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Abstract: Most of the discovered high-temperature geothermal energy systems are often related with
granite that is characterized by natural faults, fractures and cracks of different size. However, the porosity
and permeability of the granite matrix is very low, greatly limiting the efficiency of heat extraction
in granitic rock. Chemical stimulation, which is regarded as one of the most important means of
reservoir stimulation, has consequently received more and more attention. In this paper, a Triassic
granite obtained from the eastern region of Liaoning Province in China was reacted with three different
concentration of mud acid solution (8% HCl + 1% HF, 10% HCl + 2% HF, 12% HCl + 3% HF) and the
resulting microstructure changes studied by scanning electron microscopy (SEM) and nuclear magnetic
resonance (NMR). The experimental results show that the number of micropores in the granite increases
after chemical corrosion by mud acid solution. A higher mud acid solution concentration results in a
much higher pore volume. Triaxial compression tests on the granite before and after chemical corrosion
were carried out to study the effect of acidification on the mechanical characteristics of granite, showing
that the peak stress and elastic modulus of granite decreases 25.7% and 16.5%, respectively, after exposure
to mud acid solution (12% HCl + 3% HF) corrosion for three weeks at room temperature. The particle
flow program PFC2D based on discrete element method was used to investigate the mechanical response
before and after the chemical corrosion. Considering that the granite is rich in microcracks, the study is
simplified by considering them all grouped into one main closed fracture. The influences of main crack
inclination angle, crack length, friction coefficient and confining pressure on the mechanical response
were investigated. Under the triaxial compression loading state, wing cracks appear at the initial crack
tip, then secondary cracks begin to appear. The sensitivity analysis shows that three characteristic
strengths (crack initiation strength, damage strength and peak strength) are strongly correlated with
crack length, crack inclination angle, crack surface friction coefficient and confining pressure. These
three characteristic strengths decrease 60%, 59% and 53%, respectively, compared with their initial values
with the increase of main crack length from 6 mm to 22 mm, while they present positive correlation with
the fracture friction coefficient from 0 to 1.0 and confining pressure from 10 to 50 MPa. There is a critical
inclination angle of the main crack (i.e., 45◦), meaning that these three characteristic strengths of granite
decrease with inclination angles smaller than 45◦, while they increase with an inclination angle larger
than 45◦. After the corrosion effect of mud acid solution on granite, the pore structure was changed and
mechanical properties was damaged, which further affect the failure mode and failure process of granite
samples affected by mud acid solutions. This paper provides a theoretical reference for evaluating the
effect of chemical stimulation technology on the mechanical characteristics of granite, serving for the
continuous hydraulic stimulation design after the chemical stimulation.

Keywords: geothermal energy development; granite; mud acid solution; particle flow code; characteristic
strength
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1. Introduction

In order to mitigate the climate change effects effected by greenhouse gases, more
and more countries have set carbon neutrality goals. China proposes to strive for a carbon
dioxide peak by 2030 and then achieve the goal of “carbon neutrality” by 2060. To achieve
this goal, it is necessary to change the structure of the energy supply. Geothermal energy
is a kind of renewable energy, which is characterized by high efficiency, low carbon, sta-
ble operation and wide distribution [1]. Geothermal heating can solve the serious smog
problems experienced in winter in China, fossil fuel energy depletion, and greenhouse gas
effect mainly caused by coal-fired power plants, cement mills, etc. At present, the develop-
ment of shallow and middle depth (<2000 m) geothermal energy is relatively mature [2].
However, there are various technical and economic challenges for the development of
geothermal energy stored in high-temperature rock masses at deeper depths [3]. Many
countries including the United Kingdom, Germany, Japan, Australia, etc. have carried out
nearly 30 experimental and demonstrative Enhanced Geothermal System (EGS) engineer-
ing projects for power generation from high-temperature rocks at deep depths [4]. Many
of these EGS projects extract the heat from granite. The exploration and exploitation of
high-temperature rock masses in China started late and the first demonstration EGS project
is located in the Gonghe Basin in northwestern China, where granite with a temperature of
236 ◦C was found at a depth of 3750 m [5].

