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ABSTRACT

Concrete is the most widely used material in the world today, but its extensive use
also poses environmental risks due to high CO, emissions. To mitigate these
emissions, reducing concrete consumption in construction is crucial. Enhancing its
mechanical properties, particularly low tensile strength, can accomplish this.
Enhancing tensile strength allows for the construction of smaller cross-sections of
concrete elements, resulting in more efficient material utilization. One effective
method for strengthening concrete is through fiber reinforcement. In this study, short
carbon fibers are used to reinforce the concrete, creating a material known as short-
carbon-fiber-reinforced concrete (CSFRC). The objective of this research is to
advance the understanding of CSFRC's behavior under tensile stress. To do this,
strain gauges and a light-beam micrometer (LBM) are used to track crack and strain

growth, which gives information about how well the CSFRC is working overall.

1 Introduction

Buildings, bridges, and other infrastructure are essential
for modern society to function effectively. Different types of
infrastructure require various construction materials, with
concrete being one of the most important. According to some
sources, concrete is the most widely used man-made
material and the second most used material overall, after
water [1]. As a result, global concrete production has
reached approximately 30 billion tons annually [2]. However,
this extensive use of concrete has significant environmental
consequences, as it accounts for 4 to 8% of total CO;
emission [3]. To mitigate concrete's environmental impact, it
is crucial to reduce the quantity of concrete used in
construction. This can be achieved by minimizing concrete
cross-sections, which requires addressing its main
weakness—Ilow tensile strength. The higher the tensile
strength of concrete, the less material is needed for
construction.

The tensile strength of concrete can be enhanced by
incorporating various fibers (such as natural, steel, PVA,
cellulose, glass fibers, etc.) into the fresh concrete mixture
during the mixing process [4-17]. In this study, the addition
of carbon fibers during the mixing phase improves the
mechanical properties of concrete.Carbon fibers possess
several advantageous characteristics, including the ability to
withstand high stresses under both quasi-static and dynamic
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loading conditions, a high elastic modulus, creep resistance,
low specific weight, high tensile strength, non-corrosiveness,
a low thermal expansion coefficient, chemical stability, high
thermal conductivity, and low electrical resistivity [18-21].
Due to their low electrical resistivity, concrete reinforced with
carbon fibers also exhibits low electrical resistivity (i.e., high
electrical conductivity). This makes carbon-fiber-reinforced
concrete self-sensing, which lets cracks be found and
concrete degradation be evaluated without damaging the
concrete [22—-31]. For this reason, some researchers refer to
carbon-fiber-reinforced concrete as "smart concrete." In
addition to these sensing capabilities, the inclusion of carbon
fibers enhances the mechanical properties of concrete, as
detailed below.

Concrete generally has significantly higher compressive
strength than tensile strength, but the addition of carbon
fibers further enhances its compressive strength. In [32], the
design of M25 grade concrete, with a compressive strength
of 28.13 MPa, followed IS 10262-2009 was used as the
reference concrete. Specimens reinforced with 0.75 vol%,
1.00 vol%, and 1.25 vol% of carbon fibers showed
compressive strength increases of 46.80%, 60.00%, and
32.40%, respectively, compared to the reference concrete.
The optimal result was observed with 1.00 vol% of carbon
fibers. In [33], the reference concrete had a compressive
strength of 43.80 MPa and was reinforced with carbon fibers
ranging from 0 to 2.40 vol%. The greatest increase in
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compressive strength was seen with 0.2 vol% of carbon
fibers, achieving 90.10 MPa—an increase of 105.70%. But
as the amount of carbon fibers went above 0.2 vol%, the
compressive strength steadily went down. The lowest value
(17.40 MPa) was found in the mixture with 2.40 vol% carbon
fibers. Similarly, the results in [34] indicate that compressive
strength increases only up to a certain carbon fiber content,
beyond which it begins to decline. For instance, plain
concrete with a compressive strength of 40.88 MPa
increased to 46.40 MPa (13.50% increase) with 1.00 vol%
carbon fibers. At 1.50 vol%, the strength was 41.66 MPa
(1.91% increase), while 2.00 vol% resulted in 39.48 MPa
(3.55% decrease).

