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Abstract: Carbon short-fiber-reinforced concrete (CSFRC) is a novel material obtained by adding and
mixing carbon fibers into fresh concrete. In this way, the concrete behavior is changed, and concrete
no longer undergoes brittle failure under tension. Specifically, when concrete is reinforced with short
carbon fibers, its tensile characteristics become similar to those of steel. For example, CSFRC exhibits
a distinct ductility, enabling the concrete to withstand substantial damage before failure. This results
in a higher energy dissipation capacity, which consequently also increases the tensile strength of the
concrete. Accordingly, the tensile strength of CSFRC is about 400% higher than that of plain concrete
and almost double that of UHPC. Because of the differences in mechanical performance compared to
conventional concrete, extensive experimental and theoretical research is needed to characterize the
behavior of CFRSC. Our main aim in this research is to investigate and describe the load bearing and
deformation behavior of CSFRC, as well as the related damage processes.

Keywords: carbon short-fiber-reinforced concrete (CSFRC); tensile strength; elasticity modulus;
shrinkage; ductility

1. Introduction

Concrete is the most commonly used building material, having been used for hundreds
of years; needless to say, it has been the subject of many research studies. From the very
beginning of its use, it was clear that concrete has high compressive strength and low tensile
strength. In order to address the weakness of concrete under tension, concrete started being
reinforced with steel bars (reinforcement) in the tensile zone. In this way, the concrete
tensile properties are improved, and this also enables the concrete to be used at high tensile
stresses. However, high tensile stresses cause cracking in concrete, which, in an aggressive
environment, can cause steel corrosion, thus endangering the durability of reinforced
concrete. Adding steel bars to concrete also increases the structure weight, especially for
structures requiring a significant amount of reinforcement, such as bridges. In this way,
a self-weight load, which decreases the bearing capacity of structures, is significant. To
avoid these shortcomings caused by adding steel bars to concrete, reinforcing concrete with
other materials (e.g., natural fibers [1]), instead of steel bars, has been considered. One such
material is carbon fibers.

There are many ways of using carbon fibers as a building material, and this is the
subject of numerous research studies. If the steel reinforcements were replaced with
carbon-fiber-reinforced polymer (CFRP) bars, then the weight of the reinforced concrete
structure would be significantly reduced, and the corrosion risk would be eliminated [2].
By reinforcing concrete in this way, a high strength-to-weight ratio would be achieved [3],
while the displacement would increase up to 1.86 times compared to that of the concrete
reinforced with steel bars, and the ductile performance would be 50% higher [4]. The
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bond between the CFRP bars and the concrete has a huge influence on the behavior of the
structure, which was researched in [2,5].

Carbon fiber laminate sheets present another way of implementing carbon fiber into
building materials [6–10]. The longitudinal carbon fiber sheets (CFSs) wrapped around the
bottom surface of the reinforced concrete beams act together with the bottom longitudinal
reinforcement to resist bending moments, consequently reducing the development of
strain on the bottom longitudinal reinforcement [6]. They also improve the torsional
capacity of beams [7] and increase the structural stiffness, strength, and energy dissipation
capacity of a beam–column joint [8,9]. Wrapping concrete cylinders with CFS also increases
their compressive axial strength [10]. The use of CFS is especially suitable for structure
rehabilitation and renovation.

The third application of carbon fibers in civil engineering is reinforcing concrete with
short carbon fibers, hereinafter called carbon short-fiber-reinforced concrete (CSFRC). The
efficiency of this type of concrete reinforcement depends on the angle between the carbon
fiber direction and the stress direction and percentage of carbon fibers in the concrete
mixture [11–13]. Fiber orientation can be directed as desired using a special technique.
Thus, for 1 vol% of carbon fibers in the cement paste aligned in the stress direction, there
is a 5.6-foldincrease in the strength of flexural cement paste compared with plain cement
paste, while for 3 vol% of carbon fibers aligned in the stress direction, the increase in
flexural cement paste strength is around 14.40-fold. In contrast to the flexural strength, the
compressive strength decreases around 1.17 times for 1 vol% of carbon fibers and 1.22 times
for 3 vol% of carbon fibers [11,14]. For 1 vol% of randomly dispersed carbon fibers, there
is around a 2.45-fold increase in strength for the flexural cement paste compared with
the plain cement paste [11]. In hardened concrete, the flexural concrete strength increase
is around 2.70- and 4.65-fold for the specimen with 1 vol% and 3 vol% of carbon fibers,
respectively, compared with unreinforced concrete. These two values correspond to the 0◦