The artificial geothermal reservoir reconstruction methods for granitic rocks mainly
include hydraulic fracturing method, chemical stimulation method and thermal stimulation
method, etc. [6,7]. According to the experiences accumulated from global EGS engineering
projects [8], if the reservoir is stimulated by chemical solutions before hydraulic fracturing,
the permeability and porosity performance of the reservoir can be obviously improved.
In recent years, some scholars have studied the mechanism of influence of acid solutions
on the porosity, permeability and mechanical properties of rock materials [9–12]. Uniaxial
and triaxial compression tests as well as splitting tests were conducted on granite spec-
imens after acidic solution erosion experiments at a variety of different pH values and
flow rates by Miao et al. [13]. The strength loss, deformation behavior and mechanical
parameter responses of the granite were compared and analyzed. Miao et al. [14] explored
the macro/mesoscopic damage evolution law and failure mechanisms of rock masses under
chemical corrosion conditions through numerical simulation. Among the various available
techniques, the use of mud acid solutions is regarded as a common sandstone acidification
treatment [15], and some scholars have consequently studied the acidification effect and
mechanism in granites. It is found that the most effective mud acid solution is composed of
12 wt% HCl and 3 wt% HF [16]. HCl in the mud acid solution will dissolve minerals (e.g., al-
bite, K-feldspar and biotite) in the granite. HF will dissolve silicate minerals and quartz,
and generate other precipitates (e.g., CaF2, AlF3, K3AlF6, Na3AlF6) [17]. Luo et al. [18]
found that the number and size of cracks in rock increased significantly after corrosion.
Lin et al. [19] found that mud acid solution can significantly reduce the tensile strength
of granite, developing internal fractures and forming a more complex fracture network.
However, few studies concern the failure mechanism of granite after the application of
mud acid solution corrosion. The variation of mechanical properties of granite due to the
generation of microcracks after chemical corrosion may affect the design of any hydraulic
fracturing process that follows the chemical stimulation [19].

The granite matrix is often rich in natural microcracks ranging in size from µm to
mm, which greatly affects the mechanical properties of the granite, especially after the
penetration of chemical solutions. Many previous works were about the mechanical prop-
erties of various rocks containing defects and cracks, and it was found that acidification
effects may strengthen the distribution of micro defects and are helpful for reservoir stimu-
lation. Liu et al. [20] investigated the crack initiation and development in rocks under shear
loading conditions. Misra et al. [21] studied the deformation process at the tips of preexist-
ing planar shear cracks in similarity experiments conducted on polymethylmethaacrylate
(PMMA) models. Willemse et al. [22] found that sliding along a pre-existing flaw can



Energies 2022, 15, 721 3 of 19

result in the formation of tensile cracks where stresses concentrate near the flaw tips, and
these tensile cracks belonged to the class of wing cracks, which generally are oriented
oblique to the pre-existing flaw. Simulated samples with cracks were used in mechanical
compression experiments [23,24], and the generation of wing cracks, initial cracks and
secondary cracks and the failure mode of samples during loading were discussed in detail.
Wong et al. [25] studied the compression failure process of rock samples with open cracks
and closed cracks with different friction coefficients. Besides, numerical simulation tests
are often widely applied in studying the failure process of rock mass. Simulators such as
ABAQUS, ANSYS, FLAC3D and CASRock regard rock mass as a continuous medium, and
the finite element method, finite difference method, cellular automata were used in the
discretization equation and simulate the expansion process of static and dynamic cracks in
rock mass [26–29]. Discrete element methods, without specifying complex crack initiation
criteria, regard a rock mass as a discontinuous discrete medium and have been widely
applied in simulating crack propagation and failure analysis of rock masses [30]. Cracks
propagate when the stress between elements reaches the specified tensile or shear strength,
so the new generated cracks are much closer to the real situation. The particle flow simula-
tor PFC based on the discrete element method has attracted more attention in recent years.
Hadjigeorgiou et al. [31] used PFC2D to analyze the stability of vertical excavations in rock
with the help of discrete fracture systems to better capture the structural complexity of the
rock mass. Shemirani et al. [32] studied the mode I fracture toughness of rock by direct and
indirect methods with the help of a particle flow simulation.

