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In order to elucidate the mechanism of carbon nanotubes (CNTs) in
cementitious materials and their effects on microstructural and mechanical
properties, this study combines in-house experiments with PFC2D particle flow
numerical simulations to systematically analyse the macromicro-mechanical
behaviours of the grouted nodular bodies under different CNTs concentrations.
Uniaxial compression tests were carried out on specimens constructed from
crushed aggregate with a fractal dimension of 2.415, and the results showed
that CNTs incorporation significantly enhanced the compressive strength and
strain capacity of the nodules, with the optimal performance at a concentration
of 0.05% CNTs, and the peak strength and peak strain were increased by
14.9% and 9.7% compared with those of the unincorporated specimens,
respectively. Numerical simulation results showed that the maximum deviation
of peak strength and strain between simulation and test was 2.01% and 2.96%,
respectively, which verified the reliability of the model. Microanalysis showed
that 0.05% CNTs optimised the crack extension path and force chain distribution
by enhancing the bonding force at the cemented particle-aggregate interface,
and inhibited the penetration of shear cracks, while too high a concentration
(e.g., 0.15%) weakened the interface due to the agglomeration of CNTs, which
exacerbated the force chain rupture and structural instability. This study reveals
the regulation mechanism of CNTs concentration on the mechanical properties
of the grouted rock body, which provides a theoretical basis for the efficient
reinforcement of the crushed surrounding rock in engineering.

KEYWORDS

carbon nanotubes, cement-based materials, broken rock anchorage, particle flow
model, mechanical property

1 Introduction

In deep underground engineering, the problem of the stability of the tunnel
perimeter rock demands attention. The degree of broken perimeter rock with the
deepening of the mining depth becomes more serious (Wu et al., 2025a), and the safety
and stability of the perimeter rock has been challenged, presenting a more broken
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state (Li et al., 2024; Wang et al., 2025) and seriously affecting
the safety of lives and property (Wu et al., 2024). The structural
characteristics of the fractured rock mass constitute the key factors
governing the bearing capacity of the surrounding rock, and
its structural characteristics have a central controlling effect on
the deformation, damage, and destabilization mechanism of the
surrounding rock (Han and Yang, 2009). Therefore, the study of
methods to reinforce the broken rock to enhance the stability of the
roadway-surrounding rock becomes the key to ensuring the safety
of underground engineering.

Grouting material is widely used for the repair and
strengthening of fractured surrounding rocks because of its high
efficiency and economy. The performance of grouting materials is
a key factor in determining the reinforcement effect (He and Lu,
2023). In selecting a grouting material, it is essential to consider
factors such as the distribution of deformation damage to the
roadway surrounding rock structure, the grouting process’s capacity
to enhance the deformation resistance of the consolidated body,
and the cost-effectiveness of the process, particularly in terms of its
adaptability to low-cost scenarios (Sun et al., 2022). The utilization
of cementitious grouting materials in engineering practice is a
prevalent solution for the repair of cracks, with the objective of
enhancing the strength and stability of the rock body (Ren et al.,
2022; Liu X. et al., 2024). These materials are characterized by their
cost-effectiveness, ease of operation, and effectiveness. However,
conventional cement-based grouting materials are not universally
applicable due to their inherent limitations.The prevailing approach
entails the incorporation of specific additives into cement-based
grouting materials to address particular functional requirements,
thereby enhancing their performance and compensating for their
inherent limitations (He and Lu, 2024; Sha et al., 2024).

