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Abstract 

To investigate the mechanical properties and failure processes of carbon nanotube concrete (CNTC), a three-
dimensional meso-scale finite element model of concrete was constructed. Using ABAQUS software, numerical 
simulations were conducted on concrete samples with different carbon nanotube (CNT) concentrations under 
triaxial compression and splitting conditions. The results indicate that under splitting conditions, the failure of 
the specimens initially occurs along the loading direction from both ends, with few cracks and slow propagation. 
Subsequently, the cracks rapidly expand, penetrating the entire specimen, leading to the formation of a macro-
fracture surface with a crack aligned with the loading direction. This failure mode manifests as a straight crack. 
At the same loading rate, the tensile strength of the specimens with different CNT concentrations increases to 
varying degrees during splitting failure, with a maximum increase of 45.10% to 4.15 MPa. U11nder triaxial 
compression conditions, the main failure mode of the specimens exhibits shear failure characteristics. As the 
confining pressure gradually increases, the failure angle of the specimens enlarges. Under low confining pressure, 
there are fewer wing-shaped tensile cracks at the shear failure surface of the specimens. As the confining pressure 
increases, irregular shear failures and multiple shear planes appear in the specimens, resulting in more complex 
failure modes. For specimens with the same CNT concentration, the triaxial compressive strength of CNTC 
specimens increases with increasing confining pressure. The triaxial compressive strengths of the specimens 
under confining pressures of 5 MPa, 10 MPa, 15 MPa, and 20 MPa are 90.48 MPa, 122.72 MPa, 137.22 MPa, and 
172.65 MPa, with strength increases of 35.63%, 51.66%, and 90.81%, respectively. 

Keywords

Carbon nanotubes, Concrete, Triaxial compression, Failure modes, Numerical simulation 

1. Introduction

With the rapid development of the construction industry, the demand 
for improved performance of building materials is also increasing. 
Concrete, as the most used construction material in civil engineering 
infrastructure, has always been a research hotspot for performance 
optimization. Traditional concrete has significant limitations in tensile 
strength, deformation capacity, and crack resistance, which restricts its 
application in complex engineering environments (Liu et al. 2020). 
Therefore, how to further enhance the performance of concrete, not only 
to meet the basic bearing function but also to possess characteristics such 
as sustainability, intelligence, durability, multifunctionality, and high 
performance, has become an urgent problem to be solved. In recent years, 
the application of nanomaterials in concrete modification has attracted 
widespread attention. Among them, carbon nanotubes (CNTs), with their 
unique physical and chemical properties such as high strength, light 
weight, and high temperature resistance, have become an ideal choice for 
concrete reinforcement materials (Pitcha et al. 2022). Many scholars have 
attracted to incorporate CNTs into concrete to prepare modified carbon 
nanotube concrete (CNTC). Scholars at home and abroad have conducted 
extensive research on the mechanical properties of CNTC (Huang et al. 
2023; Ma et al. 2014). Yin et al. (2021) found that when CNTs and steel 
fibers are simultaneously incorporated into concrete, their toughness and 
ductility are significantly improved compared to concrete with only steel 
fibers. The most significant enhancement in concrete performance occurs 
when the mixing proportions of steel fibers and CNTs are 1% and 0.30%, 
respectively. Yang et al. (2023) discovered that CNTs promote cement 
hydration through nucleation, increasing the amount of hydration product 
Ca (OH)2, and optimizing the pore structure and interfacial transition zone 
compactness of the material through filling and bridging effects, thereby 
optimizing the microstructure of cement-based materials. Tian et al. 
(2023) conducted split Hopkinson pressure bar (SHPB) impact tests and 
found that under impact loading conditions, the incorporation of CNTs 
alleviates the degree of concrete fracture, and its energy consumption, 
impact toughness, and dynamic strength are significantly improved. Jung 

et al. (2020) conducted uniaxial compression tests to investigate the 
influence of multi-wall CNT content on the compressive strength and 
deformation modulus of concrete. Sindu et al. (2017) performed uniaxial 
compression tests on concrete specimens with different CNT contents. The 
test results showed that the compressive strength of concrete specimens 
with a CNT content of 0.08% increased by 10%. Hamzaoui et al. (2012) 
studied the influence of CNT content on the compressive strength of 
concrete. The results showed that the compressive strength of concrete 
reached a maximum when the CNT content was 0.3%, an increase of 
17.65% compared to plain concrete. Wang et al. (2013) measured the 
porosity and pore size distribution of CNTC using a mercury intrusion 
porosimeter. The results showed that the cement paste incorporated with 
CNTs has lower porosity and more uniform pore size distribution, with 
significant improvements in fracture energy and bending toughness index. 