It looks like these results show that there is not a single
way to tell if carbon-fiber-reinforced concrete will get stronger
because it depends on both the concrete mix and the type of
carbon fibers that are used [21]. A higher content of carbon
fibers does not automatically result in higher compressive
strength, and there is concern about over-reinforcing
concrete with carbon fibers. To avoid this, the optimal fiber
content for each concrete mixture must be determined.

The tensile strength of concrete can be measured directly
or indirectly (through splitting tensile strength tests). In
reference [35], the carbon fiber content in the concrete
mixture is expressed as the fiber-cement ratio (f-c ratio).
Splitting tensile strength was measured for f-c ratios of 0%,
4%, 8%, and 12%. The results show a continuous increase
in splitting tensile strength as the f-c ratio rises from 0% to
8%. The peak value, 4.60 MPa, is reached at an f-c ratio of
8%, representing a 62% increase compared to the f-c ratio
of 0% (2.84 MPa). However, further increasing the f-c ratio
reduces the beneficial effect of carbon fiber reinforcement,
with the splitting tensile strength at a 12% f-c ratio dropping
to around 4.25 MPa—a 7.60% decrease compared to the
strength at 8%.

Similarly, the results in [34] show the splitting tensile
strength for various fiber contents: 0 vol%, 0.50 vol%, 1.00
vol%, 1.50 vol%, and 2.00 vol%. A near-linear increase in
splitting tensile strength is observed as carbon fibers are
added, with the highest value of 3.42 MPa at 2.00 vol% of
fibers, which represents a 132.60% increase over plain
concrete. In [32], plain concrete has a splitting tensile
strength of 3.20 MPa, which increases steadily as the carbon
fiber content rises to 1.00 vol%. At this level, the splitting
tensile strength reaches 5.00 MPa, an increase of 56.25%.
But at 1.25 vol%, the strength drops to 3.50 MPa, which is
only 9.40% more than plain concrete. This shows that the
tensile strength decreases as the carbon fiber content rises
above 1.00 vol%.

As with compressive strength, these findings suggest
that there is an optimal carbon fiber content, beyond which
the benefits diminish or even become negative. Also, the
results in [36] show that concrete reinforced with carbon
fibers has higher splitting tensile strengths of 16.30%
compared to concrete reinforced with glass fibers and
12.80% compared to steel fibers.

In [21], the tensile strength of plain concrete, concrete
reinforced with steel fibers (SF), Zoltek carbon fibers (zCF),
Hexcel carbon fibers (hCF), and recycled carbon fibers (rCF)
were measured directly. It turns out that concrete reinforced
with rCF has a tensile strength of 6.89 MPa, which is about
27.80% higher than plain concrete (5.21 MPa), 4.60% higher
than concrete reinforced with SF (6.58 MPa), 26.30% higher
than concrete reinforced with hCF (5.29 MPa), and 26.40%
lower than concrete reinforced with zCF (8.99 MPa). In [37,
38], the directly measured tensile strength of concrete
reinforced with 1.00 vol% zCF is reported to be around 15.00

MPa. These studies used a high-performance concrete
(HPC) mixture, which was then reinforced with carbon fibers.
According to [39], the tensile strength of HPC alone is
approximately 7.90 MPa, meaning the addition of zCF
increases the tensile strength by 90.00%.

The findings in [21, 37, 38] reveal varying degrees of
improvement in tensile strength depending on the type of
concrete mixture and carbon fibers used. These
improvements are significantly influenced by the alignment
angle between the carbon fibers and the direction of applied
loads (stresses) [20, 37, 40, 41]—the smaller the alignment
angle, the greater the improvement in mechanical properties,
including tensile strength.