Carbon nanotubes (CNTs) are an innovative material in the
nano field. Compared with graphene or silica nanoparticles, the
high aspect ratio and bridging effect of CNTs can more effectively
inhibit microcrack extension, making them a popular topic in
many scientific research fields (Wu et al., 2025b). Research findings
indicate that, within the domain of civil engineering, the synergistic
composite of CNTs and cementitious materials has the potential to
optimize the physical and mechanical properties of slurry materials
to a significant degree (Wu et al., 2022). Moreover, the bridging
function of CNTs (Nochaiya and Chaipanich, 2011; Wang et al.,
2024) has been shown to enhance the interfacial transition region
within the cement matrix, thereby significantly reducing the
generation of microcracks and optimizing the overall performance
of the material. Consequently, the internal structure of the grouting
body is optimized (Parveen et al., 2013; Alafogianni et al., 2019),
which enhances its application prospects in the field of crushed rock
reinforcement (Shi et al., 2019). The incorporation of CNTs has
been shown to enhance the mechanical properties of cementitious
materials (Vafaeva and Zegait, 2024), and microscopic tests have
revealed that the pore structure of cemented body specimens
is improved by CNTs, making the structure more dense. The
relationship between the incorporation of CNTs and the hydration
product content of concrete was explored by thermogravimetric
analysis. It was found that the incorporation ofmultiwalledCNTs led
to a significant increase in the accumulation of calcium hydroxide
in the concrete matrix (Carriço et al., 2018). This observation
strongly corroborated the hypothesis that integrating multiwalled

CNTs could effectively accelerate the hydration process of cement
and thereby promote the generation of hydration products.

Despite the considerable efforts of numerous scholars and
experts in the field of grouting technology in fractured rocks, there
are still many challenges to be addressed in this area. For instance,
evaluating the grouting effect relies on extracting core samples to
simulate the on-site reinforcement condition (Yao et al., 2024).
However, it is difficult to accurately determine the exact proportion
of each type of aggregate and its spatial distribution characteristics,
which restricts the quantitative assessment of the effectiveness of
the reinforcement and renders the results susceptible to uncertainty
factors. Existing studies have mostly focused on the enhancement
of macroscopic strength by CNTs, but their role in the micro-
regulation of the chemical bonding mechanism and crack extension
paths in the interfacial transition zone has not yet been clarified.
Consequently, further in-depth studies are required to enhance
comprehension and control of this process.

In this paper, starting from the laboratory experiment, the
fractal dimension of an aggregate of different particle size ranges
is described to quantify the fracture state of rock mass. The effects
of changing CNT concentration on the mechanical properties of
the consolidated body were determined. Then, using the method of
numerical simulation, the discrete unit model of the consolidated
body was constructed by using PFC2D software, and the aggregate
particles with specific geometric characteristics were edited and
imported into the model by using MATLAB programming skills.
Finally, a highly simulated consolidated body model was obtained,
and a mechanical test was carried out. Through this study, the
influence of the change of CNT content on the grouting consolidated
body at the microscopic level is systematically analyzed, which is
helpful to deeply understand the interaction mechanism between
CNTs and the grouting consolidated body, provide theoretical
guidance for the design and preparation of building materials
with better performance, and provide a reliable scientific basis for
engineering practice.

2 Methods

2.1 Specimen preparation

In order to accurately assess the reinforcing efficiency of CNTs
and promote their practical application in the field of damaged rock
formation restoration engineering, it is necessary to select the ideal
particle gradation that reflects the degree of damage to the crushed
surrounding rock (Wu et al., 2020). In turn, the specific contribution
of carbon nanotubes in enhancing rock stability is verified. The
grading of fractured rock can be optimized using the relationship
between ultrasonic pulse velocity and strength parameters (Wu et al.,
2019), and the fractal dimension of the optimal aggregate size
distribution fluctuates within the range of 2.4 and 2.6. Consequently,
an aggregate with a fractal dimension of 2.415 was utilized in
this test to characterize the current degree of crushing of the
surrounding rock. The total mass of particles in the specimen
was 300 g, the mold size was 50 mm (inner diameter) × 100 mm
(height), and the specimen was maintained for 28 days. The specific
aggregate particle size distribution and test program are shown in
Tables 1, 2.
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TABLE 1 Mass distribution of aggregate particles.

Fractal
dimension

Aggregate particle mass in different size intervals (g)

0.25–1.0
mm

1.0–1.5 mm 1.5–2.5 mm 2.5–4.0
mm

4.0–6.0
mm

6.0–8.0
mm

8.0–10.0
mm

2.415 76.43 29.06 42.01 44.78 44.04 34.66 29.02

TABLE 2 Test plan.