The research findings have greatly contributed to the development of 
CNTC in terms of mechanical properties, micro-mechanisms, and damage 
and failure mechanisms. However, current research on the mechanical 
properties of CNTC mainly focuses on the effect of CNT content on the 
strength and related performance parameters of concrete under uniaxial 
compression conditions (Marwan et al. 2022). There is a relative lack of 
research on the mechanical properties and failure processes of CNTC 
under splitting and triaxial compression conditions. Additionally, 
conducting indoor experiments on the failure process of CNTC under 
different conditions requires a significant amount of manpower, 
equipment, and time. Therefore, this study utilizes the ABAQUS finite 
element software to simulate the failure process of CNTC under splitting 
and triaxial compression conditions, avoiding the influence of dispersant 
dispersion effects on CNTC. The study analyzes the influence of CNT 
content and different confining pressures on the stress-strain curves, 
strength, and failure processes of concrete. The research findings are 
significant for the promotion and application of CNTC in practical 
engineering and the improvement of the stability and service performance 
of engineering structures. 
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2. Numerical simulation

2.1 Constitutive model of concrete damage 
evolution 

Given that the tensile strength of concrete is significantly lower than 
its compressive strength, this study adopts the modified Mohr-Coulomb 
criterion and tensile criterion as the basis for judging the strength of 
element failure, with the tensile criterion having priority (Zhu et al. 2002; 
Lv et al. 2018). Once an element satisfies the tensile criterion, it will no 
longer be considered for the Mohr-Coulomb criterion. Damage begins to 
occur when the element reaches the tensile damage threshold. The 
damage variable caused by tensile stress is defined as follows: 
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In the equation, E_I represent the maximum tensile principal strain, 
E_t0 is the threshold value of tensile damage strain, and E_"tu" is the 
ultimate tensile strain of the component. 

The compressive damage is calculated using the modified Mohr-
Coulomb criterion: 
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In the equation, φ represents the internal friction angle, E_1 and E_3 
are the maximum and minimum principal strains of the element, 
respectively, ε_I am the maximum principal compressive strain, and ε_ ("c" 
0) is the compressive strain threshold of the component. 

Based on the strain equivalence principle, the elastic modulus of a unit 
with an original elastic modulus of E after damage can be expressed as (1-
D) E. After k iterations, the elastic modulus is calculated using the 
following formula: 

𝐸(1 − 𝐷(𝑘)) = 𝐸(1 − 𝐷(𝑘−1))(1 − 𝐷(𝑘))   (4) 

The damage evolution equation is:  

𝐷(𝑘) = 1 − [1 − 𝐷(𝑘−1)][1 − 𝐷(𝑘)] (5) 

In the equation, Dk represents the cumulative damage of the element 
after iteration step k. D(k) is the damage generated in the kth step. The 
constitutive equation of the element at the kth step is: 

𝛥𝜎𝑘 = [1 − 𝐷(𝑘−1)]𝛥𝜀𝑘 (6) 

