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Abstract: In order to enhance the practical application of carbon-fiber-reinforced concrete (CFRC)
in engineering, it is necessary to study the damage mechanism of CFRC. Experimental research
on the mechanical properties of CFRC under multiple strain rates was conducted. Five different
fiber contents were analyzed to study the compressive strength and tensile strength of CFRC, and
the damage characteristics of CFRC under multiple strain rates were analyzed based on failure
modes and energy changes. An energy-based damage constitutive model was established. The
results showed the following: (1) When the carbon fiber content was 0.4%, CFRC had the best
comprehensive performance, with a 15.02% increase in compressive strength and a 51.12% increase
in tensile strength. With the increase in strain rate, the compressive strength of the concrete increased.
(2) Under high strain rates, carbon fiber significantly enhanced the compressive strength of the
concrete, and the input energy, elastic strain energy, and dissipated energy increased. The peak value
of the elastic strain energy conversion rate increased, and the minimum value of the dissipated energy
conversion rate decreased. (3) Under the same strain rate, the CFRC had a larger inflection point of
dissipated energy corresponding to the strain compared to the reference group of concrete during the
loading process. A constitutive model for CFRC was established based on damage mechanics and
probability statistics. The research results will provide theoretical references for the application of
carbon-fiber-reinforced concrete.

Keywords: concrete; carbon fiber; damaged model; energy; mechanical properties; strain rate

1. Introduction

Building materials are one of the key factors affecting the performance of building
structures [1]. Concrete is a porous brittle material commonly used in civil engineering [2].
Its failure characteristics include quasibrittle failure; that is, once failure occurs, the load-
bearing capacity is almost completely lost [3]. To ensure the safety and durability of
the project, modified concrete [4] was developed. Incorporating fibers into concrete for
modification can play a role in reinforcement, crack resistance, and impermeability [5–8].
Among them, carbon fiber has attracted great attention due to its excellent properties such
as its high specific modulus and high specific strength [9].

Existing studies have shown that carbon fibers can significantly improve the mechan-
ical properties and durability of concrete materials [10–13]. Studies by Kizilkanat [14]
have shown that the overall performance of CFRC is best when the carbon fiber content
is 0.5%. To improve the frost resistance of concrete, Kan et al. [15] added carbon fibers to
the concrete. The results show that the addition of carbon fibers in concrete can reduce
the mass loss of concrete in freeze–thaw experiments. These studies have shown that the
research content of CFRC has engineering significance. However, most of these studies
only focused on the effect of carbon fiber content on the static loading properties of CFRC.
We need to further explore the damage mechanism of CFRC. Deng et al. [16] studied the
mechanical properties of carbon-fiber-reinforced coral aggregate concrete and proposed
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that the damage model can effectively reflect the stress–strain relationship of FRCAC.
However, the damage to concrete specimens is closely related to energy dissipation, and
the constitutive model parameters do not involve energy. The energy method is com-
monly used to represent the damage and failure characteristics of concrete materials when
studying the properties of concrete materials under dynamic loads [17–19]. Based on the
principle of energy dissipation, Li et al. [20] established the relationship between the energy
consumption density and the fractal dimension of concrete under dynamic loading and
revealed the characteristics of the microdamage and macrofracture of concrete and the law
of energy dissipation. Therefore, we can try to use energy methods to study the damage
mechanism of CFRC under static load.

To sum up, there has been a lot of research on concrete materials, but most of it focuses
on the mechanical properties of concrete materials, and there are fewer studies based on the
energy characteristics and damage constitutive models of carbon-fiber-reinforced concrete.
In order to make carbon-fiber-reinforced concrete widely used in practical engineering, it
is necessary to study the damage mechanism of carbon-fiber-reinforced concrete. CFRC
with five kinds of fiber content (0%, 0.2%, 0.4%, 0.6%, and 0.8%) was prepared in this paper.
The uniaxial compression test of CFRC under a multistrain rate was carried out to study
the influence of different carbon fiber contents and different strain rates on the mechanical
properties of CFRC. Based on the principle of energy conversion, combined with the failure
mode of CFRC, the failure characteristics of CFRC under a multistrain rate are analyzed.
Based on the principle of energy conversion, the damage model of carbon fiber concrete is
proposed. The specific study process of this paper is shown in Figure 1.
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2. Test Materials and Methods
2.1. Materials

