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Introduction: Deep underground excavation induces significant unloading
damage in diorite, yet micromechanical mechanisms under varying unloading
rates remain poorly understood.

Methods: Herein, we employed the discrete element method to investigate
the microscopic and macroscopic response mechanisms of deep hard
diorite samples during the loading and unloading process. We performed
numerical analysis at three unloading-confining-pressure rates using PFC3D.
The macroscopic mechanical characteristics, particle displacement, number
of contact force chain failures, and propagation and evolution characteristics
of the spatial distribution of tensile shear microcracks along the axial and
radial directions of the samples during the loading and unloading process
were studied.

Results: (1) Peak strength and strain increased with reduced unloading rates,
while confining pressure exhibited instantaneous fluctuations during unloading,
signaling progressive fracture evolution. (2) Radial particle displacement and
contact force chain failures showed nonlinear concave growth from core
to surface, intensifying post-peak—indicating severe near-surface damage. (3)
Microcracks propagated inward from the unloading surface, with tensile cracks
predominating over shear cracks. Tensile crack density increased as unloading
rate decreased.

Discussion: Lower unloading rates facilitate prolonged stress redistribution,
amplifying force chain failures and microcrack density. This confirms that
unloading-induced damage initiates near boundaries and propagates inward,
with tensile mechanisms governing failure.

KEYWORDS

numerical analysis, loading and unloading, particle displacement, contact force chain
failure, microcrack evolution

1 Introduction

In underground engineering, different excavation rates cause considerable differences
in the unloading mechanical characteristics of rocks (Lin et al., 2022). In recent
years, with the increasing number of deep underground engineering projects in
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China, the unloading mechanical properties of rocks induced by
excavation have attracted garnered widespread attention. Research
has shown that rock failure during the unloading of high-confining-
pressure conditions is often sudden and more intense than is rock
failure under loading conditions. Thus, studying the macroscopic
and microscopic mechanical properties of rocks under unloading
rates is of considerable importance for understanding the damage
and fracture evolution mechanism of rocks that are induced by
deep underground engineering excavation (Zhang et al., 2023a;
Zhao et al., 2021).

Many studies have investigated the unloading strength,
deformation, and energy evolution characteristics of rocks through
laboratory experiments (Wang et al., 202a; Zhu et al., 2021;
Han et al., 2021). Lau and Chandler (2004) reported that obtaining
rockmechanics parameters through unloading experiments is more
in line with actual underground engineering. Chen et al. (2020b)
conducted unloading tests on sandstone under different confining
pressures and reported that the crack volume strain decreases with
increasing confining pressure and that rock bursts are prone to
occur under high unloading rates. Bing et al. (2018) conducted
unloading experiments on granite and found that the unloading
failure strain is smaller than the loading failure strain; furthermore,
the difference between the two increases with increasing confining
pressure. You et al. (2023) conducted triaxial loading and unloading
experiments to determine the energy conversion law of rock
samples; they found that before the loading and unloading peak
strength is reached, the strain energy conversion rate increases
with the increasing confining pressure. An et al. (2023) conducted
triaxial loading and unloading experiments to investigate the
strain energy storage and transfer mechanisms of diorite before
its peak strength was reached; they found that the ultimate strain
energy accumulation ability of rock samples decreases with the
increasing unloading confining pressure rate. These studies have
elucidated the unloading macroscopic mechanical properties of
rocks.