alignment angle between the direction of fibers and stress. At an alignment angle of 30◦,
the flexural concrete strength increase is around 1.13-fold for 1 vol% and around 1.57-fold
for 3 vol% of carbon fibers compared with unreinforced concrete [13]. These results show
that the influence of carbon fibers on concrete strength decreases with increasing angular
deviation between the directions of fiber and stress. This influence can be considered
effective for angular deviations up to 20◦, while there are hardly any effects at 30◦, and
no effects can be seen at 40◦ [13]. In order to achieve a suitable alignment angle between
the directions of carbon fiber and stress, 3D concrete printing is the most efficient tool [15],
while an even distribution of carbon fibers in cement paste can be achieved using silica
fume (SF) [16]. However, it is necessary to be careful when applying SF because, besides
the positive influence on the concrete mechanical parameters (strength, elasticity modulus,
etc.), it can also have a negative influence, e.g., increasing concrete shrinkage [16–20].

Reinforcing cement paste or concrete with short carbon fibers causes changes in its
behavior, of which only some changes will be mentioned here. For example, shrinkage can
cause cracking of cement paste at an early age. However, adding carbon fibers to cement
paste reduces the shrinkage and prevents cracking at an early age [17,19–21]. The concrete
behavior changes as well. It is known that unreinforced concrete subjected to tensile load or
bending suddenly undergoes brittle failure without any prior notice. Unlike unreinforced
concrete, CSFRC shows pseudo-ductile behavior, so the concrete no longer experiences
brittle failure [13]. Between the time of appearance of the first crack and concrete failure, a
dense network of cracks will develop, which causes large energy dissipation. These changes
in concrete (appearance and connection of micro-cracks) during the loading process also
cause changes in its thermo-electrical features. Thus, there is high concrete electrical
conductivity before loading and appearance of the first crack that decreases during the
process of loading and damage. The electrical resistivity is inversely proportional to the
electrical conductivity, so it is lower at the beginning of the loading process and increases
during loading and damage of the structure. Based on this fact, it is possible to detect
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damage in the CSFRC over time in a nondestructive way. Because of its ability to be used
as a self-sensor, the CSFRC is also considered a smart concrete [22–30].

It is obvious from the previous brief description that CSFRC has very complex behav-
ior; hence, the main aim of this paper is to contribute to understanding its behavior. For
that purpose, 24 CSFRC specimens were tested under tension, whereby strain gauges and
digital image correlation (DIC) were used. The obtained results enabled the determination
of the constitutive stress–strain law and damage processes in the specimens. Specimens of
different ages were tested with short-term static tensile load. Unlike the articles from the
literature, where the tensile strength and other mechanical parameters were mostly tested
for specimens of only a single age (mostly 28 days), the ages of specimens in this work
were 9, 14, 21, 28, 35, 49, 70, and 91 days. In this way, it is possible to estimate the influence
of the specimens’ age on their behavior. Based on those results, the influence of concrete
shrinkage was investigated with the aim of highlighting its importance.

2. Materials and Methods
2.1. Raw Materials and Mixing Procedure

Carbon fibers were uniformly cut to a length of 3 mm, and their other properties
were as follows: diameter 7 µm, tensile strength 4137 MPa, modulus of elasticity 242 GPa,
and ultimate tensile strain of 1.5%. Before incorporation into the cement paste, they were
oxidatively heated for 2 h in an open furnace at 425 ◦C. Cement CEM 52.5 R type was
used as a binder achieve high early strength. Apart from cement, the concrete mixture
also contained quartz powder and quartz sand. A superplasticizer was added to decrease
the amount of water in the mixture, while a good dispersion of carbon in the mixture was
achieved by adding silica fume and the heat pretreatment of fibers. The proportion of each
component in the mixture, as a percentage of the concrete weight, is shown in Table 1.

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 SF500 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%)

Once all raw materials were available, it was necessary to mix them. The first step
was to place the cement, silica fume, quartz powder, and quartz sand into the mixer and
then mix them while in a dry state. After the dry components were well mixed, water and
superplasticizer were slowly added. The mixing process was continued until the bulbs
in the mixture were dissolved. Finally, carbon fibers were added, and two mixing cycles
lasting for around 1 min each were performed.

2.2. Printing Process and Curing Procedure

Once the mixing process was completed, the mixture was transported in plastic bags
to the 3D printer developed at Technical University of Munich (TUM) [31] for printing of
the specimens. More details about the 3D printing process can be found in [32,33]. The
specimens had the shape of a “dog bone”, the height of which was about 445 mm, the
thickness about 50 mm, the width and height at midspan about 50 mm, and the width on
both ends about 100 mm (Figure 1a). During the printing, the desired fiber alignment was
achieved by pushing concrete mixture through a nozzle of 4 mm diameter (Figure 1b). This
printing process ensured that the deviation in the angle between the directions of the fibers
and stress was mainly in the range of ±10◦ [13].
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load increase was 0.003 mm/s, and the load was increased until the specimen broke. 

