018; Vicente et al., 2019a):

n
eiy = Zf,x - cos(Ty),

i=1

ely = Zfi,y - cos (), (4)

i=1

n
ei; = Zﬁz - cos(0z),

i=1
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Fig. 10 Histogram of angle distribution with respect to the Y-axis

where f; ., fiyand f;, are the relative frequencies of the
fiber orientation with respect to the X, Y and Z axes,
respectively, &y, @y and @, the average angle of each range
and # the number of ranges in which the histogram is
divided (18 in this case).

The efficiency index may vary between 0 and 1, where 0
means that all the fibers as perpendicular to that axis and
1 means that all the fibers are aligned to that axis.

Table 2 shows the efficiency index values for all the
prisms.
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Table 2 Efficiency index Table 3 Results of the pre-cracking test
Prism eiy eiy ei, Specimen Pre-crack loads Fatigue loads
C-01 0602 0588 0313 Prax (KN) Pyt (KN) - Pyi/Proay Prmay (KN) - Peri (KN)
€02 0.571 0.597 0328 o1 868 8.50 97.93% 7.38 043
03 0612 0.585 0307 co1s 6.30 6.17 97.94% 536 032
04 0.591 0.591 0318 oot 802 7.69 9589% 682 040
C-05 0350 0602 0339 cos 523 503 96.18% 445 0.26
C-06 0417 0.641 0407 o371 8.29 8.29 100.00%  7.05 041
07 0.561 0.600 033 co3s 731 6.64 90.83% 621 037
C-08 0459 0628 0386 g7 6.76 662 97.93% 575 034
C-04-S 792 778 98.23% 6.73 0.40
C-05-T 6.12 6.00 98.04% 5.20 0.31
In this research, it is assumed that the orientations of =~ <055 686 673 98.10% 583 034
the fibers obtained from the miniprism are representa- 06T 876 855 9760% 745 044
tive of the whole prism and, by extension, of the two C-06-5 668 642 96.11% 568 033
cubes extracted from it. In this case, the data of interest 07T 6.06 5.92 97.69% 515 030
is the efficiency index with respect to the axis perpen- €075 655 632 9649% 557 033
dicular to the crack plane. In the case of top cubes, the 08T 6.74 650 9%644% 573 0.34
C-08-S 7.26 6.99 96.28% 6.17 0.36

efficiency index to be considered is eiy, while in the case
of side cubes, the efficiency index of interest is ei,.

3.2 Pre-cracking Test
Table 3 shows the maximum vertical load P, ., and the
ultimate vertical load P, (i.e., the load when the test

ends) obtained in the pre-cracking test for each of the
specimen.

In the specimen identification code, C stands for
"cube”, the number represents the prism from which
the cube is extracted and the letter at the end represents
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the position of the groove. In this case, "T" stands for
"top” while "S" stands for "side".

The results show that the cubes belonging to the
T-position have a slightly higher maximum load than
those belonging to the S-position. Specifically, the
average value of the maximum load is 7.43 kN for the
T-position and 6.76 kN for the S-position, which is
approximately 9.8% more. When comparing the ultimate
load values, the results show the same behavior, but more
pronounced. In this case, the average value of the maxi-
mum load is 7.26 kN for the T-position and 6.52 kN for
the S-position, which represents approximately 11.4%
more. This shows that the S-position cubes, in which
the fibers have an orientation substantially parallel to the
notch and the crack, show a slightly less ductile behav-
ior than the T-position cubes, in which the fibers have an
orientation substantially perpendicular to the notch and
the crack.

The fact that the cubes belonging to the T-position
show a higher maximum load than those at position S
denotes that the fibers cause an increase of the tensile
strength of the concrete in their direction, which agrees
with previous work performed by the authors (Gonzalez
etal.,, 2018a).