Considering the unloading mechanical properties of rocks
only from the perspectives of its strength, deformation, and
energy evolution cannot provide enough insights into rock failure
mechanisms. To study microcrack propagation and evolution
characteristics and failure modes of rocks under unloading
conditions, new technologies, such as computed tomography
(CT) scanning (Wu et al., 2022; Zhao et al., 2022), acoustic
emission (AE) (Li et al., 2023; Yang et al., 2023), and digital
image correlation (DIC) (Tang et al., 2020), are widely employed.
Wang et al. (2020b) employed the CT scanning technology to
investigate the three-dimensional (3D) failure characteristics of
coarse-grain marble under different unloading conditions; they
showed that the 3D failure morphology of the marble is closely
related to the unloading rate and time effects. An et al. (2022)
and Wang et al. (2020c) employed AE to analyze damage evolution
in rock samples under unloading conditions; they found that
the failure of rocks during unloading is caused by microcrack
initiation, propagation, and coalescence of microcracks. Chen et al.
(2022) used DIC and AE techniques to demonstrate that the
internal failure before the peak strength of rocks is primarily
attributed to tensile cracks during loading and unloading cycles.
Although these technologies are currently considerably advanced,
some limitations still exist in exploring crack propagation and

evolution in rocks. For example, AE cannot accurately capture
the spatial position of microcracks in rocks because of signal
interference; in addition, CT scanning technology cannot be
used for real-time monitoring of microcrack propagation and
evolution.

Numerical analysis techniques can effectively overcome the
aforementioned technical shortcomings. Among various numerical
methods, including the use of FLAC, particle flow code (PFC),
and UDEC, etc (Liu et al., 2024; Chen et al., 2020a). The use of
PFC has become important for exploring microscopic damage
and fracture characteristics in rock samples (Shen et al., 2023;
Zhang and Wong, 2012). Numerous studies have shown that
the PFC can effectively simulate microcrack evolution in rock
(Yang et al., 2019; De Silva et al., 2018; Yang and Zhang, 2020).
Based on numerical analyses using PFC, Jin et al. (2019), Rong et al.
(2022), Cong et al. (2019), and Li et al. (2019) found that the higher
the unloading rate, the slower the propagation and evolution of
microcracks in rocks but the more the internal tensile microcracks.
Xiong et al. (2019) also studied the unloadingmechanical properties
of layered rocks using PFC2D and found that fracture evolution
in layered rocks is considerably influenced by material properties
and layered distribution. Ao et al. (2024) investigated the rock
burst proneness of coarse-grained granite, red sandstone, and
white marble under triaxial loading and unloading conditions
using PFC3D. They found that coarse-grained granite exhibited
the higher rock burst proneness. In addition, Zhang et al. (2023b)
conducted a true triaxial unilateral unloading test on granite samples
containing prefabricated cracks using PFC3D, and they found that
the degradation effect of prefabricated cracks on the model strength
linearly increased with decreasing inclination angle. Li et al. (2024)
investigated the mechanical behavior and fracture mechanism
of marble under true triaxial cyclic loading and unloading
using the discrete element method. Their results indicated that
as the intermediate principal stress increases or the minimum
principal stress decreases, the failure surface changes from
inclined to parallel to the direction of the maximum principal
stress.

The aforementioned experimental and numerical studies
have enhanced the understanding of the unloading macroscopic
and microscopic mechanics of rock samples; however, to
obtain a more comprehensive understanding of the damage
response characteristics of rocks during unloading, it is
necessary to further study the macroscopic and microscopic
mechanical response mechanisms of rocks under loading and
unloading conditions. Herein, we first constructed a diorite
loading unloading numerical model using PFC3D. We then
divided the numerical model into five regions in the axial
and radial directions and exported basic particle information
for the regions during the loading and unloading processes
through programming. Finally, we applied statistical theory
to study the evolution characteristics of internal particle
displacement components, the number of contact force
chain failures, and the tensile shear microcracks along the
axial and radial directions of the involved samples. Overall,
this study provides a basis for understanding the loading
and unloading damage and fracture mechanism of rock
samples.

Frontiers in Materials 02 frontiersin.org

https://doi.org/10.3389/fmats.2025.1550403
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


An et al. 10.3389/fmats.2025.1550403

FIGURE 1
(a) Contact element between particles; (b) Schematic of the flat joint model (FJM).

