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Abstract XRD diffraction scanning tests were
utilized to determine rock mineral composition,
and a numerical calculation model of heterogene-
ous granite was established utilizing the PFC. The
macro and micro damage characteristics of the het-
erogeneous granite model were analyzed. During
failure, the boundary energy, strain energy, and dis-
sipation energy were monitored. The results indi-
cates that confining pressure can enhance the elastic
modulus of the model by approximately 1.5 times.
Under non-confining pressure conditions, shear
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failure is dominant in the model. Conversely, under
confining pressure conditions, tensile-shear compos-
ite failure is prevalent. The micro-failure types are
mainly slippage failure and shear failure. The micro-
structural strength of Albite and Quartz is found to
increase with rising confining pressure, whereas that
of Kaolinite is inhibited. Confining pressure has lit-
tle effect on the microstructural strength of Potas-
sium Feldspar. The critical confining pressure for the
model is determined to be 15 MPa; strain energy is
the dominant energy component at pressures below
this threshold, while dissipation energy become
dominant above it. At the micro-level, the boundary
energy in the crack initiation energy is more sensitive
to the confining pressure. In the peak strength energy,
the growth rate of strain energy is greater than that of
dissipation energy.

Keywords Granite - Heterogeneity - Discrete
element method - Macro—micro scale failure - Energy
evolution

1 Introduction

The construction of tunnel foundation engineering is
growing, and the problem of complex underground
space excavation is becoming more prominent. Espe-
cially in different geological structures, rocks have
different macro—micro scale characteristics. The
essential properties and mechanical characteristics
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of rocks are often controlled by the micro-scale min-
eral structure, making it difficult to master the engi-
neering surrounding rock structural properties and
micro-structural. These factors are important reasons
for rock fracture damage and engineering disasters
(Wang et al. 2018; Zhu et al. 2019; Chen et al. 2020).
Therefore, exploring the large-scale macroscopic
damage caused by rock micro-damage and the energy
evolution relationship during the damage (Gao et al.
2020; Reches and Wetzler 2022; Chen et al. 2022;
Li et al. 2023) plays a crucial role in providing new
ideas for revealing the intrinsic damage mechanisms
in surrounding rock of different structural zones, and
scientifically guiding engineering construction and
mechanical disaster prevention.

External loads first drive changes in the mineral
structure, and as the stiffness of the internal mineral
particles gradually deteriorates, the original continu-
ous medium characteristics of the mineral particles
are lost, resulting in microstructure cracking of the
rock and then cause the production of macroscopic
cracks. However, there are significant differences
in the internal microstructures and composition of
different rocks, and these differences are the most
important factors affecting the macroscopic mechani-
cal properties of rocks (Lindqvist et al. 2007; Li et al.
2014). In response to differences in the microstructure
of rocks, scholars at home and abroad have employed
various research methods, including CT digital imag-
ing (Chen et al. 2021; Feng et al. 2023), polarized
microscopy analysis (Rubo et al. 2019), and XRD
diffraction analysis (Chander et al. 2020). Hoagland
(1973), Hallbauer (1973), Lindqvist (2007), and oth-
ers used an optical microscope to observe the rock
cracked by axial compression and found that different
micro-mineral structures have a significant influence
on macroscopic rupture. Jeong et al. (2017) studied
the fracture toughness variation of granite from the
microscale to the macroscale, and Alneasan et al.
(2021) studied the influence of grain size and min-
eral composition on the propagation path and fracture
speed of cracks, finding that fracture speed, fracture
toughness, bending coefficient as well as the ratio
of intergranular cracks and intragranular fractures
is inversely proportional to the grain size. Yu et al.
(2021) used uniaxial compression tests and numerical
simulation methods to analyze the influences of the
rock mineral particle size effect and spatial arrange-
ment on the macroscopic mechanical behavior and
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fracture, revealing that the cumulative and extended
damage to individual mineral particles is the main
factor causing macroscopic rock fracture. Li et al.
(2021) conducted mineral composition, particle size,
and hardness tests on 96 samples, and established
a sample prediction function through raw test data
and back-propagation artificial neural networks to
study the relationship between mineral composition
and inherent mechanics. Indoor experimental tech-
niques cannot dynamically observe the microscopic
structure’s fracture damage in real time, and some
researchers prefer numerical calculations to compare
with experiments and find a theoretical model that
can replace experiments. Daraei et al. (2023) studied
the influence of micro-cracks on static elastic modu-
lus and proposed a method to predict static elastic
modulus by using the correlation between dynamic
and static elastic modulus, which provided a reference
for the determination of parameters in numerical sim-
ulation. Zheng (2023), Quan (2023), and others ana-
lyzed the micro-fracture characteristics and fracture
mechanisms of granite based on the PFC3D-GBM
model, verified the granite microcosmic numeri-
cal model’s fracture mechanism during loading, and
found that micro-damage is selective for certain min-
erals. They studied the impact of o, and o3 on the
microstructure’s fracture in marble and predicted the
pre-instability phenomenon of marble based on the
microstructure’s damage characteristics.