References [32-35, 42] demonstrate the improvement of
flexural strength through the reinforcement of concrete with
carbon fibers. However, careful attention must be given to
avoid over-reinforcing the concrete According to studies [32,
33, 35], the flexural strength goes up up to a certain point
where the optimal amount of carbon fibers is reached. After
that, the benefits start to fade, and too many fibers can even
make the flexural strength lower than in plain concrete.
According to [37], the flexural strength of carbon-fiber-
reinforced concrete increases by approximately 2.70-fold
and 4.65-fold for concrete containing 1.00 vol% and 3.00
vol% of carbon fibers, respectively, when the fiber alignment
angle relative to the applied stress is 0°. However, when the
alignment angle increases to 30°, the improvement is
reduced to around 1.13-fold for 1.00 vol% and 1.57-fold for
3.00 vol%.

These results show that carbon fiber reinforcement has
less of a positive effect as the angle between the fibers and
the direction of stress increases. At a 30° alignment angle,
the impact is minimal, while at angles up to 20°, the positive
effects are still noticeable. Beyond 40°, no improvement in
flexural strength is observed [37].

In additon to enhancing mechanical properties,
reinforcing concrete with carbon fibers alters the behavior of
carbon-fiber-reinforced concrete under tension. Specifically,
carbon fibers bridge cracks in the concrete [21], contributing
to the pseudo-ductile behavior of carbon-fiber-reinforced
concrete under tension [37, 38, 43]. This study contributes to
the further understanding of the pseudo-ductile behavior of
carbon-fiber-reinforced concrete under tensile loading. To
this end, dog-bone-shaped specimens reinforced with short
carbon fibers (3 mm in length) were prepared for direct static
tensile tests. Due to the short length of the fibers, this
material is referred to as carbon-short-fiber-reinforced
concrete (CSFRC). The static tests were performed on
specimens of different ages at the time of loading (28 and 70
days). For each age group, three specimens were tested,
and their strain during the tests was measured using two
techniqgues—strain gauges and a light beam micrometer
(LBM). When measuring with strain gauges, the strain is
measured in one point (micro-region), so that the results of
different strain gauges can disagree to each other and it
cannot be expected that the results of a single strain gauge
correctly describe the behaviour of the entire testing area.
Therefore, four different strain gauges were attached to the
specimens in the testing area, and the behaviour of the
testing area is described by the average value of these four
strain gauges. However, the question arises as to whether
this method of describing the behaviour of the testing area
based on the average results from different points is reliable.
To test this, the LBM micrometre was also used to measure
the strain in the testing area. In contrast to strain gauges, the
LBM measures the strains in a larger area (in this work in the
entire testing area) and not in one point. Therefore, its results
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are more relevant for describing the behaviour of the testing
area than the results obtained with strain gauges. The main
objective of this work is to investigate the reliability of the
description of the behaviour of the test area based on the
average results of several strain gauges. For this purpose,
the average results of strain gauges are compared with the
results measured with LBM.

2 Materials and methods
2.1 Raw materials and mixing procedure

The raw materials for the preparation of the CSFRC
specimens are listed in Table 1:

Table 1. List of raw materials

Component Type of Component wit%
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%)

Carbon fibers were uniformly cut to a length of 3 mm, with
the following properties: diameter of 7 ym, elastic modulus of
242 GPa, tensile strength of 4137 MPa, and ultimate tensile
strain of 1.5%. To enhance the dispersion of the fibers in the
concrete mixture and improve adhesion between the fibers
and the concrete, the fibers were oxidatively heated for 2
hours in an open furnace at 425°C before being incorporated
into the cement paste [19]. The addition of carbon fibers
decreases the workability of the concrete [34, 42]. However,
workability can be improved by adding a superplasticizer to
the cement matrix prior to incorporating the carbon fibers [33,
44]. The superplasticizer also aids in achieving better
dispersion of the carbon fibers within the concrete.
Furthermore, the addition of silica fume to the concrete
mixture enhances the interfacial adhesion and dispersion of
the fibers [19, 45]. Care should be taken when adding silica
fume, as it can negatively affect the concrete, such as
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increasing shrinkage [45-49]. To achieve high early strength
in the concrete paste, CEM 52.5 R cement was selected as
the binder. Other components of the concrete mixture
included quartz powder, quartz sand, and water.The
maximum grain size of the sand is 0.6 mm, making it suitable
for use in 3D concrete printing.