3.3 Fatigue Test
After the pre-cracking tests, all specimens were subjected
to a cyclic load test up to specimen rupture. The maxi-
mum and minimum load values are given in Table 3. All
the testing parameters have been described before. It is
important to highlight two issues. First, given that the
wedge splitting test can only apply tensile stresses to the
specimen, the test performed is a tensile—tensile fatigue
test. Second, this test does not evaluate the fatigue life of
the concrete matrix in tension, but that of the reinforce-
ment. That is, because during the first stage of the test,
the concrete cracked and, therefore, does not directly
contribute to the fatigue life. Then, there are two main
mechanisms of the fibers that are capable of withstanding
fatigue stresses: the tensile strength of the steel itself and
the bonding forces of the fibers to the concrete matrix.
Commonly, fatigue tests are performed without pre-
cracking. In this case, during the first part of the fatigue
test, concrete bears the cyclic loads until it cracks. From
this point on, fibers withstand the cyclic loads. In the
case of fatigue test with pre-cracking (Gonzilez et al.,
2014, 2018b; Martinello et al., 2019; Vicente et al., 2019b),
concrete matrix does not cooperate directly in support-
ing cyclic tension caused by the load cycles, because
it is pre-cracked. The result is a smaller fatigue life. In
any case, the concrete matrix indirectly cooperates in
the fatigue response of the specimen by controlling the
bonding capacity of the fibers and their degradation
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mechanisms, and consequently, their ability to withstand
cyclic loading.

Table 4 shows the fatigue life of each specimen. Fig. 12
shows the fatigue life results of the different specimens.
Additionally, a Weibull fitting of the fatigue life results of
the cubes belonging to the T-position on the one hand
and those belonging to the S-position on the other hand
has been performed. These curves are also shown in
Fig. 12.

The results show how the cubes belonging to the
T-position have a longer fatigue life than those belong-
ing to the S-position. This value can be estimated to be
approximately 5 times.

In the cubes belonging to the T-position, the fibers are
better oriented (i.e., more clearly oriented in the direc-
tion of the tensile stresses), so they are more efficient.
This results in a longer fatigue life. On the contrary, in the
cubes belonging to the S-position, the fibers are mainly
oriented in a direction perpendicular to the tensile
stresses, so they are less efficient and, consequently, the
fatigue life of the specimen is lower.

The fatigue behavior of the cubes can be further stud-
ied through the evolution of the crack opening with the
loading cycles. The fatigue creep curves are the enve-
lope of the maximum crack opening, which are shown in
Fig. 13. Additionally, Fig. 14 shows the normalized fatigue
creep curves, where abscissa is the damage “D’, which is
defined as the ratio between the number of cycle “n” and
the fatigue life “N”. Thus, all curves go from 0 to 1.

Fig. 13 shows how all the fatigue creep curves show
very similar behavior. The curves can be divided into
three parts. During the first part, there is a very rapid
increase in crack opening. This increase gradually damp-
ens until the second part is reached, where the growth is
approximately linear. At the end, during the third part, a
very rapid increase of the crack opening is observed again
until the specimen breaks. This phenomenon has been
widely observed in compressive fatigue tests (Medeiros
etal., 2015; Ortega et al., 2022) and also in flexural fatigue

Table 4 Fatigue life

Specimen N Specimen N

C-01-T 195,139 C-01-S 8,903
C-02-T 76,949 C-02-S 35,457
C-03-T 1,116,182 C-03-S 6,703
C-04-T 470,275 C-04-S 32,264
C-05-T 86,053 C-05-S 37,129
C-06-T 68,222 C-06-S 175,887
C-07-T 149,905 C-07-S 47,235
C-08-T 23,757 C-08-S 163,733
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tests (Martinello et al., 2019). The results obtained in this
work (and shown in Fig. 14) demonstrate that this behav-
ior also occurs in wedge splitting test where the CMOD
is measured. This behavior is expected to be character-
istic of concrete elements, regardless of the type of test

600,000

800,000 1,000,000 1,200,000

n

performed. In this case, the first part of the curve rep-
resents approximately the first 1% of the curve, while
the third part represents approximately the 10% of the
curve. These percentages are slightly different from those
observed in the case of compressive fatigue. In particular,
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Table 5 Crack opening rate per cycle
£ : Specimen dé/dn Specimen dé/dn
E |
E o : C-01-T 9.02E-07 C-01-S 542E-05
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Fig. 15 Fatigue creep curve and crack opening rate per cycle C-07-T 2.11E-06 C-07-S 546E-06
C-08-T 1.38E-05 C-08-S 2.06E-06

the extension of the first part of the curve is very small in
this case. This is because the tensile stress of the concrete
matrix (until the crack appears) dominate this first part,
and the specimens are already pre-cracked.

When the specimens are not pre-cracked, during the
first part of the fatigue test, the cyclic loads are supported
by the concrete matrix, micro-cracks are born and start
growing and finally merge to create the visible crack.
All this phenomenon is accompanied by a strong plas-
tic deformation which is what forms the first part of the
fatigue creep curve.

