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Abstract

Ultra-high-performance concrete (UHPC) is of interest to many researchers today. This concrete is produced by adding fibers to the
fresh concrete matrix during mixing, where the matrix is a fine-grained mix with a maximum particle size of 1 mm. Various types of
fibers can be added to the concrete matrix: steel, natural, polypropylene, polyvinyl alcohol, etc. fibers. Short carbon fibers are also used.
Reinforcing concrete with short carbon fibers results in carbon short-fiber-reinforced concrete (CSFRC). CSFRC has approximately twice
the tensile strength of high-strength concrete (HSC) and about 400% higher tensile strength than normal-strength concrete. In addition
to high tensile strength, CSFRC is also characterized by ductile behavior under tension and flexion. Although this concrete has been the
subject of much research, its behavior has not been sufficiently studied yet to be fully explained. Thus, there are no available results
on its post-cyclic static behavior in the literature. Therefore, an aim of this work is to provoke further research in this area. To this end,
experimental results obtained from two specimens are presented here. In both tests, tensile prior cyclic loading preceded tensile static
loading, and the behavior of CSFRC under these loadings is observed. The number of cycles of harmonic loading preceding the static
loading varied: one specimen underwent 6 million cycles, and the other 10 million. The results show a difference; the specimen with

lower number of cycles failed in an elasto-plastic manner, while the specimen with higher number of cycles failed in a brittle manner.
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1 Introduction

As a building material, concrete has been used for over two
thousand years, dating back to Roman concrete, and for more
than 150 years as reinforced concrete. During this time, it has
been suffered significant transformations in order to enhance
its mechanical properties. Today, it is commonly used as
reinforced concrete (RC) or prestressed concrete (PC).
In these types, the tensile mechanical properties of con-
crete are improved by adding steel reinforcement bars and/
or steel tendons in regions where the highest tensile stress is
expected. It can be conditionally said that, in this way, con-
crete is reinforced at the "macro level". However, a major
focus of current research is on concrete that is reinforced
at the "micro level". Through micro-reinforcement, the
mechanical properties of concrete are improved at countless
points within the concrete matrix, meaning the improvement

is not limited only to regions where the highest tensile stress
is expected. Micro-reinforcement of concrete is achieved
by incorporating different types of fibers into the fresh con-
crete matrix [ 1-19]. Any type of fibers improves the concrete
tensile strength. As shown in [1], concrete reinforced with
steel fibers has 40% higher tensile strength than reference
plain concrete, while reinforcing concrete with glass fibers
increases its tensile strength by 18% [18]. In a concrete matrix
reinforced with polyvinyl alcohol fibers, the tensile strength
is 52% higher than in reference plain concrete [5]. A concrete
matrix reinforced with banana fibers has 47% higher tensile
strength than reference plain concrete [3]. Reinforcing con-
crete with carbon fibers (CF) increases its tensile strength
by 65% [4]. It is also possible to combine different types of
fibers in the same concrete matrix, so the addition of synthetic
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discontinuous propylene fibers to a carbon fiber-reinforced
concrete matrix slightly improves its adhesion strength [20].
From the findings in the previously provided literature, it is
clear that careful attention must be paid to selecting optimal
fiber dosage. A high percentage of fibers leads to over-re-
inforcement of concrete, while a low percentage does not
improve concrete properties optimally. In [21, 22], the
high-performance concrete matrix is reinforced with 1 vol%
short CF, and its tensile strength is about 15 MPa in specimens
tested at the age of 28 days, which is approximately 100%
higher than that of plain ultra-high-performance concrete.
This more significant increase in tensile strength in [21, 22]
compared to the previously mentioned references is a result
of the method used to build the specimens. Namely, speci-
mens tested in [21, 22] were 3D printed [23-25] so that there
is a good angle alignment between the direction of tensile
stress and the incorporated fibers; as a matter of fact, the
deviation in the angle between the carbon fibers and the ten-
sile stress remained primarily within the range of =100 [26].
In contrast, in previously analyzed references, the fibers were
randomly distributed in the concrete matrix, so not all incor-
porated fibers were aligned with the tensile stress direction,
and their positive influence on the improvement of tensile
strength was absent. From the results presented in [21, 22],
it is also clear that carbon short-fiber-reinforced concrete
(CSFRC) exhibits highly ductile behavior in tension, unlike
plain concrete.