The cement used is ordinary Portland cement of grade P.O. 42.5. The density of the
cement is 2900 kg·m−3. The carbon fiber is straight. The main performance parameters are
listed in Table 1. The sand used in the test is ordinary Huaihe River sand with a silicon
content of 97.89%, an apparent density of 2510 kg·m−3, and a fineness modulus of 2.67.
The apparent density of the coarse aggregate is 2609 kg·m−3, the particle size is 5~31.5 mm
continuously graded gravel, the bulk density is 1575 kg·m−3, and the mud content is 1.1%.
Water is normal tap water. The water-reducing agent is a PCA-I type superplasticizer, and
the water reduction rate is 30%.

Table 1. Key performance parameters of carbon fiber.

Density
/(kg·m−3)

Tensile
Strength/MPa

Length
/mm

Carbon
Content/%

Diameter
/µm

Tensile
Modulus/GPa

1800 3450 3 95 7 230
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2.2. Experimental Design

In this experiment, there are five groups with different mixing ratios, where the carbon
fiber content is 0, 0.2%, 0.4%, 0.6%, and 0.8%, marked as C0, C0.2, C0.4, C0.6, and C0.8
respectively. Specific mixing ratios are listed in Table 2.

Table 2. Mixing ratio of carbon fiber concrete specimens (kg·m−3).

Specimens Cement Fine
Aggregate

Coarse
Aggregate Water Carbon Fiber

C0 361 650 1360 145 0
C0.2 361 650 1360 145 3.6
C0.4 361 650 1360 145 7.2
C0.6 361 650 1360 145 10.8
C0.8 361 650 1360 145 14.4

Nine 100 mm × 100 mm × 100 mm cube specimens were prepared for the cube
compressive strength test of each group, and three 100 mm × 100 mm × 100 mm cube
specimens were prepared for the tensile strength test of each group.

In this study, a WAW-1000 electrohydraulic servo universal testing machine was used,
and the main parameters are shown in Table 3. The experimental process was operated
according to the requirements of GB/T 50081-2002 [21]. First, the uniaxial strength test of
the cube specimen was carried out, and the test results were analyzed to determine the
optimal carbon fiber content. Then, the optimal content group and the reference group
were subjected to compressive strength tests at different strain rates (10−4s−1, 5 × 10−4s−1,
and 10−3s−1).

Table 3. Main technical parameters of electrohydraulic servo uniaxial testing machine.

Subject Parameter

Maximum axial test force 3000 kN
Test force accuracy ±1%

Displacement range 100 mm
Displacement accuracy ±2%

Displacement equal velocity control 0.5~50 mm/min
Power supply 4 kW/AC380V/50 Hz

2.3. Specimen Making

Add cement, gravel, and sand to the blender in turn and stir for 3 min. Then, add a
small amount of fiber to the blender many times, stir the fiber completely, and then stir
the superplasticizer and water evenly into the blender for 4 min. After that, it is placed
in a 100 mm × 100 mm × 100 mm cube mold with prelubricated oil. Finally, put it on the
shaking table to vibrate the compaction molding. The molded concrete specimen was
covered with plastic film for 24 h, and then the specimen was taken out for standard curing
for 28 days.

2.4. Energy Calculation Method

Essentially, the failure process of materials is an energy-driven state instability phe-
nomenon [22]. Therefore, it is of great importance to study the energy evolution of the
uniaxial compressive failure of carbon fiber concrete to investigate the failure mechanism of
carbon fiber concrete. According to the first law of thermodynamics, the energy conversion
of carbon-fiber-reinforced concrete under uniaxial compression [23,24] can be expressed
as follows:

U = Ue + Ud (1)

where U is the total strain energy input per unit of working volume; Ue is the releasable elas-
tic strain energy stored in the unit volume; and Ud is the energy dissipated per unit volume.
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Figure 2 shows the relationship between Ue, Ud, and Eu in the stress failure process of
CFRC specimens. The calculation of each energy can be expressed as follows:

U =
∫ ε

0
σdε (2)

Ue =
1
2

σεe =
1

2Eu
σ2 (3)

Ud = U − Ue (4)

where ε is the strain value of the specimen at a certain time; σ is the stress value of
the specimen at a certain time, and the unit is MPa; and Eu is the elastic modulus of
the specimen.
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3. Compressive Test Results with Different CF Contents
3.1. Uniaxial Compressive Strength, Splitting Tensile Strength

The test results of concrete strength with different carbon fiber content are shown in
Table 4. Compared to the plain concrete, the compressive strength remains on an upward
trend with a carbon fiber content of 0–0.4%, but the increase is small. After that, with the
increase in the carbon fiber content, the compressive strength began to decrease and was
lower than the strength of the plain concrete, and the rate of decline was higher. At a carbon
fiber content of 0.2%, 0.4%, 0.6%, and 0.8%, the compressive strength of the specimen is
4.93%, 15.02%, −15.02%, and −23.74% higher than that of the reference, respectively. The
split tensile strength initially increases and then decreases with increasing carbon fiber
content, and the overall tensile strength is higher than that of the reference group. At a
carbon fiber content of 0.2%, 0.4%, 0.6%, and 0.8%, the tensile strength of the specimen is
41.32%, 51.12%, 46.26%, and 25.42% higher than that of the concrete of the reference group,
respectively. This is because, with the appropriate amount of carbon fibers, the carbon
fibers can be fully stirred and evenly distributed, creating a staggered network of fibers
within the specimen, which acts as a bridge and stress transfer, preventing the aggregate
from sinking into the specimen. The carbon fiber has excellent tensile properties. If the
carbon fiber content is too high, agglomeration is easy to occur due to the poor distribution
of carbon fibers, resulting in the deterioration of concrete workability and negative effects
on the mechanical properties of concrete.

Table 4. Uniaxial compressive strength and splitting tensile strength of concrete specimens.

Specimens C0 C0.2 C0.4 C0.6 C0.8

Compressive
strength/MPa 43.456 45.6 49.982 36.928 33.14

Tensile strength/MPa 4.349 6.146 6.572 6.361 5.454
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3.2. Stress–Strain Relationship

The stress–strain curve of concrete with different carbon fiber contents is shown in
Figure 3. The failure process of concrete with different carbon fiber contents went through
the compaction phase, the elastic deformation phase, the plastic deformation phase, and
the failure phase. At the initial stage of loading, the internal pores of the specimen are
compacted, and the stress–strain curves of the concrete specimen with different carbon
fiber contents are concave. As the stress increases, the specimen enters the stage of elastic
deformation, and the stress–strain curve is approximately linear. Under sustained loading,
the specimen begins to show plastic deformation and enters the plastic deformation stage.
As the load increases, the load reaches the maximum load capacity of the specimen. At the
failure stage, the specimen begins to fail and the load capacity decreases.
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Figure 3. Stress–strain curves of concrete with different carbon fiber content.

Based on the above study, the compressive strength of CFRC ( f ) is as follows:
f0.4 > f0.2 > f0 > f0.6 > f0.8; the tensile strength (Rm) is expressed as Rm0.4 > Rm0.6 >
Rm0.2 > Rm0.8 > Rm0 , and the peak strain (ε) is expressed as ε0.8 > ε0.4 > ε0.6 > ε0.2 > ε0.

3.3. Normal Strain Rate Failure Mode

Figure 4 shows the ultimate failure mode of the concrete specimens with different
carbon fiber contents in compression tests. The failure of the reference concrete is brittle
failure, the failure is more thorough, and the final failure mode is an hourglass type. As
the fiber content increases, during the compression process, the surface spalling of the
specimen becomes less. After loading, the integrity of the concrete specimen becomes
higher and the overall failure mode is “cracks but not scattered”, which is different from
the large-scale complete spalling of the specimen after the loss of the bearing capacity.
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Figure 4. Failure modes of cube test blocks made of reference group concrete and carbon fiber
concrete in compression tests.