Microscopic structure accumulation damage in
rock leads to macroscopic crack propagation and
fracture. The essential attribute of macroscopic and
microscopic rock damage is energy-driven evolu-
tion. Internal energy state of rock varies greatly with
changes in stress state and mineral particle stabil-
ity of the microscopic structure (Xie et al. 2008; Yu
et al. 2020; Li et al. 2022). Huan (2017) considered
the heterogeneity of rocks and proposed an energy
evolution scale model for the microscopic damage of
heterogeneous rocks by combining microscopic frac-
ture mechanics, mathematical statistics theory, and
energy damage evolution analysis. Chen et al. (2020)
studied the effects of inclination angle and length on
crack propagation behavior, failure mode, energy evo-
lution and displacement distribution of surrounding
rock by using the method of triaxial compression test
and numerical simulation through parameter analy-
sis. Zhang et al. (2019) studied the energy tendency
problem of granite at the microscopic level using a
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triaxial cyclic loading and unloading method. They
established rock burst tendency evaluation indicators
for different confining pressures from the microscopic
energy perspective and revealed the energy evolution
law of stress threshold values. Sun et al. (2020) used
the PFC particle flow software as a basis to study the
macroscopic and microscopic fracture characteris-
tics and energy scale effect relationships of granite.
When analyzing granite engineering problems, they
found that the microscopic particle flow model has
a certain scale effect. Chen et al. (2022) compared
DDARF and RFPA software to study the microscopic
fracture extension and energy evolution damage of
jointed rock masses and obtained that microscopic
damage presents the trend of stable growth—rapid
growth—stable growth in jointed rock masses. Ying-
quan et al. (2022) simulated the microscopic crack-
ing process of minerals under unloading conditions
using particle flow software and summarized the law
of energy trend under different crack penetration pat-
terns to provide simulation references for the micro-
scopic mechanical mechanism of crack penetration
and energy damage of rock cracking.

Currently, how to study the fracture mechanism
of microscopic mineral rocks better and how to
combine microscopic damage with the essence of
energy damage remains the main problem. There-
fore, based on indoor experiments and numerical
simulation, this article used X-ray diffraction anal-
ysis technology to obtain the microscopic mineral
composition of the engineering granite and opti-
mized the numerical calculation model of the dis-
crete element particle flow to investigate the macro-
scopic and microscopic mechanical characteristics
of the heterogeneous granite model under different
confining pressures. The changes in strain energy,

Fig. 1 Tunnel longitudinal
section layout diagram

dissipation energy, and boundary energy under
microscopic damage were analyzed. Aiming to pro-
vide specific references for conducting damage and
fracture analysis of surrounding rocks in under-
ground engineering, and for rock as well as soil
engineering design from multiple analysis scales.

2 Engineering Background and Indoor Testing
2.1 Engineering Rock Mass Characteristics

Selecting a deep-buried ultra-long tunnel engineer-
ing project, the tunnel geological zone is located
in the middle of the high mountain area of south-
western Sichuan. The overall terrain is undulating,
with elevations mostly around 850-2500 m. The
surrounding rock of the tunnel is mainly moderately
weathered granite, which is determined to be rela-
tively hard on-site and presents a block-like struc-
ture with well-developed joints and fissures. The
tunnel design length is 7286 m, with a maximum
depth of 1270 m. The main tunnel has a vault height
of 7.15 m and a distance of 11.06 m between the
left and right sidewalls. It passes through multiple
fault zones, of which the surrounding rock in fault
zones of grade V and IV accounts for about 33% of
the total length, while other surrounding rock is of
grade III conventional rock. Overall, this tunnel is
considered a high-risk ultra-long and deep-buried
geological tunnel. The tunnel longitudinal section
layout diagram is shown in Fig. 1. Based on this
understanding and to ensure absolute safety during
construction, a mechanical failure analysis is car-
ried out on this tunnel to properly understand the
failure mechanism of the surrounding rock.