In [27], the same concrete matrix like in [21, 22] was used
to have analyzed the fatigue behavior of CSFRC under ten-
sion and flexion. For the fatigue analysis, a harmonic cyclic
load was applied using four different loading procedures.
The results showed that an upper harmonic load with a
lower upper load level, followed by one with a higher upper
load level, contributed to better fatigue behavior in CSFRC
compared to a harmonic load with only a higher upper load
level from the very beginning of the test. This indicates the
possible existence of a training effect in CSFRC. If a train-
ing effect does exist in CSFRC, it does not only influence
its fatigue behavior but could also have a negative or posi-
tive effect (depending on the number of loading cycles) on its
mechanical properties after cyclic loading stops.

There is no literature addressing the influence of cyclic
loading on the static behavior of CSFRC after the cyclic
load stops, actually, on its mechanical properties. Thus,
the main aim of this work is to initiate discussion on this
topic. Namely, in this study, the results of two static tests,
each preceded by cyclic loading, are presented. Since only
two static tests were conducted, with a different number

of cycles having preceded the static tests, their results can
indicate the existence of this influence and provoke further
research for its full clarification.

2 Material and methods

2.1 Raw materials and mixing procedure

The CF used to reinforce the concrete matrix were uni-
formly cut to a length of 3 mm with the following properties:
diameter 7 pum, tensile strength 4137 MPa, elasticity modu-
lus 242 GPa, and ultimate tensile strain 1.5%. Before incor-
poration into the matrix, CF were heat treated as described
in [21, 22, 27], and the necessity of this process is discussed
in [28]. The influence of CF dosage on the workability of the
concrete matrix is provided in [29, 30]. Ensuring the work-
ability of the CSFRC matrix is especially important because
the testing specimens were built using 3D printer. All other
raw materials are listed in Table 1.

The influences of the superplasticizer and silica fume on
the properties of the CSFRC matrix are described in [31, 32]
and [28, 33], respectively.

The mixing process is also described in [21, 22, 27],
along with the printing process and curing procedure.

2.2 Testing procedure

2.2.1 Preparation of specimens for testing and their
installation in testing device

After having been built and cured, the specimens were
equipped with measurement sensors and installed in a testing
device at the age of 27 days. For measurement of strains, four
strain gauges aligned with the direction of the tensile load
were glued to the back surface of the specimens at the posi-
tions shown in Fig. 1(a) to Fig. 1(c), Light-beam micrometer
(LBM) pins were also glued to both sides of the specimens
to measure strains at the level of the testing area (Fig. 1(c)).
In addition to the strain gauges and LBM, the development
of strains (i.e., damage) in the specimens was also analyzed
using digital image correlation (DIC), and the opposite (front)
surface of the specimens was prepared to this end (Fig. 1(d)).

Table 1 List of raw materials

Component Type of component wt%
Cement Holcim Sulfo 52.5 R 34.70
Silica fume Sika Silicol P 21.70
Quartz powder SF 500 21.70
Quartz sand H33 7.70
Water - 11.70
Superplasticizer BASF ACE 460 2.50

Carbon fibers Zoltek (Toray) PX35, 3 mm 1.00 (vol%)
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Fig. 1 View of the geometry of the tested specimens and the installed testing equipment: (a) shape and dimensions of the specimens; (b) specimen

surface with installed strain gauges and copper wires for measuring voltage; (c) schematic representation of the positions of the strain gauges and

LBM pins [21]; (d) specimen surface prepared for DIC [27]. All measurement units are in mm.

The development of damaging processes in specimens
is also analyzed by measuring voltage in the specimens
during testing. For this purpose, twenty copper wires were
installed on the specimens: five on each edge of the surface
with strain gauges (U2-U6, and U2a-U6a, Fig. 1(b)), and five
on each side of the specimens near the DIC surface. A more
detailed description of this method can be found in [27, 34].