Multiwalled CNT
content (%)

Fractal dimension Fly ash
quality/cement

quality

Slurry
quality/aggregate

quality

Water cement
(cement and fly ash)

ratio

0.00 2.415 0.25 0.53 0.75

0.05 2.415 0.25 0.53 0.75

0.10 2.415 0.25 0.53 0.75

0.15 2.415 0.25 0.53 0.75

Materials used in this test: cement is composite silicate cement
(CPC 32.5); multiwalled CNT powder; fly ash density is 2.5 g/cm3;
aggregate gangue density is 2.72 g/cm3; polycarboxylate-basedwater
reducing agent model SHPC-101.

First, in this experiment, a multifunctional ultrasonic cell
disruptor was used to disperse the carbon nanotubes, and a
polycarboxylate-based water-reducing agent was added to assist the
dispersion.The sonication timewas 15 min. During ultrasonication,
the beaker containing the dispersed solution was placed in ice
water to eliminate the heat generated during the ultrasonication
process, prevent it from affecting the carbon nanotube properties,
and prepare uniformly distributed carbon nanotube solutions. Next,
cement and fly ash were mixed thoroughly with a mixer, and
then the prepared carbon nanotube aqueous dispersion was added
while mixing for approximately 7 min. Finally, the prepared carbon
nanotube cementitious groutingmaterial was slowly poured into the
mold containing the aggregate. After solidification, the molds were
demolded and cured to obtain the consolidated body pattern.

2.2 Uniaxial compressive test

In order to accurately investigate the mechanical properties
of the consolidated body specimens, the uniaxial compressive
test was carried out using the MTS816 electro-hydraulic servo
rock testing machine from China University of Mining and
Technology (see Figure 1). During the test, the MTS816 electro-
hydraulic servo rock testing machine adopts the displacement
control mode. The loading is carried out at a stable loading rate
of 0.1 mm/min, and the pre-contact pressure is set at 0.1 kN. This
ensures strict control of the test conditions and high accuracy of
the data acquisition. Keymechanical parameters such as axial stress,
axial strain, and volumetric strain are automatically recorded in
the MTS-816 system. Three specimens of each type were tested to
determine the distribution of the test results.

2.3 Analysis of experimental results

Table 3 demonstrates the uniaxial compressive strength
and peak strain of the consolidated body at different CNT
concentrations. As is evident from the table, the compressive
strength of the consolidated body specimens exhibited an increasing
trend with an initial increase in CNT concentration, followed
by a subsequent decrease, reaching its maximum at a CNT
concentration of 0.05%, which is 14.9% higher than that of the
undoped condition. The effects of varying CNT concentrations
on the stress–strain of the consolidated body specimens are
illustrated in Figure 2. The peak strains of the cemented body
specimens without CNTs and with CNT concentrations of 0.05%,
0.10%, and 0.15%, respectively, were 0.0076, 0.00834, 0.00847,
and 0.00847, which were enhanced by 9.7%, 11.4%, and 11.4%,
respectively, compared with that of the unadded CNT consolidated
body specimens.The findings demonstrate that incorporating CNTs
enhances the peak stress of the consolidated body specimen, thereby
enabling the specimen to withstand the applied load even in the
presence of cracks and breakage, a phenomenon attributed to the
bridging effect.

It is evident from these experiments that incorporating CNTs
positively influences the strength and strain of the consolidated
body, with optimal results observed at a CNT concentration of
0.05%. Subsequently, this paper will elaborate on the evolution
of the microstructure of the consolidated body and establish a
discrete element particle flow model to comprehensively elucidate
the theoretical mechanism underlying this phenomenon.

2.4 Establishment of particle flow model of
the CNT cement-based consolidated body

Particle Flow Code (PFC) is a simulation software
based on the discrete element method (DEM) that allows
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FIGURE 1
MTS-816 electro-hydraulic servo press.

TABLE 3 Uniaxial compressive test data table of different CNT concentrations.