2.2 Material parameters and modeling 

Concrete is a material composed of aggregates ranging from 5 to 20 
mm mixed with cement mortar. The aggregate composition follows the 
Fuller grading curve and is randomly distributed within the cement 
matrix. Due to the differences in mechanical properties between the 
aggregates and mortar, combining them for detailed numerical simulation 
is crucial for a deep understanding of their mechanical behavior and 
failure mechanisms (Kormanikova et al. 2021). In the mesoscopic concrete 
model, the geometric shape and spatial distribution of aggregate directly 
affect the relative mechanical properties of concrete (Thilakarathna et al. 
2020). The aggregates adopted in this paper are all gravel, with irregular 
polyhedral shapes. Assuming the aggregates are convex polyhedrons, each 
face of which is a triangle, the basic information of the aggregates, 
including the vertices of the convex polyhedrons and the topological 
relationship of the faces, is generated in MATLAB. The generation steps for 
a single aggregate are as follows: Randomly generate a radius value within 
the specified aggregate particle size range, reduce the spatial range of the 
sample inward, and randomly generate a point within this range.  
Randomly generate coordinates (,), and project them onto the spherical 
surface to obtain the first vertex V1. Use the same method to successively 
generate vertices V2 and V3, thereby obtaining the base triangle of the 
tetrahedron. To ensure that sphere center O is inside the random 
tetrahedron, randomly generate a point V4 within the range of the 
antipodal face of the triangular base and project it onto the spherical 
surface as the vertex of the random tetrahedron. At the same time, the 
other three faces F2, F3, and F4 of the tetrahedron can be obtained. Finally, 

perform face extension and edge extension of the polyhedron to obtain a 
random polyhedral aggregate with 17 vertices and 30 faces. (Wang et al. 
2021). According to the mix ratio of poured concrete, the mass is 
converted to volume by density, and then the total aggregate is controlled 
by the aggregate volume ratio. 

Monte Carlo method, also known as random sampling technique or 
peer testing method, utilizes random numbers to solve numerous 
computational problems (Dong et al. 2009). However, randomly 
generated aggregates may overlap in space. To determine whether a newly 
generated aggregate overlaps with the original ones, the following steps 
are adopted: (1) Initially screening out "suspicious" aggregates by 
conducting a preliminary discrimination on the sphere enclosing the 
polyhedral aggregate; (2) Narrowing down the range of "suspicious 
aggregates" through further discrimination based on the spatial 
relationship between vertices and faces; (3) Employing linear 
programming algorithms to conduct intersection discrimination on the 
"suspicious aggregates" to ensure no overlap occurs. Through these 
methods, a concrete model that meets the given aggregate grading can be 
constructed, as shown in Fig. 1 (a). 

Table 1. Model material parameter 

Constituent Modulus of 
elasticity /GPa 

Poisson 
 ratio 

ℰ𝑡0 𝜀c0 

Mortar 12.36 0.233 6.5×10-4 5.3×10-3 
Aggregate 70.00 0.300 9.0×10-4 5.3×10-3 

(a)  (b) 

(c) 

Fig. 1 3D meso-mechanical model of CNTC. (a) Random 
aggregate; (b) Splitting condition; (c) Triaxial compression 

Treating CNT fibers and mortar matrix as a homogeneous material (Ji 
et al. 2024), the model parameters of CNTC after experimental calibration 
are shown in Table 1. The elastic moduli of the mortar matrix with 
different CNT dosages (0.05%, 0.1%, 0.3%, and 0.5%) are 14.38, 17.39, 
16.64, and 13.76 GPa, respectively, and the Poisson's ratios are 0.239, 
0.240, 0.239, and 0.221, respectively. The numerical model for the splitting 
experiment adopts a cylindrical cake-shaped sample with a diameter of 50 
mm and a height of 25 mm, as shown in Fig. 1 (b). Based on fully 
characterizing the shape and size of the aggregate, a size of 0.625 mm is 
selected to ensure computational efficiency. During the experiment, both 
ends of the sample are fixed with rectangular steel plates and loaded 
axially at a rate of 1 kN/s, with a face-to-face erosion contact defined 
between them. The numerical model for the triaxial compression test 
includes a detailed concrete model and a pair of steel plates with a length 
and width of 70 mm and a thickness of 10 mm. The elastic modulus of the 
steel plates is taken as 210 GPa, and the upper and lower ends are loaded 
using steel plates. In the simulation, the end friction of the compressed 
sample can greatly affect its compressive strength and failure mode. 
Therefore, considering the end friction, a friction coefficient of 0.45 is 
taken, and the element size of the model is 2.5 mm. The simulation model 
of triaxial compression is shown in Fig. 1 (c). 
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3. Mechanical properties of CNTC

3.1 Numerical model validation 

After curing the concrete samples for 28 days, the splitting tensile and 
triaxial compression tests were carried out according to the standard GB/ 
T50081-2019, as shown in Fig. 2. The splitting tensile test results and 
simulation results are shown in Table 2, and the triaxial compression test 
results and simulation results at 10MPa confining pressure are shown in 
Table 3. The properties of concrete are affected by materials, test 
instruments and curing conditions. The experimental values of mechanical 
properties are somewhat discrete and differ from the numerical 
simulation results to some extent, but the maximum error between the 
test and numerical simulation is less than 9%, which proves the 
effectiveness of the three-dimensional mesoscopic model of CNTC. 