Figure 5 shows the final failure mode of the tensile splitting test on the concrete speci-
mens with different carbon fiber contents. The fracture surface of the concrete specimen
of the reference group is complete under the splitting action, and the fracture surface is
mainly of I type, which is close to the ideal splitting model of concrete [25]. When the
fiber volume fraction is low, the fracture surface is dominated by two cracks (main cracks
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and branch cracks), and the integrity of the fracture surface is not as good as that of the
reference group concrete. When the fiber volume fraction is high, three obvious cracks
appear on the fracture surface of the specimen, and the integrity of the fracture surface
is poor.

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 6 of 15 
 

 

Figure 4. Failure modes of cube test blocks made of reference group concrete and carbon fiber con-
crete in compression tests. 

Figure 5 shows the final failure mode of the tensile splitting test on the concrete spec-
imens with different carbon fiber contents. The fracture surface of the concrete specimen 
of the reference group is complete under the splitting action, and the fracture surface is 
mainly of I type, which is close to the ideal splitting model of concrete [25]. When the fiber 
volume fraction is low, the fracture surface is dominated by two cracks (main cracks and 
branch cracks), and the integrity of the fracture surface is not as good as that of the refer-
ence group concrete. When the fiber volume fraction is high, three obvious cracks appear 
on the fracture surface of the specimen, and the integrity of the fracture surface is poor. 

   
(a) 𝜔௖ = 0% (b) 𝜔௖ ≤ 0.5% (c) 𝜔௖ > 0.5% 

Figure 5. Failure patterns of cube test blocks made of reference group concrete and carbon fiber 
concrete in the split tensile test. 

3.4. Energy Characteristics at Peak Load 
The variation trend of the energy properties of the concrete specimens with different 

carbon fiber contents at peak stress is shown in Figure 6. The change trend of the input 
energy, elastic strain energy, and dissipation energy of the concrete specimens with dif-
ferent carbon fiber contents at peak stress is basically the same. When the carbon fiber 
content is less than or equal to 0.4%, the input energy and elastic strain energy of the car-
bon fiber concrete specimen at peak stress increase with an increase in the carbon fiber 
content. When the carbon fiber content is more than 0.4%, the input energy and elastic 
strain energy of the carbon fiber concrete specimen at the peak stress decrease with in-
creasing carbon fiber content. 

When the carbon fiber content is 0.4%, the input energy and elastic strain energy peak 
at the peak stress. The dissipated energy initially increases and then decreases as the car-
bon fiber content increases, and the dissipated energy at the peak voltage peaks when the 
carbon fiber content is 0.2%. 

 
Figure 6. Energy properties of soil specimens at peak strain with different carbon fiber contents. 

The compressive strength, peak strain, tensile strength, input energy, elastic strain 
energy, and dissipation energy at the peak strain of the concrete specimens with different 

Figure 5. Failure patterns of cube test blocks made of reference group concrete and carbon fiber
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3.4. Energy Characteristics at Peak Load

The variation trend of the energy properties of the concrete specimens with different
carbon fiber contents at peak stress is shown in Figure 6. The change trend of the input
energy, elastic strain energy, and dissipation energy of the concrete specimens with different
carbon fiber contents at peak stress is basically the same. When the carbon fiber content
is less than or equal to 0.4%, the input energy and elastic strain energy of the carbon fiber
concrete specimen at peak stress increase with an increase in the carbon fiber content.
When the carbon fiber content is more than 0.4%, the input energy and elastic strain energy
of the carbon fiber concrete specimen at the peak stress decrease with increasing carbon
fiber content.
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When the carbon fiber content is 0.4%, the input energy and elastic strain energy
peak at the peak stress. The dissipated energy initially increases and then decreases as the
carbon fiber content increases, and the dissipated energy at the peak voltage peaks when
the carbon fiber content is 0.2%.

The compressive strength, peak strain, tensile strength, input energy, elastic strain
energy, and dissipation energy at the peak strain of the concrete specimens with different
carbon fiber contents were compared. The overall performance of the carbon fiber concrete
was best at a carbon fiber content of 0.4%.