Curing time Multiwalled CNT content (%) Peak stress/MPa Peak strain

28

0.00 20.84 0.00760

0.05 23.94 0.00834

0.10 21.81 0.00847

0.15 19.59 0.00847

FIGURE 2
Effect of different CNT concentrations on the stress–strain curves of cemented specimens.

the iterative reproduction of the mechanical properties
and damage mechanisms of materials under loads
(Liu W. et al., 2024).

PFC avoids both the complexity of complex meshes in
traditional methods and the complexity of setting intricate
constitutive relationships for rock media. Its core lies in the accurate
simulation of the contact between particles. By detecting the
mechanical state of the contact surface, the process and internal

mechanism of particle damage and rupture can be determined. In
this experiment, based on the above laboratory experiment data
and by using PFC2D particle flow numerical simulation software, a
digital model of the consolidated body was constructed to simulate
the dynamic evolution of particle failure, energy release history, force
chain fracture phenomenon, and crack propagation characteristics.
The law of changes of these key parameters with CNT concentration
was systematically investigated.
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FIGURE 3
Constitutive model of intergranular contact. (a) Contact bonding model. (b) Parallel bonding model.

In the numerical simulation programPFC, the bond constitutive
model is commonly used to simulate the bonding, fracture, and
overall mechanical behavior of granular materials. The bond
constitutive model is further subdivided into two distinct models:
the contact bond model and the parallel bond model. These models
are distinguished by their unique bond mechanisms and modes of
action. The fundamental conceptual diagram of these two models
is illustrated in Figure 3. In the field of rock mechanics, parallel
bonding models are favored due to their ability to simulate bond
strength and elasticity between particles, while also allowing slip and
fracture of the bond interface under certain conditions. The parallel
bond model describes the interaction between particles by defining
the normal stiffness, shear stiffness, and bond strength of the contact
surface. In this model, failure of the bond unit and destruction of
the contact surface occurs when the force borne by the bond unit
exceeds its maximum bond strength. This encompasses both the
normal bond strength and the shear bond strength.

The model was used to analyze the effect of CNT concentration
on themechanical properties of consolidated body specimens. In the
PFC2D program, a sample with a height of 100 mm and a width of
50 mm was generated by the BALL command, and the numerical
model comprised 21,341 particle units.

2.5 Analogy procedure

Following the consolidation of fractured rock, the resulting
cemented specimen is typically a porous structure formed by
the hydration products of the cementitious material, which
encapsulate the aggregate. It is, therefore, imperative to distinguish
between two media, cemented particles and aggregate particles,
produced by cement hydration, and three contact surfaces:
cemented particles, aggregate particles, and cemented-aggregate
particles, when constructing particle flow models (Wu et al.,
2021). The MATLAB programming language was utilized to
generate aggregate particle models that were employed to regulate
the mass and size distributions by implementing the particle

stacking stochastic reconstruction technique. The reconstruction
method proposed in this study offers the distinct advantage of its
enhanced resemblance to the reference model, thereby ensuring
its applicability to any reconstruction of a granular structure.
The main variables are the cumulative distribution function
(cdf)、aggregate volume fraction (volumFraction)、storage
particle size (particleSize)、storage particle size random noise
(noisy)、store sample X-axis coordinate grid (sampleX)、store
sample Y-axis coordinate grid (sampleY)、store sample polar angle
grid (sampleTheta)、and store sample rho grid (sampleRho). All
arrays are single-precision, one-dimensional GPU arrays.

First, the coordinates of the center of the circle of particles were
selected at the sample boundary to ensure a random distribution::

{X=min (sampleX)+randNum1∗[max (sampleX)−min (sampleX)].
Y=min (sampleY)+randNum2∗[max (sampleY)−min (sampleY)]

(1)

The origin coordinate system was relocated to the center of
the particle circle, after which it was transformed into a polar
coordinate system:

[sampleTheta, sampleRho] = cart2pol(sampleX+X, sampleY+Y),
(2)

where cart2pol () is the built-in coordinate conversion
function of MATLAB.