The mixing process consists of several phases. In the
first phase, all dry components—cement, quartz powder,
quartz sand, and silica—were placed into the mixer and
thoroughly mixed. Once the dry components were well
combined, water and superplasticizer were gradually added.
The mixing continued until the air content in the mixture was
minimized. Afterward, carbon fibers were incorporated into
the mixture, and two mixing cycles lasting approximately 30
to 45 seconds were conducted to ensure uniform dispersion.

2.2 Printing process and curing procedure

To achieve optimal alignment between the carbon fibers
and the applied stresses, a 3D printing technique was
employed for the production of the specimens [50]. After
completing the mixing procedure, the concrete mixture was
transported in plastic bags to a 3D printer developed at the
Technical University of Munich (TUM) for specimen
fabrication [51]. Good fiber alignment was accomplished by
extruding the concrete mixture through a nozzle with a
diameter of 4 mm (Figure 1a). As a result, the deviation in
the angle between the carbon fibers and the tensile stresses
remained primarily within the range of +10° [37]. A more
detailed description of the printing process can be found in
[52, 53].

The tested specimens were shaped like dog bones,
measuring approximately 445 mm in height, 100 mm in width
at both the upper and lower ends, and 50 mm in width in the
testing area, which was also 50 mm in height. The
specimens had a consistent depth of 50 mm (Figure 1b).

After the specimens were produced, they were placed in
formwork and kept in an environment with 100% relative
humidity (RH) for 1 day. Subsequently, for the following 6
days, the specimens were cured underwater. Following this
7-day curing period, the specimens were stored in a
controlled environment with an RH of 65+5% and a
temperature of 20+2°C until the day of testing.

445

(b)

Figure 1. Printing process (a); Shape and dimensions (measurement units are in mm) of the tested specimens (a) [38]
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2.3 Testing procedure

One day before testing, strain gauges were attached to
the specimens. Immediately afterward, the specimens were
positioned in the testing device (Figure 2a). They were
secured to the device using a two-component adhesive that
required 24 hours to cure . Each specimen had four strain
gauges put on it in the direction of the tensile load. Two
gauges were placed on the top and bottom edges of the
testing area (Figure 2b).

After the two-part glue had dried, two light beam
micrometer (LBM) devices were attached to the test device
and the samples (Figure 2) so the tests could begin.The
specimens were subjected to uniaxial tensile loading in a
displacement-controlled manner, with a loading rate of 0.003
mm/s. The load was gradually increased until the specimens
fractured.

Three specimens were tested at 28 days of age, while
another three specimens were tested at 70 days.

Right side

3 Results and discussion
3.1 Specimens tested at the age of 28 days

As mentioned earlier, four strain gauges were installed
on each specimen to measure the development of strains.
For the specimens loaded at 28 days, three specimens—
designated as S37, S44, and S57—were tested. The results
from all four strain gauges on specimen S57 are presented
in Figure 3, from which an average line was derived.

Based on the average line, it is evident that the average
first crack strength of specimen S57 (position A) is 9.11 MPa,
corresponding to a strain of 0.24%.. The average ultimate
tensile strength (position B) is 15.11 MPa, and the average
ultimate tensile strain (position C) is 1.56%o. [38] (Figure 3).
The average first crack strength, average tensile strength,
and average ultimate tensile strain for specimens S37 and
S44 were determined in the same manner and are presented
in Table 2.