Figure 1. Shape and dimensions (measurement unit is mm) of the specimens (a); printing process (b);
specimen surface with glued strain gauges (c); specimen surface prepared for DIC (d).

Once the printing process was completed, the specimens were placed in a formwork
and left in an area with 100% RH for 1 day in order to harden. The formwork was used
only to smooth the specimen sides for the installation of measuring equipment. Afterwards,
the specimens were cured under water for 6 days and finally in an area with controlled
conditions (RH 65 ± 5% and temperature 20 ± 2 ◦C) until testing.

2.3. Testing Procedure

Once the curing process was completed and the specimens reached the desired age
for testing, four strain gauges were glued onto them (Figure 1c) in the direction of tensile
load: two on the upper edge of the testing area and two on the bottom edge of the testing
area (Figure 1a,c). The surface opposite to the specimen was prepared for DIC (Figure 1d).
After the preparation of strain gauges and the DIC surface was complete, the specimen was
installed in the testing device. Finally, the specimen was ready for testing and subjected to a
short-term static tensile load. Tests were performed using the direct tensile strength testing
method with displacement-controlled tensile-loading. The velocity of the load increase was
0.003 mm/s, and the load was increased until the specimen broke.

A total of 24 specimens were tested at different ages (at the age of 9, 14, 21, 28, 35, 49,
70, and 91 days) such that three different specimens are tested for each age. The results
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for each specimen were analyzed such that, e.g., the final stress–strain diagram actually
showed the average value of all four gauges on the observed specimen. These tests lasted
from 160 up to 260 s, and two pictures were taken in one second for DIC. The pictures were
analyzed using GOM Correlate 2018 software.

3. Results
3.1. Tensile Strength, Stress Causing First Crack Appearance, and Ultimate Tensile Strain

The maximal tensile load caused specimen failure, and the ratio of this load to the
specimen area at the midspan is the CSFRC tensile strength. Table 2 provides the results for
all specimens.

Figure 2 is a graphical view of the results from Table 2.
Analyzing the results shown in Table 2 and Figure 2, it is clear that the tensile strength

at the age of 9 days is 90% of the tensile strength at the age of 28 days. In [34], the
tensile strength at the age of 9 days is 70–80% of the tensile strength at the age of 28 days,
depending on the concrete mixture content. This shows that carbon fibers accelerate the
development of tensile strength, and autogenous shrinkage in the young concrete does
not cause the formation of micro-cracks. As the tensile strength at the age of 21 days is
approximately 99% of the tensile strength at the age of 28 days, it can be concluded that the
CSFRC has already hardened at the age of 21 days, which enables it to be exploited at an
earlier timepoint than conventional concrete.

Table 2. Experimental results—tensile strength and elasticity modulus.

Specimen Age Specimen Name Tensile Strength [MPa] Average Tensile
Strength [MPa]

Elasticity
Modulus [GPa]

Average Elasticity
Modulus [GPa]

9
S55 13.57

13.44
34.75

34.91S64 13.33 35.50
S65 13.41 34.48

14
S39 13.42

13.73
38.60

36.50S45 13.57 35.30
S54 14.20 35.60

21
S41 14.66

14.73
36.45

37.17S47 14.48 36.45
S60 15.05 38.60

28
S37 14.64

14.92
32.60

34.55S44 15.01 35.00
S57 15.11 36.05

35
S46 14.47

15.06
36.20

36.95S48 15.03 37.70
S61 15.67 36.95

49
S50 14.30

14.84
37.95

36.40S52 14.70 35.30
S66 15.51 35.95

70
S53 15.75

15.39
37.20

37.18S56 14.72 38.20
S59 15.69 36.15

91
S58 15.68

15.24
35.00

38.23S62 14.77 37.70
S63 15.28 42.00
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The results provided in [35] for predicting the development of mechanical features
(elasticity modulus, compressive strength, etc.) in conventional concrete over a specific
time span show that fib Model Code 2010 [36] has lower derivation from the experimental
results than other standards. Hence, expressions from [36] are modified for the temporal
prediction of CSFRC tensile strength development.

The following equation is proposed for prediction of tensile strength development of
CSFRC over time based on the tensile strength at the age of 28 days:

fct(t) =
{

e0.025·[1−(28/t)1.40]
}
· fct(28). (1)

The following equation is proposed for the same prediction but at the age of 21 days:

fct(t) =
{

e0.035·[1−(21/t)1.50]
}
· fct(21). (2)

The parameters for Equations (1) and (2) are as follows:

fct(t)—tensile strength of CSFRC at the age (t);
fct(28)—tensile strength of CSFRC at the age of 28 days;
fct(21)—tensile strength of CSFRC at the age of 21 days.