2 Numerical test

2.1 Selection of contact models

PFC3D is an important tool for studying the macroscopic
and microscopic mechanical properties of rocks. Numerical
models developed using this software comprise numerous
rigid particles bonded to the bonded materials. Some contact
models are provided in PFC3D. Among them, the parallel-
bond model (PBM) is often used as the basic contact model
for simulating geotechnical materials. However, owing to the
insufficient self-locking effect provided by the rigid particles
assigned to the PBM, this model has some shortcomings, such
as low unconfined compression ratio and internal friction
angle and linear strength envelope when simulating brittle
rocks (Yang et al., 2019). Compared with the PBM, the
flat-joint model (FJM), owing to its unique structure and
discretized structural element form of the particle contact
surface (Figure 1a), enables particles to exhibit strong self-locking
effects and rotational impedance. This model overcomes the
shortcomings of the PBM and is suitable for simulating the
macroscopic and microscopic mechanical behavior of rocks
(Wu and Xu, 2016).

The FJM is a cohesive contact model that considers local
damages, and the elements at each particle interface assigned to
the FJM have only two states: bonded and unbound (He et al.,
2018). For the bonded elements, when the normal contact force
of the particles is greater than the ultimate tensile stress of the
bonding material, the bonding material fractures and forms tensile
cracks. When the tangential contact force of the particles meets
the Mohr–Coulomb strength criterion, the bonding material
fractures and forms shear cracks. For the unbound elements,
there is only compressive stress in the normal direction of the
particles. When the tangential stress of the particles is greater
than the ultimate friction force, the particles slide (Figure 1b).
For more information on the FJM, refer to the PFC3D

manual.

2.2 Microparameter calibration

The diorite samples analyzed herein originate from a deeply
buried hard rock tunnel in the north of QinlingMountains, Shaanxi
Province, China. The total length of the tunnel is 98.3 km, and the
diorite surrounding rock in the Lingbei TBM section is located
in a geological environment with a high burial depth and high
ground stress. During excavation, disasters such as rock burst, large
deformations, rock mass peeling, and block falling occur.Therefore,
it is necessary to study themacroscopic andmicroscopicmechanical
properties of deep diorite during unloading.

The basic mechanical parameters of diorite samples were
obtained using a SAS-2000 microcomputer-controlled rock triaxial
test system and an RMT-150C rock mechanics testing system. The
density, compressive strength, tensile strength, elastic modulus, and
Poisson’s ratio of the samples are 2,680 kg/m3, 166.0 MPa, 7.56 MPa,
33.245 GPa, and 0.18, respectively. For numerical analysis, we
employed a standard cylindrical sample (Φ50 mm × H100 mm)
comprising 33,675 rigid particles of different scales (Figure 2), which
is the same as that used for laboratory experiments. Studies have
shown that particle size affects the accuracy and computational
efficiency of numerical analyses. Considerably small particles may
result in unacceptable calculation time, whereas considerably large
particles may cause substantial calculation errors. When the ratio
of the minimum size of the sample to the average particle
size in numerical analyses is greater than 5, the particle size
exerts a relatively small impact on the numerical results and can
be ignored (Potyondy and Cundall, 2004).

A Gaussian distribution was employed to assign strength
values to the bonding material between particles in the numerical
sample. Through repeated calculations, we obtained a set of
microscopic parameters that reflect the macroscopic mechanical
properties of the diorite samples under different confining pressures
(Table 1). Figure 3 and Table 2 show the strength curves and failure
results obtained from numerical and laboratory experiments under
different confining pressures. The peak strengths of the samples
obtained from experiments under different confining pressures
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FIGURE 2
Numerical model of the diorite rock sample.

agree well with the numerical values. Before the peak strength,
the trends of the strength curves are consistent. After the peak
strength, the experimental strength curves exhibit more distinct
brittle characteristics than the numerically obtained curves, but the
overall trends are consistent, indicating that the micromechanical
parameters listed in Table 1 can be used for subsequent loading and
unloading mechanical analyses.