(a) (b) 

Fig. 2 Mechanical property test of CNTC. (a) Splitting tensile test; 
(b) Triaxial compression test

Table 2. Splitting tensile test results and simulation results 

Dosage /% Tensile strength /MPa 
0 0.05 0.1 0.3 0.5 

Experimental value 2.68 3.22 3.65 3.90 3.81 
Simulated value 2.86 3.31 3.74 3.98 4.15 

Table 3. Triaxial compression test results and simulation results 

Dosage /% Tensile strength /MPa 
0 0.05 0.1 0.3 0.5 

Experimental 
value 

105.66 112.06 125.32 126.55 123.39 

Simulated value 104.46 110.97 122.74 129.38 128.07 

3.2 Mechanical properties of CNTC under splitting 
conditions 

The splitting tensile stress-strain curves and tensile strengths of the 
samples with different CNT dosages are shown in Fig. 3. As shown in Fig. 
3 (a), the stress-strain curves of concrete samples with different MWCNTs 
dosages exhibit similar trends during splitting failure under the same 
loading rate. With the increase of CNT dosage, the tensile strength of the 
samples is improved to varying degrees. Additionally, the incorporation of 
CNTs widens the "plateau region" at the peak stress of the concrete, 
indicating that CNTs enhance the toughness of the concrete to a certain 
extent, with the degree of improvement being related to the dosage of 
CNTs (Xia et al. 2021). According to Fig. 3 (b), when the dosages of CNTs 
are 0%, 0.05%, 0.1%, 0.3%, and 0.5%, the tensile strengths of the samples 
are 2.86 MPa, 3.31 MPa, 3.74 MPa, 3.98 MPa, and 4.15 MPa, respectively. 
Compared to the sample without CNTs, the tensile strengths increased by 
15.73%, 30.77%, 39.16%, and 45.10%, respectively. Adding an 
appropriate amount of CNTs to concrete samples can effectively enhance 
their tensile strength. Furthermore, as the stress is applied to the samples, 
the transverse stress of the disks rapidly decreases after reaching the 
tensile strength, exhibiting obvious brittle fracture characteristics. 

3.3 Mechanical properties of CNTC under triaxial 
compression conditions 

As shown in Fig. 4, the stress-strain curves of the samples under 
different confining pressures successively undergo linear elastic 
deformation, nonlinear plastic deformation, and post-peak failure stages. 
With the same CNT dosage, the triaxial compressive strength of CNTC 
samples increase with the increase of confining pressure. Under confining 
pressures of 5 MPa, 10 MPa, 15 MPa, and 20 MPa, the triaxial compressive 

strengths of the samples are 90.48 MPa, 122.72 MPa, 137.22 MPa, and 
172.65 MPa, respectively. Compared to the confining pressure of 5 MPa, 
the triaxial compressive strengths of the samples under confining 
pressures of 10 MPa, 15 MPa, and 20 MPa increase significantly by 35.63%, 
51.66%, and 90.81%, respectively. This phenomenon occurs mainly 
because the strong confinement effect of high confining pressure inhibits 
the propagation of cracks in the CNTC samples, allowing them to fully 
utilize their strength. Additionally, with the increase of confining pressure, 
the CNTC samples exhibit significant ductility under triaxial stress. This is 
mainly due to the confining effect of the triaxial stress, which enables the 
CNTC to maintain a certain load-bearing capacity even after damage and 
failure, thereby ensuring a certain load-bearing capacity in the post-peak 
stage. 