4. Compressive Test Results at Multiple Strain Rates

Uniaxial compression tests were carried out on the concrete of the reference group
and concrete with 0.4% carbon fiber at different strain rates.
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4.1. Uniaxial Compressive Strength

Figure 7 is the compressive strength histogram of the reference group concrete and
0.4% CFRC at different strain rates. At a strain rate of 10−4s−1, 5 × 10−4s−1, and 10−3s−1,
the compressive strength of the 0.4% CFRC increases by 10.01%, 15.02%, and 18.27%,
respectively, compared to the reference group concrete.
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The compressive strength of the concrete specimens of the reference group and the
0.4% CFRC specimens increases with an increasing strain rate. With the increase in the
strain rate, the compressive strength of the concrete in the reference group increased by
2.29% and 12.41%. The compressive strength of the 0.4% CFRC specimens increased by
6.95% and 20.85%. This is because the greater the strain rate, the shorter the time required
to respond to the stretch and the greater the stress required for the stretch to occur. At the
same strain rate, the compressive strength of the reference group concrete is lower than that
of the 0.4% carbon fiber concrete, and at a high strain rate, carbon fiber can significantly
improve the compressive strength of concrete.

4.2. Multi-Strain Rate Failure Modes

Figure 8 shows the failure modes of the concrete specimens at different strain rates.
As the strain rate increases, the brittleness of the specimen increases and the integrity of
the failure mode deteriorates. At a low strain rate, there are only cracks on the surface of
the specimen, no obvious deposits and spalling, and the cracks are shallow. Under the high
strain rate, when the specimen is destroyed, it is accompanied by a bursting sound, the
surface of the specimen peels off obviously, and the surface crack deepens.
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This is due to the fact that under higher strain rate conditions, the applied energy
is absorbed by the initial cracks on the specimen surface and there is more form. These
microcracks cause the specimen to break down into smaller fragments, which is different
from the damage morphology of the quasistatic state. The compression testing of specimens
under high strain rate conditions is characterized by impact damage to some extent [26].



J. Compos. Sci. 2024, 8, 71 8 of 15

4.3. Energy Development Laws and Transformation Properties

Figure 9 shows the energy development of concrete from the plain concrete and 0.4%
CFRC at different strain rates (10−4s−1, 5 × 10−4s−1, and 10−3s−1). With the increase in the
loading stress, the total energy, elastic strain energy, and dissipation energy of the CFRC
and reference concrete are on the rise. When the stress increases to the peak stress, the total
energy, elastic strain energy, and dissipation energy of the CFRC increase by 18.28%, 18.52%,
and 17.70%, respectively, compared with the reference concrete at a 10−4s−1 strain rate. At
the strain rate of 5 × 10−4s−1, the total energy, elastic strain energy, and dissipated energy
of the CFRC increased by 19.73%, 23.04%, and 12.01%, respectively. At the 10−3s−1 strain
rate, the total energy, elastic strain energy, and dissipation energy of the CFRC increased by
7.44%, 45.82%, and −43.32%, respectively. It can be found that the dissipation energy of the
CFRC decreases at the 10−3s−1 strain rate, but it can be clearly seen from Figure 9 that the
corresponding peak strain increases compared with the reference concrete, which indicates
that the effect of the fiber on improving the toughness of the concrete matrix is weakened
at this strain rate.
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The destruction of the concrete specimens can be divided into four stages: the com-
paction stage (I), elastic deformation stage (II), plastic deformation stage (III), and de-
struction stage (IV). To express the energy conversion relationship intuitively, the energy
conversion rate of elastic strain α = Ue/U and the energy conversion rate of dissipa-
tion β = Ud/U are introduced. Using the example of the 0.4% CFRC at a strain rate of
5 × 10−4s−1, the relationship between the stress–strain curve and the energy conversion
rate is shown in Figure 10. Figure 11a–c shows the strain rate of 10−4s−1, 5 × 10−4s−1, and
10−3s−1; the reference group concrete; and a comparison table of the energy conversion
rates of the concrete specimens with the 0.4% carbon fiber concrete.
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(1) Compression stage (I). Due to the presence of pores and microcracks in the carbon
fiber concrete specimen, at this stage, the energy absorbed from the outside of the
concrete specimen is essentially used to close the internal pores and microcracks of
the specimen, and there is almost no input energy at this time that the elastic strain
energy is converted. It can be seen from Figure 10 that the conversion rate of the elastic
deformation energy gradually increases and the conversion rate of the dissipation
energy gradually decreases during the densification phase.