The average particle size X is calculated using the particle size
distribution function Ψ(X) and the given random number ξ ∈ [0,1],
sequence of particle sizes satisfying fractal features:

Xξ = Ψ
−1(ξ). (3)

Random noise that varies with the polar angle is introduced
to modulate the circular radius, thereby simulating the irregular
shapes of aggregate particles as observed in reality and achieving an
irregular particle radius distribution:

noisy = w
n

∑
i=1

randNum1i
i

sin(i.∗sampleTheta+ 2π.∗randNum2i),

(4)
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where w is the coefficient that governs the magnitude of the
radius noise, set to 0.1 in this study; n represents the number
of noise terms, with a maximum value of n, and is set to 5 in
this paper.

The final particle size X is

particleSize = Xξ.∗(1+ noisy). (5)

After determining the center coordinates and particle size using
the aforementioned formula, the molecular density grid per unit
volume of the particle compound is generated through conditional
statements:

G = {sampleRho ≤ particleSize}, (6)

where G is the current particles of the aggregates grid.
The program progressively places particles within the sample

space via an iterative process. In each cycle, a grid reflecting the
current particle distribution is generated and superimposed on the
grids from all preceding cycles:

Gi+1
N = G

i
N + {sampleRhoi ≤ particleSizei}. (7)

During the iterative cycle, if a newly added aggregate
particle overlaps with an existing particle area, the program
will regenerate the particle placement until a non-overlapping
location is identified. After each successful placement of an
aggregate particle, the algorithm promptly updates the ratio
of aggregate volume to sample volume and then dynamically
adjusts its position until the volume fraction reaches the
threshold value.

In consideration of the fundamental properties of the
microstructure of the cemented filling medium, it was precisely
imported into the particle flow model. From this model, a two-
dimensional simulation model was constructed that exhibited a
high degree of compatibility with the actual test and distinguished
between two kinds of particles that had undergone reaction by
cement hydration: cemented particles and aggregate particles.
The model is shown in Figure 4. The cementitious medium is the
product of cement hydration, which is assumed to be uniformly
distributed cementitious particles. In contrast, the aggregate
medium consists of aggregate particles aggregated to form clusters
with geometrical characteristics. During the formation of cemented
backfill, slurry and aggregate particles collaborate to form a
porous structure. This structure is characterized by the complete
encapsulation of aggregate particles by the cementing medium,
which effectively mitigates friction and sliding between granular
aggregates. The dense cementing matrix that envelops adjacent
aggregates ensures each aggregate particle is thoroughly coated.
Consequently, three types of interfacial contacts are established in
themodel: cemented particle-cemented particles, aggregate particle-
aggregate particles, and cemented particle-aggregate particles.
These interfaces are modeled using the parallel bonding approach,
allowing them to resist friction even after bond failure. Given
the varying mechanical properties of these different interfaces,
distinctmicromechanical parametersmust be assigned to accurately
describe the bonding and friction characteristics of each interface
transition zone.

3 Analysis of numerical simulation
results

3.1 Effect of CNT concentration on
strength and strain of cement-based
consolidated body

Figure 5 illustrates the experimental and simulated outcomes
for varying concentrations of CNTs. A comparison between
the experimental and simulated results reveals that the uniaxial
compressive test results for different CNT concentrations closely
align with the simulation data. Specifically, the maximum
discrepancy in peak strength under uniaxial compression is
only 0.4 MPa, representing a deviation of 2.01%. Similarly, the
maximum difference in peak strain is 0.0024, corresponding to
a deviation of 2.96%. This is a small deviation from the indoor
uniaxial compression test results, indicating that themodel accuracy
meets the requirements. Detailed values from both the tests and
simulations are presented in Table 4.