(a) 

(b) 

Fig. 3 Stress-strain curve and tensile strength of CNTC. (a) 
Stress-strain curve; (b) Tensile strength 

(a) 
Fig. 5 displays the stress-strain curves of samples with different CNT 

dosages under a confining pressure of 10 MPa. As observed from the 
figure, the stress-strain curves of CNTC samples exhibit similar patterns 
under a confining pressure of 10 MPa, passing through the linear elastic 
deformation stage, plastic deformation stage, and ultimately the failure 
stage (Chen et al. 2020). During the elastic deformation stage, the strain-
strain curve of the nanotube concrete samples exhibits a linear growth. As 
the axial loading continues to increase, irreversible plastic deformation 
begins to occur in the CNTC samples, and the degree of plastic deformation 
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intensifies with the increase in CNT dosage. Furthermore, the strength of 
the samples is also enhanced to varying degrees with the increase in CNT 
dosage. Specifically, when the CNT dosages are 0.05%, 0.1%, 0.3%, and 
0.5%, the corresponding compressive strengths of the samples are 110.97 
MPa, 122.74 MPa, 129.38 MPa, and 128.07 MPa, respectively. The 
compressive strength of concrete sample without CNTs is 104.46MPa, 
compared to the sample without CNTs, the strengths were improved by 
6.23%, 17.50%, 23.86%, and 22.60%, respectively. This is consistent with 
the results of Huang's study (Huang. 2022). Although the compressive 
strength of the samples generally increases with the increase in CNT 
dosage, a slight decline in compressive strength is observed when the CNT 
dosage exceeds 0.3%. Therefore, to ensure the compressive strength of the 
samples, it is crucial to control the dosage of CNTs within a certain range. 

(b) 

Fig. 4 Stress-strain curve and triaxial compressive strength of 
concrete under different confining pressures. (a) Stress-strain 
curve; (b) Triaxial compressive strength 

(a) 

(b) 

Fig. 5 Stress-strain curve and triaxial compressive strength of 
concrete with different CNTs content. (a) Stress-strain curve; (b) 
Triaxial compressive strength 

4. CNTC destruction process

4.1 Destruction process of CNTC under splitting 
conditions 

Strain field evolution process 
Taking the sample with a CNT doping content of 0.1% as an example, 

we analyze the evolution process of the internal strain field under splitting 
conditions. As shown in Fig. 6, along the direction of the primary stress 
loading, stress concentration first occurs at the upper and lower ends of 
the sample. Large displacements appear at the interaction points with the 
loading plates, indicating that the surface of the sample in these areas has 
been compressed and yielded. As the loading continues, the sample 
sustains continuous compression in the vertical direction. Cracks initiate 
at the ends and gradually propagate towards the central axis, along the 
mortar transition interface between the coarse aggregate and the cement 
matrix. Microcracks accumulate and gradually expand under tensile 
stress. With the further increase of the load, the displacement of the 
particles increases, and the tensile stress parallel to the primary stress 
becomes larger, leading to new stress concentrations at the crack tips. This 
causes the cracks to propagate further until they connect from the top to 
the bottom of the sample, resulting in instability. Simultaneously, near the 
two endpoints of the disk perpendicular to the loading direction, a 
significant distribution of tensile stress can also be observed. These are the 
locations where tensile failure occurs, and initial cracks first appear. Along 
the loading axis, the stress distribution is uneven, and the instability mode 
is characterized as splitting failure. 

Step=25 Step=50 

Step=75 Step=100 

Fig. 6 Evolution of equivalent strain cloud diagram 

Destruction process under cleavage conditions 
An analysis of the failure morphology of the sample with a CNT doping 

content of 0.1% is conducted, as shown in Fig. 7. Initially, during loading, 
the disk cracks initiate from both ends along the loading direction, with 
few cracks and slow propagation. As the sample enters the unstable 
rupture development stage, the cracks develop rapidly, and the elastic 
strain energy is quickly released, driving the cracks to expand rapidly and 
penetrate the entire specimen. Subsequently, a macroscopic fracture 
surface forms, resulting in a crack aligned with the loading direction. The 
failure mode exhibits a straight crack, and the final crack formed basically 
overlaps with the loading centerline of the specimen. It can be observed 
that the main crack leading to the ultimate failure is not caused by the 
central crack of the specimen but rather originates from the destruction of 
the two end faces. As the displacement load gradually increases, the crack 
gradually extends towards the central position along the axis, ultimately 
forming a through-crack that destroys the sample. 