(2) Elastic deformation stage (II). When the elastic deformation energy conversion-rate
curve intersects with the dissipation energy conversion-rate curve for the first time,
i.e., α = β, the specimen enters the phase of elastic deformation. At this stage, the
concrete specimen can be regarded as an ideal linear elastic body, and the concrete
mainly undergoes reversible elastic deformation. In the elastic deformation phase, the
energy conversion rate of elastic deformation gradually increases, and the conversion
rate of dissipated energy gradually decreases. Comparing Figure 9a–c, the energy
dissipation at the elastic deformation stage can be seen more clearly at a small strain
rate. This is because at a low strain rate, the load is applied over a longer period of
time, and crack sliding occurs within the specimen.

(3) Plastic deformation stage (III). With increasing strain, the energy conversion rate of
elastic strain reaches the maximum value, and the conversion rate of the dissipation
energy reaches the minimum value. At this point, the specimen enters the plastic
deformation phase. At this stage, the concrete specimen gradually loses elasticity
under the action of axial tension. The microcracks inside the specimen expand rapidly,
the elastic strain energy conversion rate decreases rapidly, and the dissipative energy
conversion rate increases sharply. The specimen gradually reaches the limit of its
load-bearing capacity and plastic deformation occurs. As can be seen from Figure 9,
with the increasing strain rate of the 0.4% carbon fiber concrete specimen, the strain
corresponding to the sudden turning point of the dissipated energy is larger than that
of the plain concrete. This is because the carbon fiber consumes the deformation en-
ergy through its own compression deformation before the dissipation energy reaches
the abrupt inflection point, so as to retard the deformation of the specimen. When the
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strain rate is small, the energy dissipation phenomenon is serious. As the strain rate
increases, the proportion of dissipated energy gradually decreases.

(4) Destruction stage (IV). With the gradual increase in the axial load, the specimen
reaches the peak stress and begins to damage. Numerous cracks appear on the surface
of the specimen, and the input strain energy is mainly dissipated in the form of the
surface energy and kinetic energy of the cracks. During the destruction phase of the
specimen, as α continues to decrease and β gradually increases, a second point occurs
where α = β occurs and the critical point of permanent concrete damage is reached.
After that, the energy conversion rate of the elastic strain continues to decrease and
the dissipation energy conversion rate continues to increase, α < β; the level of elastic
strain energy is low; and the specimen is unable to store the elastic strain energy,
causing damage to occur.

From Figure 11a–c, it can be seen that the energy conversion rate–strain curves of
the plain concrete and 0.4% CFRC have the same trend at different strain rates, but the
difference between the curves is due to the influence of the strain rate, and the carbon
fiber installation is not negligible. As can be seen from Figure 11, CFRC energy conversion
has a significant influence on the strain rate. As the strain rate increases, the maximum
value of the elastic strain energy conversion rate increases, and the minimum value of
the dissipative energy conversion rate decreases. With the increase in the strain rate, the
elastic strain energy fraction of the concrete in the plain concrete is less than the 0.4% CFRC,
but the elastic strain energy fraction of the plain concrete is larger than that of the 0.4%
CFRC. It shows that the carbon fiber incorporated into concrete can accumulate energy and
slow down the energy distribution of the concrete. At higher strain rates, the strain value
corresponding to the second α = β point of the energy conversion rate–strain curve of the
CFRC specimen is larger than that of the plain concrete. It shows that carbon fibers have a
significant impact on retarding concrete damage at higher strain rates. At a lower strain
rate, the 0.4% CFRC enters the elastic deformation phase first before the plain concrete.
This is because the carbon fiber fills the internal pores of the concrete, causing the concrete
specimen to complete the compaction phase more quickly.