After having been equipped with sensors, the specimens
were installed in the testing device using two-component
glue. The glue should have been dried for about 24 hours, and
then the tests began. Both tests started at the age of 28 days.

2.2.2 Conduction of the tests

During cyclic loading, the harmonic load frequency
was 10 Hz, and load-controlled loading was applied.
The results were captured by all previously mentioned
sensors. DIC images were captured before the start of the
harmonic load and every 10 thousand cycles during cyclic
loading. In both tests, the upper/bottom load level was set
at 80/40% of the tensile strength of CSFRC for the first
3 million cycles, then reduced to 60/20% of the tensile
strength for the next 2 million cycles. After these 5 million
cycles, the upper/bottom load level was reduced to 40/10%
of tensile strength for the first specimen (SNE4.23.3) for
about 5 million cycles, and for about 1 million cycles for
the second specimen (SNES5.23.3). The CSFRC matrix
used in [22] is the same as in this work, so the tensile
strength of CSFRC is taken from that source (15 MPa).
The cyclic tests were stopped after these 10 million and
6 million cycles, respectively. Afterwards, all sensors
were reset to zero, and the static tests were conducted.

During static tests following the cyclic loading, the spec-
imens were subjected to a short-term static tensile load in a
displacement-controlled manner. The loading rate was set to
0.003 mm/s, and the load increased until the specimens broke.
The behavior of specimens during the tests was recorded by
all mentioned sensors.

3 Results

3.1 Behavior during harmonic load

The previously mentioned test names (SNE4.23.3 and
SNES5.23.3) refer to the static tests conducted after the
cyclic load was stopped. Results for these cyclic tests under
harmonic load were already published in [27], where the
test names were E4.23.3 and E5.23.3.

The cyclic (i.e., fatigue) behavior of these specimens
was described in detail in [27], and, since it precedes the
static tests, only a brief description of this behavior is pro-
vided here, as well as additional observations that were
not noted in [27].

Based on the strain development during cyclic loading
shown in Fig. 2, it is clear that the specimens are in a state
of global non-linearity from the very beginning of the appli-
cation of the harmonic load [27]. Although test E4.23.3 was
stopped after about 10 million cycles, the results presented
in Fig. 2(a) are given for 6 million cycles. Afterwards, there
are no significant changes in the results, and so at the time
the test was stopped, the measured strains were: DMS1U —
1.33%o, DMS10 —0.182%0, DMS30 — 0.704%0, and DMS3U
—2.13%o. The lack of convergence in the results of these two
specimens is due to the fact that the specimens are in a state
of global non-linearity, so the strain gauges can be closer to
or farther from the position of cracks.
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Fig. 2 Strain development during cyclic loading obtained using
strain gauges: (a) for the test E4.23.3 [27]; (b) for the test ES.23.3.

N = 6 million cycles.
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The results shown in Fig. 2 are also confirmed by
those obtained using DIC (Fig. 3). Fig. 3(a) and Fig. 3(e)
confirm the results from Fig. 2; both specimens are in a
state of global non-linearity before the application of har-
monic load. Namely, before the start of cyclic loading, the
load was increased from 0 to 80% of the tensile strength in a
static manner, then reduced to the average value between the
upper and bottom load levels (Fig. 3(a) and Fig. 3(e) corre-
spond to this moment), and only after that, the cyclic loading
began. In the next 3 million cycles (Fig. 3(b) and Fig. 3(f)),
new cracks are opened and existing cracks are propagated.
After a reduction in the harmonic load, during the following
2 million cycles, some cracks are closed and others are nar-
rowed (Fig. 3(c) and Fig. 3(g)). Further cracks' closing and
narrowing are observed in Fig. 3(d) and Fig. 3(h) after the
cyclic load was reduced again, actually, at the time when
the tests were stopped. However, more fully opened cracks
are observed in specimen E5.23.3 (Fig. 3(h)) than in spec-
imen E4.23.3 (Fig. 3(d)). This is a consequence of mate-
rial fatigue. Namely, specimen E4.23.3 was subjected to a
higher number of harmonic load cycles, and due to mate-
rial fatigue, many microcracks were opened, causing a

relaxation of previously fully opened cracks. As a result,
the damage and energy dissipation capacity of the speci-
men was reduced.