LBMI pins
LBM2 pin:
50
445

Left side
o
Right side

Figure 2. View of the specimen installed to the test device (a); Schematic representation of the measuring equipment’s
position (measurement units are in mm)(b)

S

Stress (N/mm?2)
o0

0.0 0.5

1.0 1.5
Strain (%o)

——S57-DMS1U
——S857-DMS10
~——857-DMS30
S57-DMS3U
——S57-average line

2.0 2.5

Figure 3. Results measured by strain gauges in the specimen S57

Table 2. Mechanical properties of the specimens S37 and S44 [38]

Specimen First crack strength (MPa) Tensile strength (MPa) Ultimate tensile strain (%o)
S37 8.30 14.64 3.42
S44 9.20 15.01 2.28

Building Materials and Structures 68 (2025) 2500001D
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Figure 4 presents a comparison of the average lines for
all three specimens: S37, S44, and S57.

Stress (N/mm2)
o0

4 ——S37-average_line
——S44-average_line
——S57-average_line
——Bi-Linear diagram

0 0.4 0.8 1.2 1.6 2 2.4 2.8 32 3.6 4
Strain (%o)

Figure 4. Stress-strain curves of the specimens loaded at
the age of 28 days [38]

To see how carbon-short-fiber-reinforced concrete
(CSFRC) acts when it is loaded at the age of 28 days [38], a
bi-linear diagram can be made from the average lines.The
bi-linear diagram indicates linear behavior until the stress
reaches the tensile strength of 14.92 MPa [38] (position B in
Figure 4), after which CSFRC yields until the ultimate tensile
strength of 2.42%o. [38] (position C in Figure 4) is attained.
However, Figure 4 reveals a slight discrepancy between the
experimental results and the bi-linear diagram from position
A (first crack strength of 8.87 MPa [38]) to position B. This
discrepancy arises from micro-nonlinearity (micro-cracks)
that occurs between positions A and B, which doesn’t disrupt
the global linearity of the specimens, i.e., the testing area.
The strain measured by the strain gauge reflects the strain
development at a specific point (a narrow local area), and the
micro-nonlinearity at that point does not necessarily
influence the global linearity of the specimen. This is evident
in the results presented in Figure 3.

The blue (DMS10) and green (DMS30O) lines in Figure 3
behave almost linearly until the tensile strength is reached.
This means that there were no cracks at the locations of
these two strain gauges or nearby. In contrast, the red line
(DMS1U) demonstrates strain relaxation between positions
A and B, suggesting that a micro-crack opened near the
location of that strain gauge, leading to the observed strain
relaxation. Unlike the red line, the yellow line (DMS3U)
shows a sudden increase in strain at approximately 12.00
MPa. After the strain reaches around 0.80%o, the slope of the
stress-strain curve closely resembles the slope before
position A. This indicates that a micro-crack opened at the

Stress (N/mm2)
oo

——S37-LBM1

2 ——S37-LBM2
0 =——Bi-Linear diagram
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Strain (%o)
a

location of the strain gauge (reflected in the sudden increase
of strain), which likely closed after some time as another
micro-crack formed nearby.

The results presented in Figure 3 illustrate all possible
types of strain development at the locations of the strain
gauges. Similar trends were observed for specimens S37
and S44, which contributed to the average lines shown in
Figure 4. These average lines are what the bi-linear diagram
is built on, which lets us figure out how carbon-short-fiber-
reinforced concrete (CSFRC) acts in a bigger picture.

A pertinent question arises: can these localized,
somewhat mediocre results accurately predict the macro
(i.e., global) behavior of CSFRC? To address this question,
the results in Figure 4 are compared with those obtained
using the light beam micrometer.

Figure 2 illustrates that the light beam micrometer (LBM)
measures the distance—specifically, the change in
distance—between the upper and lower edges of the testing
area on both sides of the specimens during the tensile static
test. From this distance change, the macro (i.e., global)
strains (AL/L) of the testing area can be calculated. The LBM
results for specimens S37 and S57 are presented in Figures
5a and 5b, respectively. However, specimen S44
experienced a lack of LBM data due to the LBM pins
becoming unglued at the very beginning of the test.