In this paper, granite samples were obtained from Sanguliu rock mass located in
eastern Liaoning Province in China. The microstructure, mechanical and failure charac-
teristics of the granite after mud acid solution corrosion were studied. The effect of high
temperature was not considered in the experiments on mud acid solution corrosion on
granite due to safety considerations. At the mesoscale, considering the strengthened natural
microcracks after chemical corrosion will further develop under mechanical loading, the
particle flow numerical simulation software PFC2D was used to study the mechanical
response of the granite before and after the chemical corrosion. To simply the problem, all
discrete micro-cracks were simplified as a single main closed crack in the granite, which
is regarded as the initial model of granite before mud acid corrosion. The initiation and
propagation of the main crack in granite may depend on different fracture parameters and
confining pressure, which are discussed in detail.

2. Mud Acid Corrosion on the Microstructure of Granite
2.1. Sampling Location and Mineral Composition of Granite

Mesozoic granites are widely developed in Eastern Liaoning Province, and many
hot springs are found in granite outcropping areas. These hot spring areas are basically
controlled by a deep complex fault system under the influence of Tanlu fault zone, including
the NNE strike slip fault, NW normal fault and NE high angle normal fault [33–35]. This
paper used fresh Triassic granite obtained from the Sanguliu rock mass quarry in Dandong
city of Liaoning Province in the experiments. The exposed rock mass in the field is seriously
cut by faults or cracks at different scales (Figure 1a). Granite has a coarse grain structure,
and it is rich in intergranular cracks and intracrystalline cracks (Figure 1b). The main
mineral components include potassium feldspar, albite, quartz, amphibole, etc (see Table 1
for details).
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Figure 1. (a) Complex fracture system in the Sanguliu granite in the field; (b) microcracks observed
by the optical microscopy (Kfs: K-feldspar, Qtz: quartz, Hbl: hornblende, Bt: biotite).

Table 1. Mineral composition of Triassic granite in the Sanguliu pluton of the Liaodong area.

Potassium Feldspar Albite Quartz Biotite Amphibole Clinochlore

39.76% 26.08% 17.7% 9.2% 5.57% 1.69%

2.2. Mud Acid Corrosion and Triaxial Compression Mechanical Tests

To ensure the consistency of the experimental samples, 12 small cylinders with a
diameter of 25 mm and a height of 50 mm were cut from the same granite block. Four
samples (S0) were dried at 105 ◦C for 24 h and used as the comparison group, and two
of them were used in the triaxial compression test with the confining pressure of 10MPa
before chemical corrosion. Six granite samples were divided into three groups (i.e., S1, S2
and S3) and each group has two granite samples.

Three kinds of mud acid solutions with different proportions (12 wt% HCl + 3 wt% HF,
10 wt% HCl + 2 wt% HF and 8 wt% HCl + 1 wt% HF) were used in the acidification test.
The mud acid solution of 12 wt% HCl + 3 wt% HF is composed of 28.2 mL of 38% HCl
solution and 7.1 mL of 40% HF solution, and then diluted with 64.7 mL of deionized water.
The mud acid solution of 10 wt% HCl + 2 wt% HF is composed of 23.2 mL of 38% HCl
solution and 4.7 mL of 40% HF solution, and then diluted with 72.1 mL of deionized water.
The mud acid solution of 8 wt% HCl + 1 wt% HF is composed of 18.4 mL of 38% HCl
solution and 2.3 mL of 40% HF solution, and then diluted with 79.3 mL of deionized water.