3.2 Effect of CNT concentration on the
energy evolution of a cement-based
consolidated body

For the roadway surrounding a rock system, the surrounding
rock not only absorbs energy but also bears the critical responsibility
of supporting the load from the overlying rock layers. Therefore,
regulating the energy conversionmechanism between the cemented
backfill and the overlying rock layer is essential for accurately
controlling the deformation and displacement of the rock layers.
Excluding dynamic effects, the total energy absorbed by the
fractured rock reinforcement comprises the friction energy
and the strain energy consumed by the structure in resisting
deformation. This energy evolution law is also associated with
damage evolution processes like crack development and force
chain breakage.

Figure 6 illustrates the influence of CNT content on the strain
energy characteristics of the consolidated body. As depicted in the
figure, under conditions where structural stability is maintained,
the peak strain energy exhibits a nonlinear trend characterized by
an initial increase followed by a decrease at constant strain or stress
levels. The inflection point occurs at a CNT content of 0.05%, where
the strain energy reaches its maximum. This observation indicates
that the addition of an optimal amount of CNTs significantly
enhances the structural properties of the specimens due to the
bridging effect of CNTs, which facilitates greater energy absorption.
Subsequently, as the CNT concentration increases beyond this
optimal point, the peak strain energy begins to decline. At a CNT
concentration of 0.15%, the peak strain energy decreases markedly,
only marginally exceeding that of specimens without CNTs.
This suggests that excessive CNTs may adsorb water or compete
with cement particles for reactive sites, leading to insufficient
hydration product formation or incomplete microstructure,
thereby adversely affecting the overall structural integrity
(Alafogianni et al., 2019).

Figure 7 exhibits the effect of different CNT concentrations on
the friction energy of the consolidated body specimen carrying the

Frontiers in Materials 06 frontiersin.org

https://doi.org/10.3389/fmats.2025.1566974
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Li et al. 10.3389/fmats.2025.1566974

FIGURE 4
Consolidated body model. (a) Numerical model of the consolidated body. (b) Particle flow model for the consolidated body.

FIGURE 5
Comparative analysis of test and simulation results. (a) Uniaxial compressive test results of different CNT concentrations. (b) Uniaxial compressive
simulation results of different CNT concentrations.

TABLE 4 Detailed values of experimental results and simulation outcomes.

Sample
parameter

Peak stress
test value
(MPa)

Peak stress
simulation
value (MPa)

Percentage
error

Peak strain
test value

Peak strain
simulation

value

Percentage
error

0.00% 20.84 20.43 2.01% 0.00760 0.00740 2.70%

0.05% 23.94 23.84 0.42% 0.00834 0.00810 2.96%

0.10% 21.81 21.84 0.14% 0.00847 0.00860 1.51%

0.1% 19.59 19.75 0.81% 0.00847 0.00840 0.83%
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FIGURE 6
Influence of CNT concentration on the strain energy of the consolidated body. (a) Strain energy–strain of CNT concentration. (b) Strain energy–stress
of CNT concentration.

FIGURE 7
Influence of CNT concentration on the friction energy of the consolidated body. (a) Friction energy–strain of CNT concentration. (b) Friction
energy–stress of CNT concentration.

whole load. It is important to note that while the friction energy of
the consolidated body is not directly influenced by stress, it increases
with increasing strain. The relationship curve between friction
energy and CNT concentration, corresponding to peak strength and
peak strain conditions, initially rises and then declines, reaching its
maximum at a concentration of 0.05%. Samples with concentrations
of 0.00% and 0.10%, respectively, exhibit lower friction energies.
This indicates that an optimal concentration of CNTs can enhance
the structural properties of the bulk sample. However, as the
CNT concentrations increase beyond this point, the friction energy
decreases, with the sample containing 0.15% CNTs showing the
lowest value.This suggests that there is an optimum value for carbon
nanotube concentration. Excessive CNT concentrations may have
adverse effects on the structure of the consolidated body, potentially
due to agglomeration.