Figures 5a and 5b present the LBM stress-strain curves
alongside the bi-linear diagram from Figure 4. There is a
strong link between the results when you look at the LBM
curves (Figures 5a and 5b) and the average lines from the
strain gauges (Figure 4).This indicates that the mediocre
micro-results obtained from the strain gauges can reliably
represent the global behavior of carbon-short-fiber-
reinforced concrete (CSFRC), allowing the bi-linear diagram
to serve as an effective tool for predicting CSFRC behavior.
The coordinates of the bi-linear diagram are listed below:

Table 3. Coordinates of the bi-linear diagram.

Stress (MPa) Strain (%o)
0.00 0.00
14.92 0.43
14.92 242

A comparison of the results in Figure 5 with those in
Figure 3 clearly demonstrates that relying on data from a
single strain gauge within the testing area is not sufficient for
accurately predicting the behavior of carbon-short-fiber-
reinforced concrete (CSFRC).

Stress (N/mm?2)
o0

——S57-LBM1
——S57-LBM2
——Bi-Linear diagram

0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Strain (%o)
b

Figure 5. LBM Stress-strain curves of the specimens S37 (a); and S57 (b)
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3.2 Specimens tested at the age of 70 days

Specimens identified as S53, S56, and S59 were tested
at 70 days of age. Figure 6 presents the results for specimen
S56.

According to the results in Figure 6a, a linear
relationship between stress and strain can be observed in all
strain gauges until the stress reaches an average first crack
strength of 11.35 MPa for the specimen [38]. After this point,
strain relaxation occurs in all four strain gauges (Region A in
Figure 6a). This strain relaxation indicates that the damage
process—characterized by the opening of micro- and macro-
cracks—occurs outside the testing area. This assertion is
supported by Figure 6b, which shows that the main crack
developed at the bottom edge of the testing area. The
presence of these micro and macro cracks outside the

Stress (N/mm2)

0.5 1.0 1.5

Strain (%o)
a

Figure 6. Results measured by strain gauges in the

2.0

——S56-DMS1U
——S56-DMS10
——S56-DMS30

S56-DMS3U
——S56-average line|

testing area and along the specimen’s edges fully relaxes the
strain and crack state within the testing area. When the
stress reaches the tensile strength of the specimen at 14.72
MPa, the CSFRC begins to yield (Figure 6a). The average
ultimate strain for specimen S56 is recorded at 1.56%o [38].

The failure of specimens S53 and S59 also occurred
outside the testing area. In contrast to specimen S56,
specimen S53's main crack formed well above the testing
area (Figure 7a), while specimen S59's main crack formed
well below the testing area (Figure 7b).

Since the main cracks in specimens S53 and S59 are
located farther away from the testing area than in specimen
S56, they do not relax the strain and crack state of
specimens S53 and S59 as significantly as in specimen S56.
This is illustrated in Figure 8, which presents the results for
specimen S53.

2.5

specimen S56 (a); View of the specimen after failure (b)

Figure 7.

0.0

0.5 1.0

Figure 8. Results measured by

——S53-DMS1U
——S53-DMS10
——S53-DMS30
S53-DMS3U
——S53-average line

2.0 25

1.5
Strain (%o)

strain gauges in the specimen S53
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In region A (Figure 8), a soft relaxation of strains can be
observed in the strain gauges DMS10 and DMS30. These
gauges are positioned closer to the main crack than DMS1U
and DMS3U (Figure 7a). Therefore, the soft relaxation in
these strains may be attributed to the proximity of the main
crack to the strain gauges or the presence of micro- or
macro-cracks nearby. In contrast, no relaxation effect is
observed in strain gauges DMS1U and DMS3U.