After washing with clean water, these six granite samples were put into a SX2 muf-
fle furnace (Subo Instrument Co., Ltd., Shaoxing, China) and dried at 105 ◦C for 24 h.
After cooling to room temperature, S1, S2, and S3 were soaked in three different concen-
tration of mud acid solutions (8 wt% HCl + 1 wt% HF, 10 wt% HCl + 2 wt% HF and
12 wt% HCl + 3 wt% HF) of 100 mL, respectively, while the control sample S0 was not
further processed. The samples were submerged into the mud acid solution to ensure
that the granite fully reacted with the chemical solutions. The chemical reactions were
carried out at the room temperature of 23 ◦C and the reaction time was 21 days. After
the mud acid corrosion test was completed, one sample from each group was used for
our triaxial mechanical tests, while the other one was used to study the changes in the
microstructure by the scanning electron microscopy (SEM) and nuclear magnetic resonance
(NMR) methods.

The triaxial mechanical tests of granite samples before and after acidification were
carried out on the MTS815.03 electro-hydraulic servo triaxial testing machine at the Institute
of Rock and Soil Mechanics in Wuhan (China). Its high-precision servo system and sensors
ensure the accurate recording of loading and deformation history. The confining pressure
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was increased to 10 MPa and kept constant, and then the axial load was applied at a
constant displacement rate of 0.0005 mm/s until the sample was damaged.

2.3. Experimental Analysis of Mud Acid Corrosion on Microstructure

The relevant parameters of T2 spectrum measured by nuclear magnetic resonance
(NMR) before and after the reaction were used to inverse the pore structure of granite [36]:

1
T2

=
ρ2

r
Fs (1)

where r is the pore radius, ρ2 is lateral surface relaxation constant of granite and Fs is the
geometric factor, and Fs of spherical pores is equal to 3, Fs of columnar pores is equal to 2.
Therefore, the T2 spectrum distribution can reflect the pore size and pore distribution of
granite before and after chemical solution exposure. The pore size is related to the position
of spectral peak, and the number of pores corresponding to pore size is related to the
peak area.

The T2 spectrum distribution characteristics of granite before and after acidification are
drawn in Figure 2. It can be seen that the T2 spectrum distribution of these granite samples
after acidification in different concentrations of mud acid changes obviously compared
with the initial state without chemical solution exposure. The effective signals are in the
range of 0.01~10,000 ms, indicating that pores with different sizes are developed. The T2
spectrum of the initial granite has the double peaks. The amplitude of the first peak and
the second peak are basically the same, and the proportion of spectral peaks is 43% and
57%, respectively. The signal value of higher relaxation time is lower, which is basically
not reflected in the curve. It shows that the pores in this group of rock samples are mainly
small and medium-sized pores, and large-diameter pores are developed at the same time,
but its proportion is very limited and the distribution is discontinuous. The T2 spectrum of
granite after acidification shows similar double peaks. Nevertheless, with the increase of
the mud acid concentration, the amplitudes of both peaks of the curve increase, indicating
that the number of pores increases, the small and medium-sized pores of granite samples
are developed to a large extent, and the increase of small pores is relatively more obvious.

Figure 2. Distribution characteristics of T2 spectra of granite corroded by mud acid solutions with
three different concentration (S1–S3) (S0 is the original granite sample without mud acid corrosion
for comparison).
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At the same time, according to the scanning electron microscopy (SEM) results of
granite samples after acidification, the microstructure characteristics can be visualized
more clearly, the quartz in granite was dissolved and obvious dissolved pores were found
(Figure 3).

Figure 3. (a,b): Scanning electron microscopy observations of corrosion pores in a granite sample (S3)
corroded by high concentration mud acid solution [37].

Generally, the dissolution of silicate minerals is assumed to depend on the chemical
reactions that occur at the interface of minerals, with the bridging bonds between Si being
broken because of its reaction with protons [38,39]. In acidic solution, granitic minerals
(e.g., quartz, K-feldspar, albite, biotite, hornblende and clinochlore) will dissolve because of
the chemical reactions with acidic materials. The silicon-oxygen bonds are broken to form
anions as either His O3−

4 or HSi O−
3 , and cations as either Si4+ or SiO2+ in separate parallel

reactions for quartz minerals. Hydrofluoric acid solution dissolves the silicate minerals
(e.g., albite, K-feldspar and biotite) much faster than hydrochloric acid solution, and it
dissolves quartz. Therefore, the mixed solution of HCl + HF is widely applied to enhance
the reservoir permeability of granite in EGS projects [17].