3.3 Effect of CNT concentration on crack
development of a cement-based
consolidated body

The development of cracks in a consolidated body with
varying CNT concentrations is illustrated in Figure 8. PFC particle
flow model analysis shows that different concentrations of CNTs
significantly influence the crack propagation modes in cemented
samples. Under uniaxial compression, tensile cracks typically
originate at the sharp corners of aggregates and, subsequently,
propagate to other sharp corners or pre-existing cracks along the
weakest regions at the interface between the aggregate and the
cementedmatrix. Simultaneously, shear cracks are mostly formed in
the cementedmatrix under greater shear force and develop along the
path of higher shear stress. Figure 9 shows the relationship between
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FIGURE 8
Effect of CNT concentration on crack distribution.

FIGURE 9
Influence of CNT concentration on crack development of the consolidated body. (a) Crack count–strain of CNT concentration. (b) Crack count–strain
of CNT concentration.

the total number of cracks and the stress–strain at different CNT
concentrations.

With the increase in CNT concentration, the development
of cracks initially exhibited a trend of weakening before
subsequently intensifying, predominantly at the sharp corners
of the aggregate. This phenomenon suggests the existence of an
optimal concentration of CNTs, with samples displaying minimal
crack propagation at 0.05%. At this appropriate concentration, the
strength of the binding matrix within the material is significantly
enhanced, thereby strengthening the interface between cemented
and aggregate particles. Consequently, even if initial cracks form
at the aggregate’s corners, they struggle to propagate further
within the cementitious matrix. However, as the concentration
of CNTs continues to rise, excessive amounts interfere with
the hydration and hardening processes of the cement matrix,
leading to an uneven internal structure. Agglomeration and
inhomogeneous distribution cause uneven stress transfer within

the solidified body, leading to enhanced crack development
in the specimen (Wu et al., 2022). This effect is particularly
pronounced in samples with a CNT concentration of 0.15%.
The crack development also echoes the energy evolution
pattern above.

3.4 Effect of CNT concentration on force
chain fracture of a cement-based
consolidated body

Within the framework of Particle Flow Code, the force chain
is regarded as an important index to characterize the interaction
between particles. The dense layout of the force chain symbolizes
the tightness and integrity of the structure and directly reflects the
main bearing area of the structure. Through PFC2D simulations and
quantitative analyses (Figure 10), the regulatorymechanism of CNT
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FIGURE 10
Effect of CNT concentration on force chain breakage. (a) CNT concentration 0.00%. (b) CNT concentration 0.05%. (c) CNT concentration 0.10%. (d)
CNT concentration 0.15%.

concentration on the force chain rupture mode and structural load-
bearing efficiency was revealed. To better illustrate the current load-
carrying capacity of the specimen, the peak stress and its 90% and
70%, as well as 50% and 20% of the post-peak stress, were selected
for analysis.

When the concentration of CNTs is 0.00%, the first signs of force
chain rupture appear at the sharp right corner of the sample. With

the continuous accumulation of stress, the force chain fracture of the
cementation–aggregate interface on this side is intensified, and the
chain reaction of local failure leads to the deterioration of the bearing
efficiency of the whole structure until it is fully permeated. After
introducing an appropriate amount of CNTs (especially the 0.05%
concentration), the bearing capacity of the sample is significantly
improved, which not only enhances the contact surface between the
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FIGURE 11
Effect of CNT concentration on particle destruction.

cemented particles and the aggregate particles but also optimizes
the overall cementation characteristics of the grouting material.
Under this ideal ratio, even under peak stress and post-peak half-
load conditions, the samples did not show any force chain rupture
originating from the sharp corner and associated damage to the
cement-aggregate interface, which affected the structural load-
bearing capacity of the structure. However, when the concentration
ofCNTswas increased to 0.15%, the force chain cracking at the sharp
right corner increased steeply, and togetherwithmultiple force chain
breaks within the cement, the overall degree of fracture was much
higher than that in the case where no CNTs were added. It can be
inferred that the force between the cement matrix and the particles
is weakened when the concentration of CNTs is too high, which
ultimately decreases the pressure-bearing capacity of the structure.
This result most likely stems from the deterioration of the specimen
due to the CNT agglomeration effect. The above phenomenon
also echoes the law of energy evolution and crack development in
consolidated bodies.