Once the stress reaches the first crack strength (the
average value for specimen S53 is 10.10 MPa [38]), the
slope of the stress-strain curve in region B (Figure 8) is lower
than before reaching the first crack strength. This means that
global (macro) cracks are starting to appear at the locations
of strain gauges DMS1U and DMS3U. These cracks keep
getting bigger as the stress rises to the tensile strength
(15.75 MPa [38]). Indeed, region B (Figure 8) indicates the
hardening behavior of CSFRC when stress is between the
first crack strength and the tensile strength. After the stress
reaches the tensile strength, CSFRC begins to yield, and
upon reaching the ultimate tensile strain (the average value
for specimen S53 is 2.20%o), the specimen ultimately breaks.

The behavior of specimen S59 is similar to that of
specimen S56, and its mechanical properties are provided in
Table 4.

Table 4. Mechanical properties of the specimens S59 [38]

First crack Tensile Ultimate
Specimen strength strength tensile strain
(MPa) (MPa) (%)
S59 10.20 15.69 1.76

In Figure 9, alongside the average lines of the tested
specimens, two prediction models—the bi-linear diagram
and the stress-strain curve in four points—are also
presented. The stress-strain curve in four points effectively
simulates the experimental results of specimens S53 and

S59. In contrast, the behavior of specimen S56 is more
accurately represented by the bi-linear diagram. The
coordinates of these two prediction models are provided in
Table 5:

For each specimen, the average stress-strain curves
were generated based on the results from four different strain
gauges, as illustrated in Figure 9.

Stress (N/mm2)
oo

——— S56-average_line
———S59-average_line
— Bi-Linear digram

Stress-strain diagram in 4 points

04 08 1.2 1.6 2 24 28 32 36 4
Strain (%o)

4 I’ —— S53-average_line

!
!
0

Figure 9. Stress-strain curves of the specimens loaded at
the age of 70 days [38]

The results presented in Figure 9 are derived from
averaging the data collected at various points, allowing for
the prediction of the global (macro) behavior based on these
local (micro) results. To validate the prediction models
illustrated in Figure 9 and Table 3, a comparison is made
between these results and those obtained through Light
Beam Micrometer (LBM) measurements. The global (macro)
results for the testing area of specimens S53 and S56, as
obtained by LBM, are displayed in Figure 10. Unfortunately,
for specimen S59, the LBM pins detached from the specimen
at the beginning of the test, resulting in a lack of LBM data
for this specimen.

Table 5. Coordinates of the bi-linear diagram

Bi-Linear diagram Stress-strain curve in 4 points
Stress (MPa) Strain (%o) Stress (MPa) Strain (%o)
0.00 0.00 0.00 0.00
15.39 0.41 10.55 0.28
15.39 1.84 15.39 0.73
15.39 1.84
A - —— 16 -------
—\ 14
12
a 8
z Zs
w w1
——S53-LBMI 4 ——S56-LBMI
——S$53-LBM2 ——856-LBM2
= Bi-Linear diagram 2 = Bi-Linear diagram
Stress-strain curve in 4 points 0 Stress-strain curve in 4 points
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Figure 10. LBM Stress-strain curves of the specimens S53 (a); and S56 (b)
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The results in Figure 10a show that both the bi-linear
diagram and the stress-strain curve in four points can
accurately predict how Carbon-Short-Fiber-Reinforced
Concrete (CSFRC) will behave on a larger scale. These are
based on the local (micro) results from four different points in
the testing area (shown in Figure 9). Additionally, Figure 10b
confirms that the bi-linear diagram reliably characterizes the
behavior of specimen S56.

The LBM results presented in Figure 10a reveal a distinct
behavior between the left side of specimen S53 (LBM1) and
the right side (LBM2). On the left side, the stress-strain curve
remains nearly linear until the stress reaches the tensile
strength, after which the CSFRC begins to yield. In contrast,
the stress-strain curve on the right side is linear only until the
stress hits the first crack strength. Following this, the CSFRC
exhibits hardening while the stress is between the first crack
strength and tensile strength. Once the tensile strength is
achieved, the CSFRC starts to yield. This disparity in results
between the left and right sides of the specimen suggests the
location of the first global (macro) crack within the testing
area and indicates the direction of its propagation.
Specifically, the global crack in the testing area initiates on
the right side of the specimens and propagates towards the
left side as the load increases.