2.4. Mechanical Characteristics of Granite after Mud Acid Corrosion in the Triaxial
Compression Tests

The stress-strain curves of granite samples before and after acidification through the
triaxial compression tests under 10 MPa confining pressure are drawn in Figure 4. It shows
that the compressive mechanical properties of granite samples were degraded due to the
impacts of mud acid solution. The higher the concentration of the mud acid solution, the
lower the peak strength of the granite sample that it reacted with. Figure 5 shows the
failure modes of four groups (S0, S1, S2 and S3) of granite specimens after triaxial tests,
indicating that the granite has strong brittleness.
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Figure 4. Stress-strain curve of triaxial compression test of granite before and after corrosion.

Figure 5. The granite samples after triaxial compression tests: (a) S0; (b) S1; (c) S2; (d) S3.

It can be observed that there was a strong correlation between the mud acid concentra-
tion and the deterioration of mechanical parameters. Especially, the peak strength of granite
sample S3 soaked in a mud acid solution with the concentration of 12 wt% HCl and 3 wt%
HF is 194.2 MPa, while the peak strength of sample (S0) not soaked in mud acid solution is
258 MPa. Therefore, the peak strength of granite sample S3 decreased by about 24%. The
elastic modulus of granite sample S0 is 29.6 GPa, and the elastic modulus of rock sample S3
is reduced to about 24.7 GPa, while the Poisson’s ratio shows no obvious variation. The
mechanical parameters of granite before and after chemical corrosion are shown in Table 2.
Combined with the analysis of pore changes before and after acidification discussed in
Section 2.3, it can be reasonably speculated that the deterioration of mechanical parameters
of the sample is related to pore development.

Table 2. Mechanical parameters of granite before and after chemical corrosion.

Sample Number Peak Stress
/MPa Young’s Modulus/GPa Poisson’s Ratio

S0 258 29.6 0.216
S1 224.1 26.5 0.218
S2 216.1 25 0.221
S3 194.2 24.7 0.22
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3. Numerical Model Establishment and Parameters Input

Based on the microscopic analysis discussed in Section 2.3, it is proved that the
defects in granite increase after mud acid corrosion. However, it is difficult to reproduce
them accurately by numerical methods. However, the mechanical properties of rock are
controlled by the dominant defects to a great extent. Therefore, the microcracks in the
granite were grouped and simplified as a single closed crack and a two-dimensional model
was established in the PFC2D based on Section 2.4 for representing the initial fractured
granite sample.

3.1. Theory of Discrete Element Method and Contact Models Used in the PFC2D Simulater

In PFC2D, the program simulates the mechanical behavior of a collection of circular
rigid particles that may be bonded together at the contact points. The particle denotes a
body that occupies a finite amount of space. The rigid particles interact only at the soft
contacts. The displacements and contact forces of a whole assembly of particles are solved
by tracking the movements of each particle. Newton’s second law is used to calculate the
displacements and rotations of the individual particles under the control of the contact
forces, body forces and applied forces. The force-displacement law, however, is used to
compute the contact forces generated by the relative motion at each contact between the
particles. A variety of contact models are built in PFC2D simulator, including a linear
parallel bond model, flat-joint model, smooth-joint model, etc. Each contact model defines
a force-displacement law.

In this paper, the linear parallel bond model was used to characterize the contact
relationship between particles for the initial granite. As shown in Figure 6a, the defined
contact mode between particles is face-to-face contact, which is called cemented bond.
Cemented bonds can transfer force and moment, and their key strength parameters can be
divided into normal bonding strength and tangential bonding strength. When the shear
stress or normal stress of the cemented bond reaches the corresponding bonding strength,
it will lead to the damage of the cemented bond and the formation of microcracks, which
can no longer bear the tensile stress [30].

Figure 6. Linear parallel bond model and smooth-joint model between particles: (a) Linear parallel
bond model; (b) Smooth-joint model.