: Sampling range
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2.2 X-ray Diffraction Test Analysis

In order to reveal the relationship between the frac-
ture mechanism of deep-seated surrounding rock and
the micro mineral structure, indoor tests were adopted
as a basic research method, X-ray diffraction (XRD)
tests on granite were conducted. The specimens were
taken from the class III surrounding rock section
of Lushi Tunnel, the parameters of rock are shown
in Table 1. The specimens are processed in strict
accordance with the requirements of International
Society of Mechanics (ISRM) and Standard for Test
Methods of Engineering Rock Mass (GB/T 50266-
2013). The size of the specimens after processing is
50 mm in diameter and 100 mm in height. After pro-
cessing, some samples were sampled and ground for
XRD testing. The range of X-ray diffraction angle 26
is 0~80°, qualitative and quantitative phase analysis
method was used. The element qualification method
was used to search for mineral elements present in the

Table 1 Main Parameters of Surrounding Rock

sample, and the specific results of the mineral compo-
sition of the surrounding rock were finally determined
as shown in Fig. 2.

It can be seen from Fig. 2 that the mineral compo-
nent with the highest content in the surrounding rock
is Illite, with a content of 37.4%, Albite and Potas-
sium Feldspar with 28.6% and 17.9% respectively,
Quartz with 11.1%, and Kaolinite with the lowest
content, only about 5%.

2.3 Axial Compression Test Analysis

The TAW-1000D rock rheological disturbance tester
was used to perform mechanical performance tests,
with a maximum axial compression load of 1000 kN
and a loading rate of 0.1 mm/min for each rock sam-
ple. The failure modes of each specimen are shown in
Fig. 3.

As can be seen from Fig. 3, the rocks mainly failed
in shear, with shear cracks continuously penetrat-
ing and forming the main rupture surface under the
action of axial compression load. The cracks gradu-
ally extend to the upper and lower end surfaces of
the specimen. During the process of the main rupture
surface penetration, influenced by local tensile stress,
resulting in secondary tensile cracks parallel to the
axial direction. The angle between the tensile crack
and the main rupture surface is mostly less than 90°,

Rock clas-  Density  Elastic Poisson Cohesion
sification p(g/cm3) modulus ratio v ¢ (MPa)
E (GPa)
I 2.68 57.8 0.25 19.6
Fig. 2 XRD spectrum and 600000
mineral composition of
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(a) Specimen 1

Fig. 3 Macroscopic morphology of specimen failure

indicating that the initiation of local tensile cracks is
mainly controlled by the influence of shear action,
which is a secondary crack in the development of
shear cracks. During loading, indications of rockburst
manifested with a “loud noise”, causing the surface
of the specimen to peel off and disintegrate. This sug-
gests that the primary factor is the joint action of ten-
sile cracks extending to the specimen’s surface and
radial tensile stress. This combination promotes crack
propagation through the local surface, ultimately
resulting in the formation of a free body.

At the same time, the mechanical parameters and
failure modes of each group of specimens in Fig. 3
are extracted to provide basic mechanical parameters
and verification analysis for the numerical model.

3 Heterogeneity Granite Discrete Element
Numerical Simulation

3.1 Numerical Model Establishment

Rocks are composed of different mineral particles
arranged in a heterogeneous manner, and the hetero-
geneous distribution of these particles is the funda-
mental cause of rock cracking. Therefore, based on
X-ray diffraction analysis, a heterogeneity discrete
element numerical calculation model of granite is
established. PFC2D is used to establish the numeri-
cal model, by conducting reductive simulation of
five mineral particles and writing FISH functions,
a two-dimensional numerical model of granite is

(b) Specimen 2

i
Tensile crack

[ easite rai]

(c) Specimen 3

generated, with a total of 11,606 particles. The par-
allel bonding model is used to better simulate the
bonding and crack propagation behavior in granular
materials such as rocks. The bottom boundary of the
model is a fixed wall, the top boundary is usually
a wall that can move in a vertical direction, a con-
stant speed or pressure can be applied from the top
to simulate uniaxial compression, the side boundary
is a free boundary, and some boundary particles can
be placed near the wall to better simulate the inter-
action between the wall and the particle. The size
of the model is the same as that of the specimen,
with a diameter of 50 mm and a height of 100 mm,
numerical model as shown in Fig. 4.