When the specimens are cracked, all this phenomenon
has almost completely occurred during the pre-cracking
process, so the first part of the curve is much smaller.

From the second part of the fatigue creep curve
its slope, d§/dn, can be determined. By analogy with

compressive fatigue, this value is determined as crack
opening rate per cycle (Fig. 15).

Table 5 shows the value of this parameter for all the
specimens.

3.4 Correlation Between Fatigue Life and Crack Opening
Rate Per Cycle

The crack opening rate per cycle has a linear relation-
ship with the fatigue life N on a bi-logarithmic scale.
This relationship was first shown in Sparks and Menzies
(1973) for compressive fatigue testing and is commonly
known as the Sparks—Menzies relationship. Fig. 16 shows
the correlation between crack opening rate per cycle and
fatigue life for all cubes, just with the linear fit to the data
points.
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As can be seen in Fig. 16, the results of all the cubes
together show a good correlation (coefficient R?=0.98),
which reveals that the relationship between crack open-
ing rate per cycle and fatigue life is independent of the
fibers; it only depends on the concrete matrix. The speci-
mens with the best oriented fibers (T-Position Cubes)
show a higher fatigue life and a smaller value of the crack
opening rate per cycle, i.e., these specimens are located
in the lower right half of the graph. In contrast, the speci-
mens with the worst oriented fibers (S-Position Cubes)
show a shorter fatigue life and a higher value of the crack
opening rate per cycle, i.e., these specimens are located in
the upper left half of the graph.

3.5 Correlation Between Fatigue Life and Efficiency Index
Fatigue life is related to fiber content and fiber orienta-
tion, as the fibers help to withstand the cyclic loads and,
therefore, the more fibers and/or the better the fiber ori-
entation, the longer the fatigue life.

In this particular case, all the cubes have approximately
the same fiber content, but the orientation of the fibers
is significantly different between the cubes belonging
to the T series and the cubes belonging to the S series
(this is an advantage of this test compared to the con-
ventional three-point bending test). As explained above,
fibers are approximately oriented in the horizontal plane
of the prism, which means that they are oriented sensi-
bly perpendicular to the crack in the case of the speci-
mens belonging to the T series, and they are oriented
sensibly parallel to the crack in the case of the specimens

belonging to the S series. Fig. 17 shows the relationship
between the fatigue life and the efficiency index (ei, for T
series specimens and ei, for S series specimens).

The results show that there is a correlation between
both parameters, such that the higher the efficiency
index, the longer the fatigue life. This conclusion can also
be drawn from Tables 2 and 4. These tables, analyzed
together, show that the T series has higher fatigue life
values and higher efficiency index, while the S series has
lower fatigue life values and lower efficiency index.

However, the correlation is not so strong than one
might think a priori (coefficient R?=0.58). This is because
the efficiency indices have been obtained, for each prism,
from its corresponding miniprism (see Fig. 2) and have
been considered the entire miniprism.

At this point, when Fig. 5 is observed in detail, it can
be detected that the fibers are clearly oriented in the
XY plane, especially in the lower and upper parts of the
concrete prism (and, therefore, also in the miniprism),
which are two of the regions affected by the "wall
effect”". However, in the central part of the miniprism,
the percentage of fibers with a more vertical orienta-
tion is higher. If a local analysis is carried out, focused
only on the fibers that pass through the cracks during
the test, it can be observed that the fiber orientation
is slightly different. In the case of cubes belonging to
the T series, the fibers that govern the fatigue response
are those located in the lower half of the cube, with
those located in the part closest to the middle plane of
the cube being more relevant. In the case of the cubes
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Table 6 Efficiency index of the central third

Prism eiy ei,

C-01 0.552 0.363
C-02 0493 0.406
C-03 0612 0.307
C-04 0.591 0318
C-05 0.465 0424
C-06 0.383 0441
Cc-07 0.507 0.387
C-08 0.366 0479

belonging S series specimens, the fibers that govern
the fatigue response are those located in the middle
plane of the cube. Extrapolating this Extrapolating this
reasoning to the concrete prism (or miniprism), it is
concluded that the fibers located in the central region
of the prism have the greatest influence on the fatigue
response of the cubes.