The smooth-joint model was used to represent the cracks. In the smooth-joint model,
the normal direction of the contact between particles is not the normal direction of the
contact surface, but the normal direction of the customized joint surface. As shown in
Figure 6b, it enables the particles on both sides of the crack to slide along the joint surface
without rotating around each other [40].
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3.2. Establishment of Geometry

Based on the PFC2D simulator results, a rectangular geometric model with the di-
mensions of 25 mm × 50 mm was established and a single closed crack was inserted. The
number of particles was 13,535, the particle size ratio was 1.66, and the minimum radius
was 0.12 mm. The linear parallel bond model was used to represent the matrix part, and
the smooth-joint model was embedded to generate a closed single crack. As shown in
Figure 7a, the embedded crack with the length L of 0.01 m and the inclination angle α = 45◦

was placed in the middle of the geometry. Figure 7c is a partial enlarged view of Figure 7b.
The pink balls represent the particles, the blue meshes represent the parallel bond model,
and the green part indicates the smooth-joint model of the crack part.

Figure 7. Two-dimensional geometry of the granite with single closed crack in the PFC2D: (a) Geo-
metric sketch; (b) Model with particles and contacts; (c) A partial enlarged view of (b).

3.3. Calibration of Micro-Parameters Based on Experimental Data
3.3.1. Adjustment of Micro-Parameters for the Granite Matrix

Most of the input parameters in the PFC2D model are based on the micro properties
of rocks, which can describe the properties of particles, the contact properties between
particles, and between particles and walls. However, the data obtained from uniaxial or
triaxial mechanical experiments are mostly parameters representing the macro properties
of rock mass, which makes it difficult to determine the parameters in PFC2D model. In
this paper, the “trial and error method” [41–43] was used to calibrate the micro-parameters
of granite.

Firstly, the geometric parameters of the granite without considering cracks are consis-
tent with the model in Section 3.2 (also consistent with the sample in the triaxial test). By
adjusting the elastic and strength parameters of the model, the overall macro mechanical
properties are consistent with the triaxial mechanical test values of S3. Based on the above
parameter calibration process, the micro-parameters of the granite matrix in Section 3.2
were determined and shown in Table 3.

Table 3. Meso-mechanical parameters of granite matrix after corrosion by mud acid solution.

Parameter Class Parameter Name Value

Particles

Minimum particle radius/mm 0.12
Particle radius ratio 1.66

Effective modulus of particles/GPa 11.3
Ratio of the normal to shear stiffness of particles 1.8

Friction coefficient 0.6

Parallel bond contact model

Effective modulus of bonds/GPa 11.3
Ratio of the normal to shear stiffness of bonds 1.8

Tensile strength of bonds/MPa 39
Cohesion strength of bonds/MPa 65

Local friction angle/(◦) 20
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3.3.2. Adjustment of Micro-Parameters for Single Main Closed Crack in Granite

According to the studies of Bai et al. [44] and Xian et al. [45], under the condition
of compression loading and when the axial force is small, the upper and lower parts of
internal closed cracks are closely bonded, and the shear stress on the surface is not enough
to overcome the friction. No relative dislocation is observed, and the displacement field
of the rock is continuous. The whole sample is in the elastic deformation state, and the
deformation parameters are basically consistent with the rock. Based on the test results in
the above, the “trial and error method” was also used to calibrate the micro-parameters of
the smooth-joint model for the pre-existing crack. Firstly, a high coefficient of friction was
assigned to the crack surface, so that the surface does not slide during the triaxial loading
process. Subsequently, the micro-stiffness parameters were continuously adjusted to make
the elastic modulus of the sample consistent with S3 under the same conditions. Finally,
the micro-parameters of the smooth-joint model for the pre-existing crack were obtained
and shown in Table 4.

Table 4. Meso-mechanical parameters of smooth joint model for crack.

Parameters in SJ Model Value

normal stiffness (GPa/m) 50,000
shear stiffness (GPa/m) 20,000

friction coefficient 0

3.3.3. Boundary Conditions

Axial stress and constant confining pressure (i.e., 10 MPa) were applied by the wall at
the four boundaries of the model. Axial stress was applied at the upper and lower walls,
and the loading speed was adjusted to 0.01 m/s in order to improve the calculation speed
of numerical simulation. Since the model uses high local damping to absorb excess kinetic
energy, the simulation process at this loading speed was still quasi-static loading [46]. In
order to simulate the flexible boundary surrounding the specimen in the triaxial test, the
wall stiffness on both sides was set to 1/10 of the stiffness in the granite [47]. The simulation
continued till the post-peak period of granite.