All these findings correspond with the change in volt-
age in the specimens during the cyclic tests, which is ana-
lyzed in [27].

3.2 Post-cyclic static behavior

The condition of the specimens (cracks and damage)
described in Section 3.1 is actually the initial state of the
specimens for the static tests. Since this condition rep-
resents the zero state for the static tests, it does not appear
in the results obtained from the static tests.

3.2.1 Stress-strain diagrams

The results obtained by strain gauges for specimen SNE4.23.3
are given in Fig. 4(a). These results demonstrate linear behav-
ior at the location of each strain gauge. However, the lack of
alignment among these results (i.e., lines) indicates a global
non-linearity in the testing area, that is in the specimen. Thus,
although there is global non-linearity in the specimens due to
prior cyclic loading, there is local linearity at the strain gauge
positions during static loading. Since the results clearly show
thatthereisnolocalnon-linearity duringstatic tests, itisevident
that the ductility and damage (i.e., energy dissipation) capac-
ity of the specimens were expended during cyclic loading.
As a result, the failure of the specimen in the static test is
brittle. In Fig. 4(a), an average line derived from the four
strain gauges is formed representing the behavior of the
entire testing area. Comparing this average line with the
results obtained by LBM (Fig. 4(b)) shows that the average
line reliably represents the behavior of the entire testing area.
From the diagrams in Fig. 4, it can be read that the tensile
strength of the specimen is 12 MPa. Comparing this value
with that presented in [22] (15 MPa), it is evident that prior
cyclic loading reduced the tensile strength by 20%.

The analog results are shown in Fig. 5 for specimen
SNES5.23.3. Analyzing the results from all four strain gauges
(Fig. 5(a)), it is evident that the results from strain gauge
DMS10 don't match those from the other three gauges.
This fact indicates global non-linearity of the specimen.
However, unlike specimen SNE4.23.3, the results from
the other three strain gauges in specimen SNES5.23.3 show
very good alignment. Hence, although global non-linear-
ity exists in specimen SNE5.23.3, its ductility and damage
(i.e., energy dissipation) capacity were not fully expended
during prior cyclic loading. This is confirmed by the exis-
tence of the yielding region in Fig. 5(a).
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Fig. 3 View of the strain state in specimen E4.23.3: (a) immediately before the start of cyclic loading; (b) after 3 million cycles; (c) after 5 million
cycles; (d) after cyclic test was stopped — 10 million cycles; and view of the strain state in specimen E5.23.3: (e) immediately before the start of cyclic

loading; (f) after 3 million cycles; (g) after 5 million cycles; (h) after cyclic load test was stopped — 6 million cycles.
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Fig. 4 Stress-strain diagram for specimen SNE4.23.3: (a) obtained by strain gauges; (b) LBM
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Fig. 6 Comparison of the average DMS line (stress-strain diagram) of
specimen SNES5.23.3 with results published in [22].

The presence of the yielding region confirms that new
cracks are opened, which were not present during cyclic
loading. The average line from all four strain gauges
is derived (Fig. 5(a)), and this line is compared with the
results published in [22] in Fig. 6, corresponding to spec-
imens loaded at the age of 28 days. From Fig. 6, it is evi-
dent that prior cyclic loading contributes to a slight increase
in tensile strength. Thus, the tensile strength of specimen
SNES5.23.3 is 15.40 MPa (Fig. 5 and Fig. 6), while the aver-
age strength of the specimens in [22] is about 15 MPa.