The prediction results calculated using Equations (1) and (2) are shown in Figure 2
and clearly show good agreement with the experimental results. The disagreement in the
results for the ages of 14, 49, and 70 days is 4%, 1.8%, and 1.45% and can be ignored.

As the tensile strength is around 3 MPa [36] for specimens manufactured from normal
concrete and around 8 MPa [37] for those manufactured from ultra-high-performance
concrete (UHPC), it is evident that the tensile strength of CSFRC is about 400% higher than
that of normal concrete and about 88% higher than that of UHPC.

An important parameter in the analysis of CSFRC behavior is the stress at the time
of appearance of the first crack (nonlinearity), also referred to as the first crack strength.
Table 3 and Figure 3 show that this value increases with aging.
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Table 3. Experimental results—first crack strength and ultimate tensile strain.

Specimen Age Specimen Name First Crack
Strength [MPa]

Average First Crack
Strength [MPa] Ultimate Strain [‰] Average Ultimate

Strain [‰]

9
S55 7.00

7.57
3.56

3.46S64 8.19 3.00
S65 7.53 3.83

14
S39 9.75

7.20
1.17

1.47S45 5.85 1.50
S54 6.00 1.73

21
S41 8.40

7.90
2.80

2.65S47 7.80 2.25
S60 7.50 2.90

28
S37 8.30

8.87
3.42

2.42S44 9.20 2.28
S57 9.11 1.56

35
S46 8.70

10.22
1.88

2.79S48 10.30 3.02
S61 11.65 3.47

49
S50 10.25

10.77
1.50

1.90S52 11.90 1.50
S66 10.15 2.70

70
S53 10.10

10.55
2.20

1.84S56 11.35 1.57
S59 10.20 1.76

91
S58 11.56

11.03
2.70

2.00S62 11.18 2.45
S63 10.35 0.86
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Based on fib Model Code 2010 [36], modified equations are proposed for the prediction
of this stress.
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In doing so, Equation (3) aims to predict the stress development of CSFRC over time
based on the tensile strength at the age of 28 days:

σcr(t) =
{

e0.38·[1−(28/t)0.70]
}
·σcr(28), (3)

whereas Equation (4) intends to predict the stress development based on the tensile strength
at the age of 21 days:

σcr(t) =
{

e0.64·[1−(28/t)0.50]
}
·σcr(21), (4)

where
σcr(t) is stress causing crack formation at age (t).
In Figure 3, good agreement is observed between the experimental results and those

obtained through Equations (3) and (4). The highest disagreement (not considering the
age of 9 days) is about 10% at the age of 35 days. At the age of 9 days, the disagreement is
about 26%, but the material at this age is not yet ready for exploitation, so these equations
can be reliably used for prediction in the exploitation period.

To ensure the possibility of comprehensively defining the constitutive law of material
behavior, ultimate tensile strain is also an important parameter to consider. This strain is
present in CSFRC immediately prior to failure. Table 3 and Figure 4 show that the value of
this parameter decreases with aging. Reasons for this decrease will be explained later in
this paper.
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Based on the fib Model Code 2010 [36], modified equations are proposed for prediction
of this ultimate tensile strain.

In doing so, Equation (5) aims to predict the ultimate strain development of CSFRC
over time based on the ultimate tensile strain at the age of 28 days:

εul(t) =
β(t = 28)

β(t)
·εul(28), (5)



Appl. Sci. 2023, 13, 7081 9 of 20

whereas the intention of Equation (6) is to predict the ultimate strain development of
CSFRC over time based on the ultimate tensile strain at the age of 21 days:

εul(t) =
β(t = 21)

β(t)
·εul(21), (6)

where
β(t) is temporal coefficient calculated according to Equation (7):

β(t) = 1− e−0.25·t0.5
, (7)

and
εul(t) is ultimate tensile strain at the age ( t).
Good agreement is observed when comparing the experimental results with those

obtained through Equations (5) and (6) (Figure 4). The disagreement in the results is lower
than 2% at the ages of 9, 21, 28, and 91 days but about 16%, 15%, and 12% at the ages of
35, 49, and 70 days, respectively. The highest disagreement is at the age of 14 days, but
at this age the material is still too young for exploitation, so it can be concluded that the
proposed equations provide good agreement with the experimental results in the potential
exploitation period (after 21 days of age).