2.3 Unloading method

For numerical unloading analyses, the lateral rigid wall can
be moved at a certain rate to unload the confining pressure on
the samples (Jin et al., 2019). However, because of the increase
in radial deformation during the unloading process, the confining
pressure may first decrease and then increase. To avoid this
shortcoming and improve the reliability of the involved method, we
adopted a stress/time step unloading method, which can prevent
the rebound of confining pressure during the unloading process,
avoiding the uncertainty in the results.

In experimental analysis, the unloading method involves
specifying a certain unloading rate (MPa/s) through servo control
to obtain the specified unloading path. In numerical analysis,
the stress/time step (MPa/Step) is employed to achieve the
corresponding unloading path. Notably, the units of the unloading
rate in the two methods are different. To ensure that the numerical
unloading method has practical importance, determining the
corresponding relation between these two unloading methods
is necessary. Figure 4 shows the experimental and numerical
unloading strength curves of a rock sample under a confining
pressure of 30 MPa. The slopes of the experimental and numerical
unloading strength curves are the same, indicating that the
stress/time step unloading method used in numerical analysis is the
same as the stress-control unloading method used in experiments.

2.4 Tested scheme

To investigate the influence of unloading rates on microscopic
damage and fracture evolution in diorite, a numerical scheme was

developed as follows (Figure 5): (I) a predetermined hydrostatic
pressure of 30 MPa was applied to the diorite sample through servo
control; (Ⅱ) the vertical servo control was turned off, a displacement
rate of 0.0002 mm/step was assigned to the top and bottom walls
of the sample, and the axial pressure was continuously applied;
(Ⅲ) when the axial stress was applied to 80% of the peak strength,
the confining pressure was unloaded at three rates (0.0002, 0.0004,
and 0.0008 MPa/Step) while maintaining the axial loading rate until
sample failure.

3 Results and analysis

3.1 Regional division of the model

During the loading and unloading processes, macroscopic
deformation of the sample primarily occurs in the axial and
radial directions. In this study, the numerical model was divided
into different regions (Figure 6). Hi and Ki (i = 1, 2, 3, 4, and
5) represent regions in the axial and radial directions of the
specimen, respectively. The strength curve of the specimen under
different unloading rates comprises a loading phase (Ⅱ) and a
loading–unloading phase (Ⅲ). Next, the particle displacement,
contact force chain, and microcrack evolution characteristics
corresponding to the four key points (loading and unloading initial
point A, loading and unloading point B (90% of peak strength),
loading and unloading peak strength point C, and loading and
unloading point D (60% of peak strength)) on the diorite strength
curve shown in Figure 7 is studied. Notably, phase Ⅱ and Ⅲ in
Figure 7 are elaborated in Section 2.3.

3.2 Change characteristics of loading and
unloading strength curves

Figure 8 presents the changes in the strength of diorite samples
with the unloading confining pressure rate. As the unloading
confining pressure rate decreases, the peak deviatoric stress
increases, the postpeak deviatoric stress rapidly decreases, and
the postpeak radial deformation rapidly increases (Figure 8a),
consistent with the results of a previous study (Cong et al.,
2023). Although the numerical models under the three unloading
conditions are identical, their peak stresses differ.This is because the
higher the unloading confining pressure rate, the lower the lateral
deformation constraint of the rock sample, decreasing the bearing
capacity of the rock sample.

As shown in Figure 8b, with increasing unloading confining
pressure rate, the slope of the unloading curve gradually
increases and its trend is consistent with that reported in a
previous study (Li et al., 2019). During the unloading process, the
confining pressure and axial strain curves linearly decrease, but an
instantaneous floating phenomenon occurs in the local part of the
curve, which becomes more pronounced as the unloading process
continues. This is because sudden fracture within the rock sample
can cause an instantaneous decrease in the confining pressure,
indicating that damage and fracture evolution in the rock sample is
a progressive failure process.
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TABLE 1 Microproperties of the numerical model obtained using PFC3D.