Accordingly, the tensile strength increases by 2.7% due to
prior cyclic loading. However, this tensile strength may also
be attributed to the stochastic behavior of the material, and
the actual cause should be determined by further research.
Unlike tensile strength, prior cyclic loading negatively
influences ductility, i.e., ultimate tensile strain. In the speci-
mens in [22], the average ultimate strain is 2.42%o, while it
is 1.02%o in specimen SNES5.23.3, representing a decrease
of 57.85%. The behavior of specimen SNE5.23.3 shows
good agreement with the behavior of the specimens from
[22] in the linear region (Fig.6). However, when the average
DMS line of specimen SNES5.23.3 is compared with LBM
results (Fig. 5(b)), it is clear that it underestimates the dam-
age of the specimen due to prior cyclic loading. This can be
due to a possibility that strain gauges DMS1U, DMS30,
and DMS3U were close to the opened cracks and the strains
at their locations were relaxed.

3.2.2 DIC results

The results obtained using DIC for specimens SNE4.23.3
and SNE 5.23.3 immediately before failure are shown in
Fig. 7(a) and Fig. 7(c), respectively, and the locations of the
main cracks that caused their failure are given in Fig. 7(b)
and Fig. 7(d), respectively.

Comparing Fig. 7(a) and Fig. 7(c), more intense strains
- actually cracks — are visible in specimen SNE5.23.3 than
in specimen SNE4.23.3. This confirms the results shown
in Figs. 4 and 5, that is the damage capacity of specimen
SNE4.23.3 was expended during prior cyclic loading, so
no new cracks appear in static test, resulting in brittle
failure of the specimen. This is also confirmed by com-
paring Fig. 7(a) and Fig. 7(b). It is evident that there was
no open crack at the position where the specimen broke
(Fig. 7(a) and Fig. 7(b)). However, comparing the position
of the main crack in Fig. 7(b) with the state of cracks during
cyclic loading (Figs. 3(a)—(d)), it is clear that this crack was
opened during cyclic loading and was not recorded during
static loading because all cracks recorded during cyclic
loading were reset to zero at the start of the static test.
This does mean that this crack was not even widened
during the static test because its energy dissipation capac-
ity was expended during prior cyclic loading.

More pronounced cracks in Fig. 7(c) indicate that the
cracks opened during prior cyclic tests (Figs. 3(e)—(h))
widened in the static test; however, comparing the cracks
in Fig. 7(c) with those in Figs. 3(e)—(f) shows that new
cracks appeared during the static test too. These obser-
vations confirm the results obtained using strain gauges:
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Fig. 7 DIC results and positions of the main cracks: (a) DIC results for specimen SNE4.23.3 immediately before failure; (b) position of the main crack

in specimen SNE4.23.3; (c) DIC results for specimen SNE5.23.3 immediately before failure; (d) position of the main crack in specimen SNE5.23.3.

the ductility and damage (energy) dissipation capacity of
the specimen was not expended during prior cyclic load-
ing, nor was the energy dissipation capacity of the cracks
opened during prior cyclic loading. The crack causing the
failure of specimen (Fig. 7(d)) is visible immediately before
failure in Fig. 7(c), indicating the failure was announced.

From Fig. 7(b) and Fig. 7(d), it is clear that the failure of
both specimens occurred outside the testing area. In con-
trast, the failure of the specimens from [22], mentioned
in Fig. 6, occurred inside the testing area. This indicates
that prior cyclic loading increased the energy dissipation
capacity in the testing area of specimens subjected to
cyclic loading compared with those that the cyclic load-
ing did not precede to.

3.2.3 Measuring of the voltage

Normalized voltage in electrodes in specimens SNE4.23.3
and SNES5.23.3 are shown in Fig. 8(a) and Fig. 8(b),
respectively. It is clear that there is no increase in voltage
during the static test SNE4.23.3 until the specimen broke
(Fig. 8(a)). This means that the cracks opened during prior
cyclic loading are not widened during the static tests, and
no new cracks appear too. These results fully confirm those
obtained with other measuring sensors.