5. Ontological Modeling Based on Energy Dissipation
5.1. Establishment of the Ontological Model

Damage mechanics suggest that the main mechanism of material degradation is the
reduction in the effective area due to microdefects. Let the initial damage degree of the
CFRC be 0; the cross-sectional area be A; and the effective area after damage be A∗, i.e.,
the physical meaning of the degree of continuity ψ is the ratio of the effective load-bearing
cross-sectional area to the cross-sectional area in the initial state:

ψ =
A∗

A
(5)

In the formula, if ψ = 1, it means the ideal material without defects, and if ψ = 0, it
means the material state of complete destruction and the loss of the bearing capacity.

For concrete materials, it is common to introduce the damage variable D [27] to
describe the degree of damage, i.e.:

D = 1 − ψ = 1 − A∗

A
(6)

The theory of damage mechanics results in the following relationship between nominal
and effective stresses in concrete materials:

σ =
A∗

A
σ∗ (7)

where σ is nominal stress and σ∗ is effective stress.
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From Equations (6) and (7), we obtain:

σ = (1 − D)σ∗ (8)

According to the strain equivalence hypothesis proposed by J. Lemaitre [28], the strain
induced by the effective stress acting on the damaged material is the same as the strain
induced by the nominal stress acting on the undamaged material, which can be obtained as

σ = (1 − D)Eε (9)

where E is the elastic modulus and ε is the strain.

5.2. Calculation of Damage Sizes

Approaching the interior of concrete as an innumerable composition of microelements,
the degree of damage can be expressed by the ratio of the value of microelements destroyed
by damage, N, to the value of microelements destroyed by damage, M, and the value of
damage-destroyed microelements is related to the energy dissipation during the damage
process. Since the two-parameter WEIBULL probability distribution has been applied
to the analysis of concrete volume rupture and failure data, this article assumes that the
dissipation energy of CFRC follows the two-parameter WEIBULL probability density
function [29]:

f
(

Ud
)
=

β

α

(
Ud

α

)β−1

exp

−(Ud

α

)β
 (10)

where Ud is the dissipated energy, α is the scale parameter, and β is the shape parameter.

N = M
∫ Ud

0
f (x)dx = M

1 − exp

−(Ud

α

)β
 (11)

So, the damage variable D can be expressed as:

D =
N
M

= 1 − exp

−(Ud

α

)β
 (12)

According to Formulas (9) and (12), the constitutive relationship of the uniaxial com-
pression of CFRC based on energy dissipation is as follows:

σ = Eε exp

−(Ud

α

)β
 (13)

5.3. Determination of Parameters

α and β are derived in the formula, and two logarithms on both sides of the formula
can be obtained at the same time:

ln
[
− ln

( σ

Eε

)]
= β ln

(
Ud

α

)
(14)

In the formula, α and β are obtained by fitting the data obtained from the experiment.
Let x = ln Ud, y = ln

[
− ln

(
σ
Eε

)]
, b = −β ln a; that is, Equation (14) can be expressed as

a linear form of y = βx + b, so this article uses the linear fitting method to estimate both
parameters. The slope obtained is the shape parameter β, and then the scale parameter
α can be obtained by b = −β ln a. The parameters of the uniaxial compression damaged
model of CFRC with different carbon fiber contents are listed in Table 5.
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Table 5. Parameters of the damaged model.

Carbon Fiber Content/% α β R2

0 0.1356 2.36205 0.94
0.2 0.12427 2.48615 0.92
0.4 0.14445 2.62611 0.91
0.6 0.11683 1.77243 0.90
0.8 0.13127 1.19205 0.97

5.4. Model Confirmation

From the α and β values obtained in Table 5 and the stresses, strains, and elastic
moduli obtained from the tests, the stress–strain curve of the CFRC damaged model can be
calculated and compared with the test curve, as shown in Figure 12.
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5.4. Model Confirmation 
From the 𝛼 and 𝛽 values obtained in Table 5 and the stresses, strains, and elastic 

moduli obtained from the tests, the stress–strain curve of the CFRC damaged model can 
be calculated and compared with the test curve, as shown in Figure 12. 
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Figure 12. Comparison of stress–strain curve and test curve of CFRC constitutive model. 