Destruction pattern under cleavage conditions 
As shown in Fig. 8, the failure morphologies of concrete samples with 

different CNT doping contents exhibit significant differences. Firstly, when 
the doping content of CNTs in the sample is low, the failure process is 
typically characterized by the appearance of a crack in the center of the 
end face, which gradually expands and penetrates the entire sample. 
However, as the doping content of CNTs increases, the failure morphology 
undergoes certain changes. At this point, the failure of the sample is more 
often caused by the expansion of microcracks parallel to the direction of 
the main stress, forming a main crack that gradually enlarges and 
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ultimately leads to the failure of the sample. Notably, with the increase in 
CNT doping content, the number of cracks produced during the final 
failure of the sample decreases significantly. This phenomenon indicates 
that the addition of CNTs has a positive impact on the tensile strength of 
the concrete sample. As a nanomaterial with excellent mechanical 
properties, CNTs can effectively improve the microstructure of concrete, 
enhance the internal bonding force within the concrete, and thereby 
increase the tensile strength of the sample. Therefore, as the doping 
content of CNTs increases, the sample can better resist failure when 
subjected to external forces, resulting in a corresponding decrease in the 
number of cracks. 

Step=25 Step=50 

Step=75 Step=100 

Fig. 7 Graphical representation of the splitting damage process 

0% 0.05% 

0.10%  0.30% 

0.50% 

Fig. 8 Failure modes of samples with different CNT content 

4.2 Destruction process of CNTC under triaxial 
compression conditions 

Strain field evolution process 
In Fig. 9, the loading process of the sample, as well as the subtle 

changes in its internal displacement field and crack propagation, can be 
observed in detail. During the initial stage of loading, the displacement 
field within the sample exhibits a relatively uniform distribution. At this 
point, the displacement borne by the aggregate within the sample is 
relatively small, indicating that the overall structure of the sample is still 
in a relatively stable state during the initial loading phase. As loading 
gradually begins, tiny cracks start to appear at the mortar transition 
interfaces on the top and inside of the sample. These cracks mark the initial 
damage to the sample. Although the cracks are small and few at this point, 
they have already had an impact on the structural integrity of the sample. 
However, even in this state of initial damage, the overall displacement field 
distribution within the sample remains relatively uniform, indicating that 
the sample still possesses a certain degree of load-bearing capacity during 
the initial stage. As loading continues, the cracks within the sample begin 
to propagate and extend along the mortar transition interfaces between 
the coarse aggregate and the cement matrix, and the number of cracks 
further increases. Significant local deformation and displacement have 
occurred within the sample, indicating a worsening degree of damage. 
Ultimately, under continuous loading, the cracks within the sample 
propagate and penetrate the entire sample, resulting in significant 
displacement and deformation. The sample loses its load-bearing capacity 
and fails. 

Step=25 Step=50 

Step=75 Step=100 

Fig. 9 Evolution of equivalent strain cloud diagram 

Triaxial compression damage process 
Taking the sample with a CNT doping content of 0.1% under a 

confining pressure of 15 MPa as an example, its failure process under 
triaxial compression is analyzed. As shown in Fig. 10, when subjected to 
triaxial confining pressure, microcracks first appear at the upper and 
lower end faces of the sample, which are the most concentrated areas of 
stress. The emergence of these microcracks is caused by the uneven 
distribution of internal stress in the sample under external pressure, 
resulting in stress concentration in local areas. Meanwhile, a small number 
of cracks are also observed at the mortar transition interfaces between the 
coarse aggregate and the cement matrix within the sample. This is due to 
the difference in mechanical properties between the coarse aggregate and 
the cement matrix. When subjected to external pressure, this difference 
leads to stress concentration at the interfaces, triggering the formation of 
cracks. As the pressure gradually increases, these microcracks begin to 
develop continuously. In this process, the distance between the coarse 
aggregates is further compressed, as the overall volume of the sample 
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shrinks under pressure, resulting in a reduction in the spacing between 
the coarse aggregates. As the loading process continues, the microcracks 
start to propagate and extend along the mortar transition interfaces. The 
propagation paths of these cracks are often influenced by the distribution 
of the coarse aggregate and the characteristics of the mortar transition 
interfaces, exhibiting a complex network-like structure. Eventually, when 
the cracks propagate to a certain extent, they interconnect, forming a crack 
network that penetrates the entire sample. At this point, the sample is 
unable to bear any further external pressure and fails. 