3.2. Elasticity Modulus

For each specimen, a stress–strain relation can be established for each of the four strain
gauges. Consequently, the elasticity modulus and the stress–strain ratio can be calculated.
The elasticity modulus is calculated in a linear region when the stress is between 10 and
45% of tensile strength. After the elasticity modulus has been calculated for each strain
gauge, the average value is calculated. This value represents the elasticity modulus of the
specimen, and the determined values are shown in Table 2 and presented in Figure 5.
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The results obtained in this work disagree with those in [38], which show that the elasticity
modulus of unreinforced concrete shows significant development in the first 5–10 days and
thereafter remains near-constant over time. Unlike the work in [38], the elasticity modulus is
observed here to increase by 6.5% between the 9th and 21st day. Hence, it can be said that the
carbon fibers contribute to increasing the elasticity modulus up to the 21st day of age.
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However, the carbon fibers also influence elasticity modulus development after
21 (or 28) days of age. The results presented in [39] show that for unreinforced concrete, not
having been cured for the whole time of its aging, the elasticity modulus will significantly
decrease after the 21st (or 28th) day. The results in this work show elasticity modulus either
insignificantly decreases after the 21st day (7%, 0.6%, and 2% for 28, 35, and 49 days of
age) or slightly increases (2.85% for 90 days of age). The elasticity modulus at the age of
70 days is equal to that at the age of 21 days. Thus, it can be said that carbon fibers prevent
degradation of the elasticity modulus caused by concrete drying (shrinkage) [39] after
21 days of age and allow it to remain almost constant over time.

The results for prediction of elasticity modulus development over time using fib Model
Code 2010 [36] are shown in Figure 5 and indicate that this code cannot be successfully
used to predict the development of CSFRC elasticity modulus over time. Thus, in this work,
two equations for such a prediction are proposed. One equation is for prediction of the
elasticity modulus of CSFRC at the age of 28 days, and the other at the age of 21 days. Both
equations are a modification of fib Model Code 2010 equation [36].

In doing so, Equation (8) aims to predict the elasticity modulus development of CSFRC
over time based on the elasticity modulus at the age of 28 days:

Ec(t) =
{

e0.0841·[1−(28/t)1.55]
}
·Ec(28), (8)

whereas Equation (9) intends to predict the elasticity modulus development of CSFRC over
time based on the elasticity modulus at the age of 21 days:

Ec(t) =
{

e0.0123·[1−(21/t)2.15]
}
·Ec(21), (9)

where
Ec(t) is elasticity modulus of CSFRC at the age of (t).
The prediction results calculated using Equations (8) and (9) are shown in Figure 5. It

is clear that there is good agreement between the experimental results and those obtained
through (8) and (9). The disagreement in results for Equation (9) at the ages of 28, 35,
49, 70, and 91 days is 7.6%, 1.4%, 3.1%, 1.1%, and 1.6%, respectively, and can be ignored.
Equation (8) underestimates elasticity modulus at the ages of 14 and 21 days (0.9% and
1.1%) while the differences are lower after other numbers of days, except 91, than for
Equation (9). At the age of 91 days, Equation (8) underestimates the elasticity modulus up
to 2.2%. According to the obtained results, both equations can be successfully used for the
prediction of CSFRC elasticity modulus development.

Temporal CSFRC elasticity modulus development can be expressed regarding its
tensile strength at the age of 21 days according to Equation (10):

Ec(t) =
{

e0.0123·[1−(21/t)2.15]
}
·[ fct(21)]1.344. (10)

3.3. Stress–Strain Curve

As was mentioned earlier in Section 2.3, the stress–strain curve of some specimens is
presented based on the average value of all four strain gauges. The results for all specimens,
classified by the age of specimens in the testing time, are provided in Figure 6a–h. In this
figure, the mathematical models (bi-linear diagram or/and four-point stress–strain curve)
for CSFRC behavior prediction are proposed, given the loading time, in addition to the
experimental results.
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The CSFRC load-bearing behavior can be divided into the three “life periods”:

1. The growing up period or “childhood”;
2. Maturity or “the best period of life”;
3. The “old age period”.

The 9- and 14-day-old specimens belong represent the first “life period”. Figures 2 and 6a,b
show that in this period, the CSFRC has not achieved the full tensile strength. As a consequence,
the corresponding specimens suffer significant strain (Figure 6a) and damage (Section 3.5), which
is especially obvious at the age of 9 days. These concrete specimens have lower strength, so new
cracks will open before the fibers rupture. Therefore, significant nonlinearity of CSFRC already
appears at about 55% of the CSFRC tensile strength at the age of 9 days (Figures 3 and 5a), which
causes elasticity modulus softening in this region. For that reason, the bi-linear model may
underestimate the damage in the region where the stress ranges from 55% to 100% of the CSFRC
tensile strength (Figures 2, 3 and 6a). Hence, to predict CSFRC behavior after 9 days of age, the
stress–strain model through four points is proposed together with the bi-linear model (Figure 6a).
Because of significant damage in the CSFRC, there is large energy dissipation, and hence the
introduction of a huge amount of external energy is required to break the specimen. This is
because the average ultimate tensile strain, as shown in Figure 6a, is about 3.5‰. At the age of
14 days, specimens have slightly higher concrete tensile strength, but the elasticity modulus also
increases. For this reason, a stronger connection between fibers and concrete is achieved, given
that there is only slight softening of the CSFRC elasticity modulus in the region between the
appearance of first micro-cracks (about 55% of CSFRC tensile strength—Figures 2 and 3) and
the CSFRC reaching sufficient tensile strength (Figure 6b). Sudden strain growth (red and blue
line in Figure 6b at stress of 10–12.5 MPa) indicates that full bonding between the concrete and
the fibers has not yet been achieved through the entire specimen. Since there is only slight
softening of the elasticity modulus, a bi-linear diagram is proposed (Figure 6b) for behavior
prediction. As these specimens are less damaged, they dissipate lower amounts of energy,
so their average ultimate tensile strain is around 1.5 ‰. Concrete shrinkage also contributes
to differences in behavior between specimens at the ages of 9 and 14 days, but since there
are two different parallel processes in this life span in addition to aging and shrinkage
development, it is impossible to define their particular influence on specific details without
further comprehensive research.

The second period—“the best period of life” or maturity—comprises specimens tested
at the ages of 21, 28, 35, and 49 days (Figure 6c–f). The latter is actually in a state of
transition from period two to three. From all 12 specimens in this period, it is obvious that
the CSFRC elasticity modulus softening in the region of micro-nonlinearity (stress between
60% and 100% of the CSFRC tensile strength) can be ignored, so the bi-linear diagrams are
proposed as behavior prediction models (Figure 6c–f).

The average ultimate strains of specimens 21, 28, and 35 days old are 2.65‰, 2.45 ‰, and
2.8‰, while specimens tested at the age of 49 days have an average ultimate strain of 1.90‰
(Figure 6c–f). This decrease in average ultimate tensile strain of 49-day-old specimens is a
consequence of concrete shrinkage. Namely, the concrete shrinkage on the 21st day is about
76% of the concrete shrinkage on the 91st day, while on the 49th day the concrete shrinkage is
about 88% of the concrete shrinkage on the 91st day [40]. This difference in the magnitude
of concrete shrinkage causes differences in the average ultimate strains, and the influence of
concrete shrinkage on the CSFRC behavior will be briefly presented in Section 3.4.

Figure 6g,h show CSFRC behavior in period three—the “old age period”. We can
see from Figure 6g,h that average ultimate tensile strain is similar to that in 49-day-old
specimens. Thus, specimens tested at the age of 70 days have an average ultimate tensile
strain of 1.85‰, while the average ultimate strain of 91-day-old specimens is 2.0‰. Unlike
the specimens tested at the age of 49 days, the specimens tested at the ages of 70 and
91 days show a tendency of softening CSFRC elasticity modulus in the region of micro-
nonlinearity—when tensile stresses are between 70 and 100% of CSFRC tensile strength
(Figure 6g,h). It is possible that the bi-linear material models underestimate CSFRC damage
in this region, so four-point stress–strain models are also proposed (Figure 6g,h). It is also
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obvious that the damage in this region is more significant for the specimens tested at the
age of 91 days than those tested at the age of 70 days, which results in a higher capacity for
energy dissipation and, thereby, higher average ultimate tensile strain. This is caused by
concrete shrinkage and will be explained in Section 3.4.

Nonetheless, it is clear that CSFRC, unlike unreinforced concrete, has highly ductile
behavior, which diminishes over time because of concrete shrinkage.

3.4. Concrete Shrinkage Influence on the CSFRC Behavior

Concrete shrinkage evidently influences CSFRC behavior and hence this influence,
which is in fact the influence of carbon fiber reinforcement on concrete shrinkage, will
be briefly explained. For this purpose, the similarities with classical reinforced concrete
structures are considered [41–43].

Concrete without reinforcement is shortened due to shrinkage—εsh (Figure 7a)—without
causing any stress in concrete members. Since these shrinkage strains do not cause any stress in
concrete members, they are not strictly a strain in the classical sense and do not combine with
strains resulting from other influences (e.g., external load) causing internal stress in concrete
members and, hence, their degradation. For CSFRC, the fibers suppress the development
of concrete shrinkage, and the CSFRC elements are shortened as much as the fibers allow.
This shortening presents an achieved concrete shrinkage strain, εsh,a, while, by comparing
it to concrete shrinkage strain viewed in Figure 7a, one part of concrete shrinkage strain
remains suppressed, and this strain is called the prevented concrete shrinkage strain, εsh,p
(Figure 7b). The achieved concrete strain, εsh,a, is a compressive strain, and it causes the
appearance of compressive forces in carbon fibers, which are transferred to concrete as