Microproperties Values Microproperties Values

Minimum particle radius (m) 0.0006 Friction coefficient 0.001

Radius ratio 2.50 Internal friction angle (°) 4.5

Installation gap (m) 0.0002 Density (kg/m3) 2,710

Young’s modulus (GPa) 8.563 Bond tensile strength (MPa) 20.02 ± 0.275

Ratio of normal to shear stiffness 2.68 Cohesion (MPa) 36.126 ± 1.04

FIGURE 3
Experimental and numerical results under triaxial compression: (a) Experimental stress–stain curves; (b) Numerical stress-stain curves; (c) Failure
modes under different confining pressures; (d) Experimental and numerical failure modes in the Brazilian splitting test.

3.3 Response characteristices of contact
force chains

Thenumericalmodel obtained using PFC3D enables overlapping
of rigid particles in mechanical relations, thereby effectively
simulating the contact forces between particles. Particles form
continuous or intermittent contact force chains with different
strengths through contact and run through the entire specimen.
During external loading, when the particle is subjected to a force
greater than the ultimate load-bearing capacity of the force chain,

fracture can occur.The number of contact force chain failures in the
sample better reflects the degree of damage and fracture. Figure 9
presents the response curves of the number of contact force
chain failures in the regions along the axial and radial directions
of the specimen under different unloading confining pressure
rates.

As shown in Figure 9, during the loading and unloading
processes, the number of contact force chain failures in different
axial and radial regions of the sample gradually increases and the
number of contact force chain failures in different radial regions is
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TABLE 2 Experimental and simulated peak strengths of rock samples
under different confining pressures.

Confining pressure
(MPa)

10 20 30 40

Experimental strength (MPa) 196.039 247.414 277.689 308.955

Peak strength (MPa) 196.677 243.707 274.112 314.615

Relative error (%) 1.45 0.67 1.29 1.83

FIGURE 4
Experimental and simulated strain curves of a rock sample under a
confining pressure.

FIGURE 5
Schematic of the loading path.

FIGURE 6
Regional division of the model.

FIGURE 7
Key points on the loading and unloading strength curves.

considerably greater than the number in different axial regions.This
indicates that while unloading the confining pressure, the change in
lateral constraints leads to a greater change in stress in the radial
direction inside the rock sample than in the axial direction. In
addition, the number of contact force chain failures in the middle of
the sample is higher than those at the end.This phenomenonmay be
related to the constraint effect of the axial loading plate on the end
of the rock sample. The number of force chain failures in different
regions of the rock sample increases with decreasing unloading
confining pressure rate. This indicates that various contact stresses
in the rock sample are transmitted and adjusted more fully over a
longer time step at low unloading rates.This process allows particles
to participate in stress adjustment and redistribution for longer
periods, thereby increasing the number of internal contact force
chain failures.
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FIGURE 8
Strength curves of samples under different unloading confining pressure rates: (a) Strength curves; (b) Relationship between confining pressure and
axial strain.

FIGURE 9
Response curves of contact force chains in the sample under different unloading confining pressure rates: (a) Number of contact force chain failures in
different axial sections of the sample; (b) Number of contact force chain failures in different radial sections of the sample. fHN, number of contact
force chain failures along the axial direction of the sample; fKN, number of contact force chain failures along the radial direction of the sample.

3.4 Response characteristics of particle
displacements

To more intuitively and quantitatively evaluate the axial and
radial response characteristics of particle displacement in the
numerical model while unloading confining pressure, we derived
the particle displacement components in each region of the sample
corresponding to the four key points (A, B, C, and D) using
a self-designed program and calculated the mean of all particle
displacement components in the same region. Finally, the changes
in the average particle displacement components in different regions
of the sample under different unloading confining pressure rates
were plotted (Figure 10).