3.3 Comment on the CSFRC behavior

Based on the previously described results, CSFRC
clearly demonstrates a highly ductile behavior under tension.
However, notable differences in this behavior emerge
concerning the age of the loaded specimens. Specifically,
specimens loaded at the age of 28 days exhibit an almost
linear behavior until the stress reaches the tensile strength.
While the global behavior remains nearly linear, a local
(micro) non-linearity can be observed in the testing area
when the stress is between the first crack strength and the
tensile strength. Once the stress surpasses the tensile
strength, CSFRC begins to yield.

When the stress is between the first crack strength and
the tensile strength, the specimens loaded at 70 days show
a tendency for CSFRC to harden. This is not the case with
the specimens loaded at 28 days. Accordingly, their behavior
can be divided into three distinct phases. Initially, until the
stress reaches the first crack strength, they exhibit a linear
behavior. Once this happens, and the stress is between the
first crack strength and the tensile strength, something
similar to CSFRC hardening happens. Finally, after the
stress surpasses the tensile strength, CSFRC begins to
yield.

4 Conclusions

Based on the presented results,
conclusions can be drawn:

¢ HighTensile Strength: Carbon-short-fiber-reinforced
concrete (CSFRC) exhibits relatively high tensile strength,
nearly twice that of high-performance concrete and
approximately six times greater in comparison with normal-
strength concrete.

¢ Ductile Behavior: CSFRC demonstrates highly ductile
behavior, regardless of the age at the time of loading. This
characteristic enhances its fatigue performance.

¢ Prediction of 28-Day Behavior: The behavior of
CSFRC loaded at 28 days can be accurately predicted using
a bi-linear diagram. This behavior can be divided into two
distinct phases: a predominantly linear behavior until the

the following

tensile strength is reached, followed by yielding once the
tensile strength is exceeded. While no global cracks are
present before reaching the tensile strength, a network of
micro-cracks (micro-nonlinearity) develops between the first
crack strength and tensile strength, contributing positively to
the fatigue performance of CSFRC.

e 70-Day Behavior: In contrast, CSFRC loaded at 70
days exhibits a tendency toward CSFRC hardening when the
stress is between the first crack strength and the tensile
strength. This behavior can be reliably predicted using a
stress-strain curve with four points, which is divided into
three distinct phases: a linear behavior until reaching the first
crack strength, CSFRC hardening indicating the opening of
global cracks between the first crack strength and tensile
strength, and yielding after reaching the tensile strength. The
global cracks that form enhance the fatigue performance of
CSFRC compared to the specimens loaded at 28 days.

* Prediction of Global Behavior: Relying on a single
strain gauge in the testing area to predict global (macro)
behavior is not feasible. Increasing the number of strain
gauges improves the accuracy of predictions for global
behavior. The global behavior predicted by averaging the
results from four strain gauges aligns closely with the global
results obtained from light-beam micrometers (LBM).

o Utilizationof LBMs: Employing two LBMs on opposite
sides of the specimens facilitates the prediction of where the
global crack will appear and the direction of its propagation.

e Hardening of the testing area: All three specimens
tested at 28 days broke within the testing area, while those
tested at 70 days broke outside the testing area. This
indicates that the ageing of CSFRC has a positive effect on
the hardening of the testing area and on the improvement of
its energy dissipation capacity.

o Limitations of the study and directions for future
research: This study investigared only the CSFRC with one
amount of carbon fibers. It did not look at what happens
when this material is reinforced with more carbon fibers.

Therefore, future research should shed light on how
effective the reinforcement of concrete with carbon fibers is
when the content of carbon fibers increases.
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