Figure 4 shows different methods of generating
particles for heterogeneous granite models. It can
be seen that the dispersibility of each type of min-
eral particles in the traditional heterogeneity model
is relatively large, while the minerals in the actual
rock structure have a certain agglomeration charac-
teristic. Moreover, the microscopic distribution of
traditional model particles has the characteristics of
point-like and striped, as shown in Fig. 4d, which
is not consistent with the conventional microscopic
features of rocks. Therefore, the FISH language is
optimized, through introducing the Weibull distri-
bution function (math. random. uniform) encoding
processing to obtain random numbers between 0
and 1, then the flexible cluster is used to globally
traverse all particles to ensure that the particle dis-
tribution shape is more consistent with the conven-
tional microscopic morphology of rocks.
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Fig. 4 Heterogeneity granite numerical model:

3.2 Microscopic Parameter Verification

Reasonably determining the mechanical parameters
of rocks is the key to numerical simulation. In order
to make the mechanical properties of the numerical
model consistent with the physical model experiment,
it is necessary to determine the microscopic parame-
ters of the model. The PFC program characterizes the
overall force and displacement of the model through
micro-level contact. The preset physical quantities
of particles and contacts are only at the micro-level,
and have no direct correlation with the macroscopic
mechanical properties of the model. Therefore, the
parameter range is preliminarily established by con-
sulting the case of various mineral parameters in
rock mechanics, and then it is necessary to conduct
a lot of trial and error with preset parameters (Li
et al. 2022), compare with indoor physical tests, and
constantly correct parameters, and finally obtain the
parameter set required for this numerical simula-
tion. The stress—strain curve of the final numerical
model is extracted and compared with indoor experi-
ment, verification result as shown in Fig. 5. From the
macroscopic failure morphology and curve trend,
the heterogeneous granite numerical model and the
indoor experimental results are well matched, and
the peak strength is basically the same, indicating
that the numerical model parameters are accurate and
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reasonable. This parameter is used as the basis for
subsequent research, and the specific parameters are
shown in Table 2.

4 Analysis of Macro—Micro Characteristics
of Heterogeneous Granite Damage

The mechanical behavior of the surrounding rock in
ultra-long and deeply buried tunnels is complex, and
the disturbance of the surrounding rock varies greatly
at different depths and with different construction
schemes. Studying the destruction of different mineral
particles under uniaxial compression tests has certain
limitations. However, by applying different confining
pressure loads, the multi-scale destruction character-
istics of engineering surrounding rock under different
stress environments can be well reflected. Therefore,
by applying multiple confining pressure conditions of
0, 5, 10, 15, 20, and 30 MPa to the numerical model
of heterogeneous granite, the mechanical characteris-
tics of heterogeneous granite are analyzed.

4.1 Analysis of Stress—Strain Curve and Macroscopic
Crack Extension Pattern

Figure 6 shows the stress relationship and crack
situation of the heterogeneous granite model under
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Fig. 5 Comparison of indoor test and numerical simulation results
Table 2 Main Parameters of Inhomogeneous Granite Model
Mineral name Density Effective elastic Stiffness ratio Friction coef-  Porosity Strength of Cohe-

p(g/cm3) Modulus E (GPa) kylk ficient p A extension sion

o.(MPa) c(MPa)

Quartz 2.80 60 2.5 0.51 3.5¢-5 265 280
Potassium 2.70 45 2.5 0.50 3.1e-5 130 135
Feldspar
Albite 2.65 42 25 0.46 2.9e-5 110 120
Tllite 2.70 11 2.5 0.50 2.4e-5 30 150
Kaolinite 2.75 18 2.5 0.50 3.4e-5 25 140

different confining pressures. As shown in Fig. 6a,
the static elastic modulus (Hereafter it is referred to
as elastic modulus.) of the specimen is significantly
affected by the confining pressure, and the confining
pressure conditions increase the elastic modulus by
nearly 1.5 times. This indicates that the confining fac-
tors can increase the elastic modulus of the rock and
make the rock more prone to strain softening charac-
teristics. The strain under the 30 MPa high confining
pressure is much larger than that under the smaller
confining pressure conditions, indicating that under
the high confining pressure, external disturbances
are more likely to cause significant deformation of
the surrounding rock. During the post-peak stress
drop stage, the stress paths under different confining