During the loading and unloading processes, the axial
displacement components of particles at the upper and lower ends
along the axial direction of the rock sample were larger than those
in the middle (Figure 10), which is related to the direct external load
borne by the particles at the upper and lower ends of the sample.
The radial displacement components of particles along the radial
direction of the rock sample showed a nonlinear concave increase

from the inside out and gradually increased with further loading
and unloading. This is because during the loading and unloading
processes, as the confining pressure decreases, the lateral contact
stress between particles inside the sample decreases and the particles
are more prone to lateral displacement under compression, which
results in greater volume expansion. Furthermore, the axial and
radial displacement components of particles in different internal
regions of the sample decreasedwith increasing unloading confining
pressure rate. This indicates that as the unloading rate increases, the
stress transfer and adjustment time between particles inside the
sample become shorter, and the contact force between particles
decreases, resulting in a decrease in the axial and radial deformation
components of the particles.

3.5 Spatial distribution characteristics of
microcracks

The distribution of tensile shear microcracks inside the diorite
samples during loading and unloading is themost intuitive response
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FIGURE 10
Particle displacements in the samples at different unloading confining pressure rates: (a) Axial displacement component; (b) Radial displacement
component.

TABLE 3 Radial distribution density of tensile shear microcracks in the sample during the loading and unloading processes.

Unloading rates (MPa/Step) Crack mode Key points Legend

A B C D

0.0002

Tensile cracks0.0004

0.0008

0.0002

Shear cracks0.0004

0.0008

to damage and fracture. Tables 3, 4 list the radial and axial
distribution densities of internal tensile shear microcracks during
the loading and unloading processes of the samples under different
unloading confining rates, respectively.

As shown in Table 3, the internal microcracks of the samples
under the three unloading-confining-pressure rates are primarily
distributed near the unloading surface and gradually expand and
evolve toward its interior as unloading continues, especially after
the loading and unloading peak strength. The number of tensile

microcracks caused by the lateral volume expansion of the sample
is substantially higher than that of shear fracture microcracks, and
the growth rate of tensile microcracks under unloading confining
pressure is higher than that of shear microcracks. This is due to the
concentration of contact tensile stress between particles near the
unloading surface during the unloading process, which renders it
easier for tensile cracks to form and expand.

As shown in Table 4, at key point A, radial tensile shear
microcracks accumulate at the upper and lower ends of the sample
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TABLE 4 Axial distribution of tensile shear microcracks in the specimen during loading and unloading.

Unloading
rates

(MPa/Step)

Crack mode Key points Crack mode Key points

A B C D A B C D

0.0002

0.0004 Tensile cracks Shear cracks

0.0008

under different unloading confining pressure rates. At key points
B–D, the distribution of internal tensile cracks in the sample
is similar to that at key point A before achieving the loading
and unloading peak strength: internal tensile cracks are primarily
distributed at the sample edges. After the loading and unloading
peak strength, the distribution is more uniform along the axial
direction; in addition, the distribution density increases with
increasing unloading confining pressure rate. This indicates that
during while unloading the confining pressure, the particles near
the unloading surface aremore susceptible to tensile stress, resulting
in the formation of tensile cracks. The internal shear cracks of
the sample accumulate at the sample edges before the loading and
unloading peaks and at the double-shear part of the sample after
the loading and unloading peaks.The distribution density decreases
with increasing unloading confining pressure rate.The above results
show that there is a difference in the failure shape of the specimens
between the numerical and experimental analyses. This is because
the material distribution inside the numerical samples is uniform
and there are no natural defects, unlike in case of actual samples.

4 Discussion

The microscopic response characteristics within the
macroscopic mechanical surface of a rock during the loading and
unloading cycles are vital in understanding the mechanism of
unloading damage and fractures in rock samples. Figure 11 presents
the evolution mechanism of the loading and unloading damage and
fracture of the sample.