4. Results
4.1. Characteristic Strength Analysis of the Fractured Rock during Loading

The generation of cracks is almost simultaneous with the propagation of elastic waves
in rocks. Using relevant equipment (such as acoustic emission devices, etc.), the propagation
of elastic waves can be tracked [48]. The failure of brittle rock is caused by the formation
of macro cracks due to continuous accumulation of microcracks. In order to analyze
the relationship between rock strength and the accumulation state of microcracks, crack
initiation strength σci, damage strength σcd and peak strength σcr are commonly used to
define the propagation of microcracks at different stages [49]. σci corresponds to the starting
point of microcrack initiation. When the axial loading continues to increase, the number of
microcracks increases steadily, which is basically linearly related to the axial strain. When
the deviatoric stress exceeds σcd, the generation of microcracks accelerates greatly, and the
number of microcracks increase nonlinearly. In PFC2D, both the propagation of cracks and
acoustic emission can be recorded by programming.

Figure 8 shows the correlation between deviatoric stress, number of microcracks,
cumulative number of microcracks and axial strain. Before the deviatoric stress reaches
the crack initiation strength, the granite is in the elastic stage and there is very limited
number of microcracks. When the deviatoric stress exceeds σci, the number of microcracks
begins to increase. When the deviatoric stress reaches the damage strength of rock σcd, the
number of microcracks increases significantly. At the same time, the relationship between
the cumulative number of cracks and axial strain changes from linear growth trend in the
previous stage to exponential growth state. It shows that the granite is in the accelerated
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failure state, and the growth rate of cracks becomes larger until the partial stress reaches
the peak strength σcr. Afterwards, the granite is at the brittle failure state, and the stress
drops suddenly.

Figure 8. Relationship between deviatoric stress, number of microcracks, cumulative number of
microcracks and axial strain.

It can be seen that the crack growth rate also conforms to the transition from linear
to nonlinear for the rock with pre-existing cracks. Therefore, it is reasonable and mean-
ingful to define different stages (σci/σcd/σcr) of rock failure process according to fracture
propagation rate.

4.2. Damage Mechanism Analysis

To study the failure mechanism under triaxial compression, the evolution of crack
distribution of the granite with time is shown in Figure 9. According to the simulation
results in Figure 9, when the deviatoric stress reaches the crack initiation strength value, the
wing crack initiates at the tip of the pre-existing main crack and expands with the increase
of deviatoric stress. The propagation direction of cracks is almost perpendicular to the
pre-existing main crack (see Figure 9a,b).

Figure 9. Dynamic failure process of simulated granite sample with single closed crack: (a) σ = σci;
(b) σci < σ < σcd; (c) σ = σcd; (d) σcd < σ < σcr; (e) σcr < σ.
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When the deviatoric stress reaches the damage strength of granite, secondary cracks
occur at the tip of the pre-existing crack and continue to expand towards the top and bottom
boundary of the granite. At the same time, microcracks are generated irregularly and
scattered throughout the granite (see Figure 9c,d). When many secondary cracks continue
to expand, which results in a macro shear failure surface, the deviatoric stress reaches the
peak strength and falls, showing the characteristics of brittle failure (see Figure 9e). The
above simulation results are basically consistent with the failure mode summarized by
Lee et al. [24].

4.3. Local Stress Distribution in the Granite with a Single Main Crack

The compression failure of rock with a closed single crack often begins in the vicinity
of the pre-existing crack [21,22]. In order to study the reason of pre-existing crack initiation,
the fish language-based programming is carried out in PFC2D simulator to generate
measurement regions in the crack area. By calculating the stress distribution in the process
of crack initiation and propagation of the wing crack, the stress tensor of each point in this
region can be calculated and displayed as cross lines. When the cross is set to display the
maximum principal stress value, the maximum principal stress cloud is obtained.