As can be seen from Figure 12, the calculated curves of the model fit well with the 
CFRC stress–strain test curves, and the calculated results of the model are higher than the 
test results in the elastic phase only. This is due to improper testing methods for the elastic 
deformation and gap compaction phases of the press during the actual test. In general, the 
energy−dissipation−based uniaxial compression damaged model can better represent the 
stress–strain relationship of CFRC. 
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Figure 12. Comparison of stress–strain curve and test curve of CFRC constitutive model.

As can be seen from Figure 12, the calculated curves of the model fit well with the
CFRC stress–strain test curves, and the calculated results of the model are higher than the
test results in the elastic phase only. This is due to improper testing methods for the elastic
deformation and gap compaction phases of the press during the actual test. In general, the
energy-dissipation-based uniaxial compression damaged model can better represent the
stress–strain relationship of CFRC.

5.5. Damage Development

The damage variable D of CFRC under different carbon fiber contents can be obtained
by Formula (12), and the damage evolution law of CFRC is shown in Figure 13. It can be
seen from the figure that when the ultimate elongation of the CFRC specimen is reached,
with the increase in carbon fiber doping, the degree of damage decreases, and it can be
found that the carbon fiber can effectively limit the damage development of CFRC and
delay the deformation of the specimen.

In the process of uniaxial compression, the change trend of the damage variable D
shows “S” type growth. The first gentle stage is the elastic stage of the CFRC specimen. At
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this point, the specimen can be regarded as an ideal linear elastic body, and the damage de-
velopment is slow. After the transition from the flat stage to the rising stage, the conversion
rate of the dissipated energy increases sharply due to the increasing friction between the
fiber and the concrete matrix, and the specimen is in the stage of plastic deformation. After
reaching the peak tension, the curvature of the specimen begins to transition from steep to
gentle. This is because the bridging effect of the fiber can effectively inhibit the formation
of the cracks, and the loss energy conversion rate of the CFRC specimen is reduced. At this
point, the specimen is in the failure stage.
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6. Conclusions

In this paper, CFRC with five kinds of fiber content was prepared for a uniaxial
compression test. The effects of carbon fiber contents and strain rate on the mechanical
properties of CFRC were studied. Combined with the failure mode, the damage model
of CFRC is established based on the principle of energy conversion. Although this paper
proposes to calculate the damage model of concrete specimens by the dissipation energy
of concrete specimens, it has certain limitations. The next work is to determine whether
the model is suitable for other fiber-reinforced concrete or building materials and the
engineering application of the model. The conclusions are as follows:

(1) When the mixing amount of carbon fiber is 0.4%, the overall performance of the
carbon fiber concrete is optimal. The compressive strength of the specimen is 15.02%
higher than that of the reference concrete, the splitting tensile strength is increased by
51.12%, and the total strain energy and elastic strain energy reach their peak. With the
gradual increase in the carbon fiber dosage, each energy of the carbon fiber concrete
specimens at the peak stress showed a trend of increasing and then decreasing, and
the peak strain gradually increased. At different strain rates, the compressive strength
of the optimal content group is 10.01%, 15.02%, and 18.27% higher than that of the
plain concrete.

(2) The energy dissipation of the plain concrete at low strain rates is important in the
compaction-density phase of the deformation damage process in CFRC; in the elastic
deformation phase, the input energy is mainly converted into elastic strain energy
storage, and the elastic strain energy ratio increases significantly with the increase
in the strain rate. In the plastic deformation stage, the larger the strain rate. At the
smaller proportion of dissipated energy and the same strain rate of the carbon fiber
concrete, the dissipation energy increases significantly at the same strain rate as the
plain concrete, effectively retarding the specimen deformation.

(3) As the strain rate increases, the peak value increases, followed by a decrease in the
minimum value of b, indicating that the strain rate has a large influence on the energy
distribution. As the strain rate increases, the elastic strain energy percentage of the
base concrete increases more than that of carbon fiber concrete, but the elastic strain
energy percentage of carbon fibers is still higher than that of plain concrete, indicating
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that the carbon fibers have the ability to accumulate elastic strain energy and slow
down the energy distribution of the concrete.

(4) The CFRC material model is based on the damage mechanics theory and the prob-
abilistic statistical method, and the calculated curve of the model fits well with the
CFRC stress–strain test curve, which reflects the effect of carbon fiber doping on the
CFRC material damage.
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