Before achieving the loading and unloading peak strength
(points A–C), owing to the compression effect at the upper and
lower sample ends, the axial displacement component and tensile
shear microcracks of particles near the ends are larger than those in
the middle of the samples. In addition, because the tensile strength
of the force chain between particles is smaller than their shear
strength, tensile cracks generated inside the sample outnumber

the shear cracks. During axial compression, particles in the rock
sample move in the direction of the applied force and in the radial
direction. Owing to the unloading confining pressure, the degree
of obstruction to the radial movement of particles is weakened,
especially near the unloading surface, resulting in more severe
changes in the tensile and shear microcracks near the unloading
surface compared to its interior. As loading and unloading continue,
the damage and fracture of the sample gradually expand and
penetrate from the edges and ends of the samples to the interior
andmiddle. When the tensile shear main through the lateral surface
of the sample is formed, the sample reaches its ultimate bearing
capacity. After the loading and unloading peak strength (point C), as
the bearing capacity and lateral constraint force of the sample rapidly
decrease, shear slip occurs when the tensile shear microcracks near
the main through surface accumulate to a certain extent, resulting
in complete sample failure.

PFC is an effective tool for exploring the macroscopic and
microscopic mechanical properties of rocks. It can be used to
construct numerical models that are close to the mineral shape
and gradation of actual rock materials. However, it leads to high
computational costs. Thus, herein, we employed spherical particles
to establish a scale of 50 mm × 100 mm for a standard cylindrical
numerical sample. Considering that the internal scale ratio of
common rock and soil materials ranges from 10–5 to 10–1 (Bazant
and Chen, 1997; Yin et al., 2011), after repeated adjustments, the
maximum particle diameter in the model was determined to be
1.5 mm,which is < 1/10 of the sample diameter, i.e., the internal scale
is 10–2, which meets the requirements for the internal scale ratio of
rock and soil materials.

Several studies on the microscopic response characteristics of
rock samples under different unloading paths have been reported,
but most of them are based on software interface output results
(Amiri and Bahrani, 2024; Huang et al., 2019). In this study, we
employed a self-designed program to output information on all
particles, contact force chains, and tensile shear microcracks in a
rock sample. Statistical analysis was then performed to analyze the
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FIGURE 11
Evolution curve of damage and fracture in rock samples during loading and unloading processes.

evolution of this microscopic information along the axial and radial
directions of the sample during the unloading confining pressure
processes.

5 Conclusion

Herein, using PFC3D, we investigated the response
characteristics of internal particle displacement, contact force
chains, and tensile shear microcracks during the loading
and unloading processes of diorite samples under three
unloading confining pressures and determined the evolution
mechanism of unloading damage and fracture of diorite at
the macrolevel and microlevel. The main conclusions are as
follows.

(1) As the unloading confining pressure rate decreases, the
ultimate bearing capacity and peak strain of the rock
sample increase. During the unloading process, the strain
curve of the involved sample at a confining pressure
shows notable instantaneous fluctuation. This indicates the
gradual fracture evolution of the sample during loading and
unloading.

(2) Under the three unloading confining pressures, the
displacement of particles and the number of contact force
chain failures in the sample show a nonlinear concave increase
along the sample radial direction, especially after the peak
strength, indicating that the unloading confining pressure
considerably affects the damage and fracture of materials near
the unloading surface.

(3) Before peak loading and unloading strength, the tensile and
shear microcracks accumulate at the upper and lower ends of
the sample and near the unloading surface. After the loading
and unloading peak strength, the tensile cracks are evenly
distributed along the axial direction of the sample, whereas
shear cracks mainly accumulate at the double-shear position.
The distribution density increases with decreasing unloading
confining pressure rate, indicating relatively sufficient time for

stress transfer and adjustment in the sample at low unloading-
confining-pressure rates.
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