Step=25 Step=50 

Step=75 Step=100 

Fig. 10 Failure process under triaxial compression 

Triaxial compression damage pattern 
The failure modes of concrete samples with different CNT doping 

levels (0, 0.05%, 0.1%, 0.3%, and 0.5%) loaded to unloading under various 
confining pressures (5 MPa, 10 MPa, 15 MPa, and 20 MPa) are shown in 
Figure 11. The triaxial loading process of the samples until their failure 
involves the following stages: elastic deformation, crack initiation and 
propagation, and unstable crack propagation leading to failure. Under 
triaxial compression, the main failure mode of the samples exhibits shear 
failure characteristics. It is generally believed that the failure form of the 
samples is caused by the end effect (the frictional constraint effect 
between the two end faces of the sample and the loading platen). Different 
friction forces between the two end faces of the sample and the loading 
platen result in different failure modes. Additionally, the failure modes of 
the samples also vary due to different CNT doping levels and confining 
pressures. Therefore, the failure mode of the specimens is influenced by 
multiple factors. The impact of confining pressure on the strength of the 
samples is significant. As seen in the figure, as the triaxial confining 
pressure increases, the number of cracks resulting from the failure 
damage decreases, indicating that the triaxial compressive strength of the 
samples increases with the increase in confining pressure. Simultaneously, 
as the confining pressure gradually increases, the failure angle of the 
sample also increases. Under low confining pressures, the wing-shaped 
tensile cracks at the shear failure surface of the 5 MPa specimens are 
relatively few. As the confining pressure increases, the rock specimens 
under 10 MPa exhibit irregular shear failure with multiple shear planes, 
and the failure mode of the specimens tends to become more complex. 
However, the failure modes of samples with different CNT doping levels 
under the same confining pressure are roughly the same, primarily 
exhibiting shear failure, and the failure of the samples is more pronounced 
under low confining pressures (around 5 MPa). 

5MPa 10MPa 15MPa 20MPa 

(a) 

5MPa 10MPa 15MPa 20MPa 

(b) 

5MPa 10MPa 15MPa 20MPa 

(c) 

5MPa 10MPa 15MPa 20MPa 
(d) 

5MPa 10MPa 15MPa 20MPa 
(e) 

Fig. 11 Failure modes of the samples under different CNT dosage 
and confining pressure conditions. (a) 0%; (b) 0.05%; (c) 0.10%; 
(d) 0.30%; (e) 0.50%
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5. Conclusion

Using the ABAQUS finite element software, this paper established 
numerical models of concrete with various CNT doping levels to simulate 
the progressive failure process of CNTC specimens under triaxial 
compression and splitting conditions. By analyzing the mechanical 
properties and failure processes of the specimens under different CNT 
doping levels and confining pressures, the following conclusions were 
drawn: 

1. Under splitting conditions, the ultimate failure of the specimen is 
caused by the through-cracking of the central fissure on the end 
face or the formation of a main crack parallel to the principal 
stress direction through the connection of micro-cracks generated 
in parallel with the principal stress. The instability mode is 
splitting failure. With the same loading rate, the tensile strength 
of the specimen can be increased by a maximum of 45.10% to 4.15 
MPa as the doping level of CNTs increases. 

2. The stress-strain curves of CNTC specimens under different 

confining pressures all undergo linear elastic deformation, 
nonlinear plastic deformation, and post-peak failure stages. The 
triaxial compressive strength of CNTC specimens increases with 
the increase in confining pressure. As the confining pressure 
increases, the CNTC specimens exhibit significant ductility under 
triaxial stress. 

3. Under triaxial compression conditions, the main failure mode of 
the specimen exhibits shear failure characteristics. Additionally, 
the failure of the specimen is more evident under low confining 
pressures (around 5 MPa). Under the same confining pressure, 
when the doping level of CNTs is 0.3%, the corresponding 
compressive strength of the specimen is 129.38 MPa, 
representing the maximum strength enhancement of 23.86% 
compared to the specimen without CNTs. Under the same doping 
level of CNTs, the compressive strength of the specimen reaches a 
maximum of 172.65 MPa under a confining pressure of 20 MPa, 
representing an increase of 90.81%. 
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