pressure conditions are similar, which also explains
that the macroscopic crack rupture shape has a certain
similarity (see Fig. 7). As shown in Fig. 6b, the con-
fining pressure conditions increase the peak strength
by at least 2 times, and the peak strength increases
proportionally with the enhancement of confining
pressure. Under the condition without confining pres-
sure, the number of tensile cracks is greater than that
of shear cracks, but under the confining pressure con-
ditions, the number of shear cracks is higher than that
of tensile cracks. As the confining pressure increases,
the difference between the two gradually increases,
indicating that the destruction between the particles
is mainly shear destruction, and tensile destruction is
auxiliary.

@ Springer
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Fig. 7 Macroscopic fracture morphology of heterogeneous granite calculation model

Figure 7 shows the final fracture morphology of
the numerical model of heterogeneous granite under
confining pressures of 0-30 MPa. Red represents
shear cracks, and blue represents tensile cracks. As
shown in the figure, under uniaxial compression
(0 MPa) loading, the specimen is mainly destroyed by
shear, and as the axial load increases, more second-
ary tensile cracks are generated near the shear crack,
which forms the main rupture surface influenced by
the shear stress and extends to both sides of the speci-
men, causing instability and failure of the specimen.
With the application of confining pressure loads, the

@ Springer

specimen is mainly destroyed by tensile-shear com-
posite type. Under relatively low confining pressure
conditions (5 MPa, 10 MPa), the number of tensile
and shear cracks is small, and the extension path of
tensile cracks is basically parallel. The shear crack
is generated near the tensile crack, and the positions
of the two are approximately perpendicular to each
other. Under the condition of high confining pressure
(greater than 15 MPa), the crack density increases
significantly, forming the main fracture path of mul-
tiple tensile cracks, and the main cracks are in a
parallel relationship. When tensile cracks and shear
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cracks converge, it is often the aggregation zone of
rock fracture zone, indicating that the higher the con-
fining pressure, the wider the rock failure range and
the greater the rock fracture degree. These degrees of
fragmentation are also the dominant factors leading to
the increase of strain, which better verifies that rock
disturbance under high confining pressure is easy to
form large deformation hazards.

4.2 Cross-Scale Analysis of Macro—Micro Failure

Figure 8 shows the micro-damage morphology of dif-
ferent mineral particles, where the red line segment
represents the shear crack and the blue line segment
represents the tensile crack. The “tree-like” distri-
bution of connections between particles represents
the force chain structure of the model. Of which the
force chain damage structure of the main minerals,
including Potassium Feldspar, Albite, Kaolinite, and
Quartz, was extracted.

Based on the figure, it can be seen that the tensile
cracks are mainly concentrated near the Albite min-
erals, gradually extending to the interior of the Kao-
linite, Potassium Feldspar, and Quartz minerals as
the Albite minerals crack. Under uniaxial conditions,
the internal microstructures of Albite and Quartz are
mainly destroyed by sliding along the mineral parti-
cles, while those of Potassium Feldspar and kaolin
are mainly destroyed by shearing through the mineral
particles. When slippage destruction along the min-
eral particles occurs, the internal force chain structure
is relatively small, whereas shear failure through min-
erals particles occurs, the force chain structure is rela-
tively large and thick.

When confining pressure is applied, the force
chain between the Albite mineral particles is
relatively dense and large, and the microscopic
destruction is mainly the shear failure through min-
erals particles. Confining pressure to some extent
strengthens the microscopic force chain structure
of Albite. When the confining pressure is between
0 and 5 MPa, the microscopic destruction of Kao-
linite is mainly shear failure through minerals par-
ticles, and the force chain structure is relatively
dense. After 10 MPa, the force chain structure
becomes looser, and the microscopic destruction
is mainly slippage destruction along the min-
eral particles. Indicating that confining pressure
weakens the bonding between Kaolinite minerals,

thereby reducing the strength of mineral particles.
The force chain structure of Potassium Feldspar
remains stable under varying confining pressures,
with microscopic structural damage primarily
is mainly shear failure through the mineral parti-
cles. The impact of confining pressure on Potas-
sium Feldspar minerals can be considered negli-
gible. When the confining pressure ranges from 0
to 10 MPa, microscopic damage to Quartz mineral
particles manifests primarily through sliding along
the mineral particles.