An analog analysis of normalized voltage in spec-
imen SNES5.23.3 can be performed either (Fig. 8(b)).
Unfortunately, electrode U2c was broken during prepara-
tion of the static test, so there are no results for it. From the
results in Fig. 8(b), no change in voltage occurs until the

stress reaches about 9 MPa. Afterwards, an increase in volt-
age is observed, indicating the widening of cracks opened
during prior cyclic loading and the appearance of new cracks.
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Fig. 8 Normalized voltage: (a) in specimen SNE4.23.3; (b) in specimen
SNE 5.23.3.
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Voltage increases more significantly at electrodes U3c and
U4c, indicating more significant damage propagation at these
positions than at the positions of the other two electrodes.
This is evident when these results are compared with those in
Fig. 7(c). These results also confirm those obtained by strain
gauges and LBM.

3.2.4 Total behavior of CSFRC under post-cyclic static
loading

From the previous description of results, it is evident that the
results obtained during cyclic loading and static loading can
be observed independently. However, this approach leads
to incorrect conclusions about the total behavior of CSFRC
under post-cyclic static loading. Namely, making decisions
about CSFRC behavior under post-cyclic static loading based
on the average lines shown in Figs. 4 and 5 leads to the con-
clusion that the behavior of specimen SNE4.23.3 is linear,
followed by brittle failure, while the behavior of specimen
SNES5.23.3 is a combination of linear and yielding parts char-
acterized by ductility. Thus, post-cyclic loading behavior can
be either linear or non-linear (Fig. 9(a)). However, CSFRC
behavior during cyclic loading can also be linear or non-lin-
ear (Fig. 9(a)), and this behavior precedes the static behavior.
Therefore, conclusions about the total behavior can only be
drawn if it is considered as a combination of behavior during
both cyclic and static loading. Bearing this in mind, it is clear
that in both tests the total behavior is non-linear that is also
confirmed by the disagreement of results from different strain
gauges. The same conclusion can be drawn when the elastic-
ity modulus of the average line given in Fig. 4(a) (29.10 GPa
for SNE4.23.3) is compared with the average elasticity mod-
ulus obtained in [22] (34.55 GPa). The same applies to spec-
imen SNES5.23.3 if its elasticity modulus calculated from the
average line obtained using LBM (Fig. 5(b)) (26.10 GPa) is
compared with the elasticity modulus calculated in [22].

A mistake occurs if a conclusion about total behavior
is drawn solely from the results of static loading, as sche-
matically presented in Fig. 9(b) for strain consideration.
Thus, the total strain is the sum of the strain reached during
cyclic loading and the strain reached during static loading.
Neglecting strain developed during cyclic loading, the total
strain is equal to that reached during static loading.

4 Conclusions
Based on the analysis above, the next conclusions are drawn:
* The post-cyclic static behavior of CSFRC is signifi-
cantly influenced by prior cyclic loading.
* The greater the number of cycles of the harmonic
load, the worse the post-cyclic static behavior, and
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Fig. 9 Schematic view of the CSFRC behavior: (a) overall behavior
under post-cyclic static loading; (b) schematic view of strain under
cyclic and subsequent static loading.
vice versa. Consequently, the failure varies from
brittle to elasto-plastic, depending on the number of
cycles preceding the static tests.

* In specimen SNES5.23.3, the number of cycles was
about 6 million, which is considered a high number of
cycles. However, in spite of this, CSFRC ductility was
not expended during cyclic loading. Therefore, it would
be interesting to observe the effect of an even lower
number of cycles on the post-cyclic static behavior.

» Inboth tests, the upper load level was 80% of the tensile
strength, causing cracks to appear before the start of the
harmonic load. It would be interesting to observe what
the post-cyclic static behavior would be if a cyclic load
with lower upper load level preceded the static loading.



» The achieved state of strains, damage, etc. of CSFRC
developed during cyclic loading must be neglect during
analysis of post-cyclic static behavior by no means.

* As the influence of prior cyclic loading on post-cy-
clic static behavior depends on the number of cycles
and the magnitude of the bottom/upper harmonic load
level, further research should be conducted to confirm
or deny the possibility of a training effect in CSFRC.

» The presented results show that specimen SNE5.23.3
is "relatively well trained", while specimen SNE4.23.3
is "overtrained."
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