tensile forces,
→
T (Figure 7b). These tensile forces,

→
T , cause tensile stresses in concrete

members and consequent tensile strain equal to the prevented concrete shrinkage strain,
εsh,p. Hence, the prevented concrete shrinkage strain, εsh,p, presents strain having the same
character as strains from other influences, e.g., from external load, and contributes to the
total concrete strain (Figure 7c). The higher the prevented concrete shrinkage strain, εsh,p,
the lower the contribution of the strains from other sources, e.g., external load, to the total
concrete strain (Figure 7c).
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(b); total strain in a CSFRC element (c).

Similarly to the autogenous shrinkage strain of unreinforced concrete, εsh, the prevented
concrete shrinkage strain of CSFRC, εsh,p, also increases over time. This fact can be used to
explain the behavior of the specimens tested in the “life periods” 2 and 3 (Figure 6c–h). For
example, the shrinkage strain of the unreinforced concrete at the ages of 21, 28, 35, 49, and
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70 days is 76%, 81%, 85%, 88%, and 95%, respectively, of the concrete shrinkage at the age
of 91 days [40]. This increase in shrinkage strain in the unreinforced concrete, εsh (Figure 7a),
is followed by an increase in the prevented shrinkage strain in the CSFRC, εsh,p (Figure 7b),
and its contribution to the total concrete strain will thereby increase over time while, on the
other hand, the contribution of the strain caused by external load will decrease (Figure 7c).
This explains why the average ultimate strain is lower at the ages of 70 and 91 days than at
the ages of 21, 28, and 35 days and how concrete shrinkage decreases the average ultimate
CSFRC strain.

If this prevented shrinkage strain, εsh,p, is sufficiently large, then it can cause the appear-
ance of micro-cracks in the hardened CSFRC (“life periods” 2 and 3) before its loading. These
micro-cracks caused by εsh,p will dissipate one part of energy introduced in CSFRC by the
external load before the appearance of micro-cracks caused by the external load. This fact
contributes to the increase in tensile strength (Figure 2) and stress that results in appearance of
the first micro-crack (caused by external load—Figure 3) in “life periods” 2 and 3.

3.5. Digital Image Correlation (DIC)

DIC data for two different levels of stress in the specimens are presented below. In
Figure 8a–h, the presented results correspond with a stress level of 5 MPa (linear behavior),
and the red color is the highest presented strain of 0.3‰, while blue color is the state
without any strain (0.00‰). The strain state immediately before failure of specimens is
provided in Figure 9a–h, in which the red color is the highest presented strain of 2.0‰,
while the blue color, like in Figure 8, is the state without any strain (0.00‰).
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By observing specimens from “life periods” 2 and 3, Figure 8c–h show that the older
the specimen, the higher the strain. Thus, the later the specimen is loaded, the more
significant the state of observed strain. This is caused by the influence of concrete shrinkage
on CSFRC behavior as explained in Section 3.4. Namely, the later the specimen is tested,
the higher the prevented concrete shrinkage strain, εsh,p. εsh,p represents the beginning,
or zero strain state, of the specimen immediately before it is loaded during testing. Since
εsh,p is higher in the specimens tested at the later age (“life period” 3—Figure 8g,h) than
in those tested at the earlier age (“life period” 2—Figure 8c–f) they will experience faster
strain development for the same magnitude of external load.

Figure 8a,b show the strain development of the specimens from “life period” 1. How-
ever, these results cannot be compared with those from “life periods” 2 and 3 (Figure 8c–h),
because in “life period” 1 there are two different processes taking place, namely hardening
and shrinkage. Since the concrete is still “soft” in this “life period”, the state of strain is more
pronounced than it would be in “life periods” 2 for the same load level (Figure 8a–c). The
specimen is slightly “softer” at 9 days old (Figure 8a) than at 14 days of age (Figure 8b). This
fact causes the strain state to be slightly more pronounced in Figure 8a than in Figure 8b.

By looking at Figure 9a–h, we can see, similarly to the previous analysis, the existence
of the three “life periods”. The CSFRC specimens in “life period” 1 (Figure 9a,b) are the
most damaged, because they have not yet reached full tensile strength, and the concrete
tensile strength in this area is also relatively low. This is especially visible in Figure 9a,
where due to the low concrete tensile strength, the CSFRC damage is so significant that the
carbon fiber bearing capacity is fully utilized. Due to such significant CSFRC damage, the
energy dissipation capacity is huge, and this significantly contributes to the high-ductile
behavior observed in Figure 6a. At the age of 14 days (Figure 9b), the CSFRC and concrete
tensile strength are slightly higher such that the concrete contributes more to the bearing
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capacity of the specimen, resulting in slightly lower utilization of the carbon fiber bearing
capacity. The lower degree of damage degree also means lower ductility (Figure 6b).