However, when the confining pressure increases,
the Quartz mineral particles do not undergo destruc-
tion, and the force chain structure is relatively dense
and uniform, indicating that the influence of confin-
ing pressure on enhancing the strength of the Quartz
mineral is relatively stable. In summary, the mineral
particles whose microscopic structural strength is
enhanced with the increase of confining pressure are:
Albite and Quartz; the microscopic strength of Kao-
linite is inhibited as the confining pressure increases,
and the influence of confining pressure on the micro-
scopic strength of Potassium Feldspar is relatively
small.

5 Heterogeneity Numerical Model Energy
Damage Evolution Analysis

5.1 Principle of Heterogeneity Model Energy
Calculation

The essential attribute of microscopic rock damage is
the energy-driven evolution. Analyzing the relation-
ship between energy during damage is important for
understanding the rules of mineral particle damage,
crack extension and rupture form, and macroscopic
stability loss. Therefore, microscopic mineral damage
and energy evolution in rocks are directly related.
Assuming the calculation model is in a closed
state (i.e., no energy exchange occurs with the exter-
nal environment), the energy relationship generated
by the work during rock loading can be obtained,
the total input energy U of the rock mass unit can be
expressed from the first law of thermodynamics as

Eq. (1).
U=U;+ U, (1)
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Fig. 8 Microscopic mineral fracture morphology of inhomogeneous granite

In the equation, U, is the dissipation energy of the loading; U, is the strain energy of the unit, mainly
unit, mainly used for the internal crack friction dam- storing the elastic deformation of the rock in defor-
age and plastic deformation of the rock under external mation and failure.

@ Springer
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In the heterogeneity calculation model, the “set
energy on” command is used to track and record the
energy between particles. By loading the wall, the
servo parameters can be set, and the boundary energy
of the system, that is the total energy, can be obtained
as Eq. (2).

U = U, + (FIAS, + F,AS,) 2)

ago

In the equation, U, is the total energy input into
the system at the end of the previous calculation step;
F, and F, are the magnitudes of the loading forces
generated by the two loading walls for the current
calculation step at unit displacement; AS; and AS, are
the absolute value of displacement variation of the
loading walls for the current calculation step.

The strain energy of particles in the linear paral-
lel bond model is expressed as the sum of the paral-
lel bond strain energy E,, (represented by the “epb-
strain” command in PFC) and the linear strain energy
E,, (represented by the “estrain” command in PFC),
which can be expressed as Egs. (3), (4) and (5).

U, = Ey +Ey 3)
_2 _ 2 -2 - 2
F F M M

Ekl=% n +|| s” +_t+||_ bll (4)

_ 2 _
F F
g, M A s

ko ka

In the equation, I_?n is the normal force of the par-
allel bond, F; is the tangential force of the parallel

bond, M, is the torque, M, is the bending moment,

k, is the normal stiffness of the parallel bond, k, is
the tangential stiffness of the parallel bond, A is the
cross-sectional area of the contact surface, and J is
the moment of inertia of the parallel bond section.

5.2 Analysis of Energy Evolution Process

Figure 9 shows the micro-energy evolution charac-
teristics of the heterogeneity granite model under dif-
ferent confining pressures. It can be seen from Fig. 9
that the energy evolution basically presents a “slow
growth-steady growth-fall” process. Dissipation

energy is the main representational energy driving
rock failure, the growth of which is proportional to
the increase of the number of cracks under the no
confining pressure condition, and the growth rate of
crack growth in the later stage is greater than that
under the confining pressure condition. After apply-
ing the confining pressure, the dissipation energy
shows an energy drop phenomenon at the end of the
growth stage and the rate of drop slows down, indicat-
ing that the confining pressure has a certain inhibitory
effect on the extension of rock cracks. The change
trend of strain energy is basically the same during the
slow growth and steady growth stages, and during the
energy drop stage, the strain energy drop rate is rela-
tively slow under no confining pressure condition, but
its drop rate increases significantly with the increase
of confining pressure, indicating that the release rate
of strain energy after the peak strength is controlled
by confining pressure. The trend of boundary energy
evolution is basically similar to that of strain energy,
and with the increase of confining pressure, the dif-
ference between boundary energy and dissipation
energy also increases proportionally, indicating that
the total energy of the system is positively correlated
with the confining pressure.