Table 6 shows the efficiency indexes ei, and ei, for all
the prisms particularized for the central third.

Fig. 18 shows the relationship between the fatigue
life and the efficiency index of the central third (ei, for
T series specimens and ei, for S series specimens).

In this case, the correlation is now strong (R*=0.82).

5.0 55 6.0 6.5
log N

3.6 Correlation Between Crack Opening Rate Per Cycle
and Efficiency Index

Fig. 19 shows the relationship between the crack open-

ing rate per cycle and the efficiency index.

Again, there is a relationship between the two param-
eters, so that the higher the efficiency index, the lower
the crack opening rate per cycle. This means that the
better the fiber orientation, the smaller the crack
growth per cycle.

As in the previous case, the relationship between the
two parameters is not very strong (coefficient R?=0.57).
The explanation is the same as the one described above;
the efficiency index used in the comparisons is the one
obtained from the miniprism, implicitly assuming that
it is the same throughout the prism (and, therefore, also
in the two cubes coming out of it). However, when con-
sidering the fibers that cross the crack, which in this
case corresponds approximately to the fibers located
in the central third of the miniprism, the correlation
improves substantially.

Fig. 20 shows the relationship between the crack
opening rate per cycle and the efficiency index of the
central third.

Again, the
(R*=0.80).

correlation improves substantially
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4 Conclusions

In this research work, the influence of fiber orienta-
tion on the fatigue response of steel fiber-reinforced
concrete is analyzed. The evaluation of the fiber

arrangement has been carried out by combining micro-
CT scanning and post-processing with image analysis
software. As for the fatigue response, wedge splitting
tests (WST) were performed. The concrete mix pro-
duced had a fiber content of 2% by volume.
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A total of 8 standard prisms of 150x 150x600 mm
were fabricated. Then, from each prism, 2 cubes of
150 mm edge and a miniprism of 50X 50X 150 mm
were cut. The cubes were next grooved and notched. In
one cube per prism, the groove and notch were made
on its top face, while in the other cube, they were made
on its side face. In this way, it is ensured that the pre-
ferred orientation of the fibers (with respect to the
crack surface) in each cube is significantly different. In
any case, the actual fiber orientation of each prism was
obtained with a micro-CT scanner.

Based on the findings of the experimental program
presented in this paper, the following conclusions can
be drawn:

1. Micro-CT reveals that the fibers tend to be posi-
tioned in the horizontal plane, i.e., perpendicular to
the Z-axis, the one corresponding to the direction of
concrete pouring. In the XY plane, no clear orienta-
tion tendency is observed. Next, the efficiency index
is obtained for each prism and each direction (X, Y
and Z). In all cases, the relevant efficiency index is the
one belonging to the axis perpendicular to the crack-
ing surface of the cubes. In the case of the T-position
cubes, the efficiency index along the X-axis governs
their mechanical behavior, while in the case of the
S-position cubes, it is the efficiency index along the
Z-axis that does so.

2. Pre-cracking static tests reveal that the T-position
cubes have a slightly higher maximum load and ulti-
mate load than the S-position cubes. This finding
shows that the T-position cubes, whose fibers are
better oriented, have a higher mechanical capacity.
Fatigue tests show that the T series cubes have, in
general, a longer fatigue life than the S series cubes.
On the other hand, the analysis of the fatigue creep
curve reveals that the first stage of the diagram is
very small (only 1% of the total). This particularly low
value, compared to other fatigue tests, is explained
by the fact that the specimens are pre-cracked. On
the contrary, the crack opening rate per cycle shows
smaller values for the T series cubes than for the S
series.

When the fatigue life is plotted against the crack
opening rate per cycle (both parameters in logarith-
mic scale), a strong linear relationship between them
is observed. In this case, all the tests of both series
are aligned, which shows that this correlation (Sparks
and Menzies’ Law) does not depend on the fiber ori-
entation, but only on the concrete matrix.

If the fiber efficiency indexes are compared with the
fatigue parameters (fatigue life and crack opening
rate per cycle), it is found that there is a clear rela-
tionship between them. The relationship is not very
strong when considering the efficiency indexes over
the entire volume of the miniprism. However, when



Gonzalez et al. Int J Concr Struct Mater (2024) 18:4

the efficiency indexes of the central third of the mini-
prism (which has been assumed to be similar to that
of the fibers crossing the cracks) are considered, the
relationship is much more robust.
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