In “life period” 1, the CSFRC hardening process is completed, so in “life periods” 2
and 3, it is possible to estimate the influence of concrete shrinkage, and the actual prevented
concrete shrinkage strain, on the nonlinear ductile behavior of the specimens as well as
on their failure. It can be observed that the specimens at 21, 28, 35, and 49 days of age
(Figure 9c–f) are more damaged than specimens at the age of 70 and 91 days (Figure 9g,h).
It was earlier determined that the specimen at the age of 49 days is in a state of transition
from period 2 to period 3, so it can have features of both “life periods”; for this reason,
it will be excluded from further comparisons of these two periods. The specimens from
“life period” 2 are more damaged, so they have the higher average ultimate tensile strain
(Figure 6c–e), higher energy dissipation capacity, and hence higher ductility than specimens
from “life period” 3 (Figure 6g,h). The previously explained concrete shrinkage influence
on the CSFRC behavior can be used to explain these behavior differences. Namely, if the
prevented shrinkage strain of CSFRC, εsh,p, is high (or too high), then it can cause cracking
to appear more quickly after loading (or it can cause the appearance of micro-cracks before
loading). It has already been concluded that the earlier the specimens are loaded, the lower
the prevented shrinkage strain, εsh,p. In accordance with that, it is possible that prevented
shrinkage strain, εsh,p, can cause micro-cracks in the specimen before loading, and since
these cracks occur before the testing time and the time of taking DIC pictures, these cracks
will not be observed during the testing process. On this basis, it can be concluded that the
concrete shrinkage, which is actually the prevented shrinkage strain of CSFRC, decreases
the damage capacity of the specimens and, consequently, their energy dissipation capacity
and ductility. From Figure 9c–e, there are not (many) obvious micro-cracks in the specimens
before testing, so most of the cracks were recorded by DIC, and hence the specimens show
a high level of damage and ductile behavior (Figure 6c–e). Unlike the specimens of 21, 28,
and 35 days, the specimens tested at the age of 70 and 91 days (Figure 9g,h) experienced
cracking as a consequence of prevented shrinkage strain, εsh,p, before testing, so these
cracks were not recorded by DIC and, as a result, these specimens show a lower degree
of damage (Figure 9g,h), which in turn results in lower energy dissipation capacity and,
consequently, slightly lower ductility (Figure 6g,h).

4. Conclusions

Based on the previously described analysis and results, the CSFRC “lifespan” can be
divided into three periods: childhood (1), the best life period (2), and the old age period (3).
In the first life period, the tensile strength of CSFRC is much higher than that of normal
concrete at the age of 28 days and almost twice that of UHPC, which enables significantly
earlier utilization. However, it is important to consider that CSFRC in this life period is
prone to significant damage, and its serviceability may be endangered. The second life
period begins at the age of 21 days and lasts for around 30 days. In this period, CSFRC
presents the best features and has significantly high ductile behavior. Upon further aging,
CSFRC passes from the second to third life period, and this leads to the loss of some
features, such as a decrease in the ductility.

1. The hardening process is faster for CSFRC than normal concrete or UHPC, and CSFRC
reaches full tensile strength at the age of 21 days.

2. Reinforcing concrete with carbon fibers contributes to the increase in elasticity modu-
lus and prolongs the time of its development up to 21 days of age. Carbon fibers also
prevent subsequent degradation of the elasticity modulus, e.g., between the 21st and
91st day of age.

3. The temporal development of CSFRC tensile strength, first crack strength, ultimate
tensile strain, and elasticity modulus can be well estimated using the modified fib
Model Code 2010 equations proposed in this work.

4. The tensile behavior of CSFRC significantly differs from that of unreinforced concrete,
showing similarities with steel behavior. Hence, it can be estimated using a bi-linear
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diagram through three points, especially in the second life period. However, in the first
and third life periods, the bi-linear diagram through three points can underestimate
damage in the CSFRC in the region between the stress level of the first nonlinearities
and achieving the full tensile strength of CSFRC; hence, in these life periods, the
four-point stress–strain curve is proposed as a material model.

5. Concrete shrinkage has a significant influence on the CSFRC behavior over time, de-
creasing the ductility and energy dissipation capacity. In the linear region, it causes faster
strain development, while in the nonlinear region, it reduces the damage capacity.

6. Concrete shrinkage can also have a positive influence on CSFRC behavior, contributing
to increased tensile strength and first crack strength in “life periods” 2 and 3.
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