The microstructure damage of mineral particles
under different confining pressures exhibits signifi-
cant differences. In order to further investigate the
energy characteristics of heterogeneous granite at
different stages, microcosmic initiation energy of the
crack and peak strength energy of stress were com-
pared. Figure 10 shows the energy changes extracted
at each characteristic point.

Based on the graph, it can be seen that both the
energy required to initiate crack propagation and
the peak stress intensity factor exhibit linear growth
functions. Each energy index is within a 95% confi-
dence interval of the theoretical predicted value, and
the predicted precision of the relationship between
energy index and confining pressure is high. The lin-
ear fitting of the energy curve increases as the stress
reaches the peak intensity. When the confining pres-
sure is less than 15 MPa, the strain energy required
to initiate crack damage is higher than the dissipa-
tion energy, and the strain energy dominates. When
the confining pressure is greater than 15 MPa, crack
propagation requires more energy consumption, and
the dissipation energy dominates. Therefore, the
15-20 MPa range is used as the boundary confining
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Fig. 10 Characteristic energy under different confining pressures

pressure for rock strength classification. From
Fig. 10a, it can be seen that when low confining pres-
sure rocks crack, the microcracks are controlled by
the elastic release of strain energy, and strain energy
is the first dominant energy. When the confining pres-
sure exceeds the boundary, the microcracks are con-
trolled by the damage release of dissipation energy,
and dissipation energy is the first dominant energy.
This indicates that the microcracks mechanism which
is dominant by the dissipation energy under high con-
fining pressure conditions are more damaging, this
kind of crack is irreversible damage compared with
the crack caused by strain energy. From Fig. 10b, it
can be seen that as the confining pressure increases,
the strain energy, dissipation energy, and bound-
ary energy all exhibit linear growth. The growth rate
of strain energy is greater than that of dissipation
energy, indicating that the specimen accumulated
a large amount of strain energy at the time of peak
failure. Under high confining pressure conditions, it is
more favorable to store residual strain energy after the
peak failure, which easily leads to unstable expansion
and failure of post-peak cracks in rocks.

6 Conclusion

In order to study the macroscopic and microscopic
failure types and energy evolution characteristics of
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granite, axial compression tests and mineral identifi-
cation tests were carried out on granite, and a numeri-
cal model of heterogeneous granite was established.
The following conclusions were drawn:

(1) Confining pressure increases the elastic modu-
lus of heterogeneous granite by nearly 1.5 times.
Under the 0 MPa condition, shear failure is the
main type of failure, and under the increasing
confining pressure, tensile-shear composite fail-
ure becomes dominant. The tensile crack propa-
gation path is basically parallel, and shear cracks
are generated near the tensile cracks. Under
high confining pressure, the number of cracks
increases significantly, forming multiple tensile
main crack rupture paths.

(2) Under the 0 MPa condition, the microscopic fail-
ure of Albite and Quartz is slippage failure along
mineral particles, while that of Potassium Feld-
spar and Kaolinite is mainly shearing fracture
through mineral particles. Under confining pres-
sure conditions, the microscopic failure of Albite,
Potassium Feldspar and Quartz are shear fracture
through mineral particles, while that of Kaolinite
is mainly slippage failure along mineral particles.
The strength of Albite and Quartz microscopic
structures increases with rising confining pres-
sure, whereas that of Kaolinite diminishes under
elevated confining pressure. The influence of
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confining pressure on the microscopic strength of
Potassium Feldspar is relatively small.

(3) The whole microscopic energy evolution pro-
cess of the heterogeneous model shows ‘“‘slow
growth-stable growth-fall”. Confining pressure
suppresses the later growth of dissipation energy.
With increasing confining pressure, the rate of
strain energy decline increases and the release
rate has a more significant impact. The difference
between boundary energy and dissipation energy
increases proportionally with the increase of con-
fining pressure.

(4) Taking 15 MPa as the boundary pressure between
high and low limits of rocks, the microscopic
crack initiation strain energy dominates when the
pressure is less than 15 MPa, while dissipation
energy dominates when the pressure is greater
than 15 MPa. Boundary energy is more sensi-
tive to confining pressure in the crack initiation
energy. The strain energy, dissipation energy,
and boundary energy in peak strength energy all
show linear growth, and the growth rate of strain
energy is greater than that of dissipation energy,
which easily leads to unstable expansion and fail-
ure of post-peak cracks in rocks.
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