3.5 Effect of CNT concentration on particle
destruction of a cement-based
consolidated body

Figure 11 illustrates the influence of varying CNT
concentrations on the damage patterns of consolidated body
particles. As depicted in the figure, at a CNT concentration of
0.00%, the failure trajectory of the specimen originates from the
aggregate’s edge and subsequently propagates along the weakest
cementation zones toward the sharp corners of the aggregate or
near the fracture interface. Additionally, the swelling observed at the
specimen’s corners interconnects with the damage fractures, leading
to a pervasive structural failure. However, as the concentration of
CNTs gradually increased, the extent of damage to the specimen
was markedly mitigated. At a concentration of 0.05% CNTs,
while the failure path still adheres to the pattern from the most
vulnerable cementitious region to the sharp angles or fracture
boundaries of the aggregate, the magnitude of failure is substantially
reduced compared to specimens without added CNTs. This

demonstrates that an appropriate concentration of CNTs can
significantly enhance structural stability and strength. When the
concentration of CNTs was increased to 0.15%, the extent of
damage observed in the specimen exceeded that of specimens
without CNTs. Continuous failure from the aggregate edge through
the most vulnerable cementation layer to the aggregate tip or
fracture surface became more pronounced, indicating that an
excessively high concentration of CNTs adversely affects structural
integrity. The high concentration of carbon nanotubes interferes
with the hydration process of cement due to agglomeration and
water-absorption effects, weakening the cementing matrix and
the interface between the cemented particles and the aggregate
particles and leading to a decrease in the structural load-bearing
capacity. The above phenomena also correspond to the energy
evolutionmode, crack development, and force chain breakage in the
cemented body.

4 Conclusion

In this study, aggregate particles with specified parameters
were designed and generated through a combination of indoor
experiments and numerical simulations utilizing MATLAB
programming technology. A PFC2D particle flow model was
constructed to simulate the microstructural evolution of the
consolidated body under loading conditions. The effects of CNT
concentration on the mechanical properties and microstructural
evolution of cement-based grouted consolidated bodies were
systematically analyzed, revealing the mechanism of CNTs in
the reinforcement of fractured surrounding rocks. The primary
conclusions are:

(1) The results demonstrate that incorporating an appropriate
amount of CNTs substantially enhances the structural
properties of the consolidated body. Notably, when the
concentration of CNTs is 0.05%, both the uniaxial compressive
strength and strain capacity achieve optimal values. The
maximum deviation between the peak strength and
experimental data is maintained within 2.01%, while the
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maximumdeviation between the peak strain and experimental
data is kept within 2.96%.These findings validate the accuracy
of the numerical simulation.

(2) The specimens subjected to shear stress are more prone to
developing shear cracks. An optimal concentration of CNTs
(0.05%) can substantially enhance the strength of the bonding
matrix within thematerial, thereby strengthening the interface
between the cemented particles and the aggregate particles
and inhibiting crack propagation. Conversely, an excessive
concentration of CNTs may result in agglomeration, which
can compromise the bonding strength between the cemented
matrix and the aggregate particles and exacerbate crack
development.

(3) The influence of CNT concentration on the bearing
performance of a consolidated body was investigated. The
results indicate that an optimal concentration of CNTs (0.05%)
significantly enhances the load-bearing capacity of the samples
and optimizes the overall consolidation characteristics of the
grouting material. Under conditions of peak stress and even at
half-load post-peak, the degree of fracture in the force chains
within the sample isminimal, thereby improving the structural
load efficiency. Conversely, excessively high concentrations
of CNTs can lead to force chain fractures at sharp corners
or interfaces between aggregates that weaken the overall
load-bearing capacity of the structure.

This study reveals the regulation mechanism of CNT
concentration on the mechanical properties of grouted rock and
provides a theoretical basis for the effective reinforcement of
fractured surrounding rocks in engineering. With the increasing
research on the properties and engineering applications of
nanomaterials, CNTs are expected to drive innovative development
in construction materials in a smarter, more sustainable, and
efficient direction.
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