Figure 10a–c show the variation of the maximum principal stress cloud of the crack
area in the wing crack propagation stage with time. At the initial stage of the wing crack
propagation, the tensile stress area in which the maximum principal stress is greater than 0,
appears at the pre-existing crack tip, and the included angle between the orientation and
the crack surface is close to 90◦. The crack continues to expand with the increase of axial
loading, and the position of tensile stress area also migrates, but it is always concentrated
at the wing crack tip.

Figure 10. Temporal evolution of principal stress contour in pre-existing crack area: (a) σ = σci;
(b) σci < σ < σcd; (c) σ = σcd; (d) σ = σcd.
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Figure 10d shows a partial enlarged view of the principal stress cross at the wing crack
tip. It can be seen that the stress cross is regularly distributed in the displayed area. The two
branches of the cross represent two pairs of principal stresses perpendicular to each other,
and their length represents the absolute value of the principal stress. The different color
represents the principal stress sequence (e.g., blue represents σ1, green represents σ2 and
red represents σ3). By observing the blue part of the principal stress, it is not difficult to find
that the tensile stress direction is basically perpendicular to the crack propagation direction.
Based on the above two points, the generation and transfer of tensile stress area at the wing
crack tip are closely related to the development of the wing crack at the crack tip.

5. Discussion

The new cracks formed in deep rocks are highly dependent on the geometric parame-
ters of pre-existing cracks and the in-situ stress conditions that are complex and changeable.
Here we considered the effects of crack length, inclination angle, internal friction angle and
confining pressure on the mechanical properties of granite. Furthermore, the evolution of
mechanical properties and failure under various conditions were discussed in detail.

5.1. Failure Modes of Granite under Different Conditions
5.1.1. Influence of Pre-Existing Crack Inclination Angle

Figure 11 shows the evolution of microcracks in the main crack bearing granite with
the different inclination angle (i.e., 15 ◦, 30 ◦, 45 ◦, 60 ◦ and 75 ◦). Other conditions were the
same as those of the model used in Section 4.

Figure 11. Cracks distribution in the main crack bearing granite with different inclination angles at
the moment of peak strength: (a) 15◦; (b) 30◦; (c) 45◦; (d) 60◦; (e) 75◦.

The pre-existing main crack extended towards the axial loading direction until a shear
failure surface occurred. This shows that different inclination angle of the initial main
crack still did have an impact on the propagation mode of the pre-existing crack. When the
crack inclination angle was equal to 15◦, the propagation length of the wing cracks was
the largest, which was about 12 mm. With the increase of inclination angle, the length of
wing crack decreased from 12 mm to almost 0 mm. The angle between wing crack and
pre-existing main crack was basically unchanged, while the propagation angle of secondary
cracks changed continuously. When the inclination angle of the main crack was equal to
60◦, the propagation angle of secondary cracks was almost equal to 0◦.

5.1.2. Influence of Main Crack Length

Figure 12 shows the evolution of microcracks in the granite with the main crack length
of 0.006 m, 0.01 m, 0.014 m, 0.018 m and 0.022 m. The main crack inclination angle α of
these models was 45◦. Other inputs were the same with that of shown in Section 4.
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Figure 12. Cracks distribution in the main crack bearing granite at the moment of peak strength
considering different crack lengths: (a) L = 0.006 m; (b) L = 0.01 m; (c) L = 0.014 m; (d) L = 0.018 m;
(e) L = 0.022 m.

Results show that the main crack length did not affect the macro shear failure mode,
while the crack propagation patterns were affected. With the increase of the pre-existing
crack length in granite, the final propagation length of wing crack also increased from
about 4 mm to 15 mm, and the final propagation direction was basically parallel to the
axial loading direction. In the case of long pre-existing cracks, the propagation process of
secondary cracks was accompanied by the emergence of some tensile cracks and may even
change the propagation path of secondary cracks. When L = 0.014 m, 0.018 m and 0.022 m,
the secondary cracks in the upper right corner of the sample expanded and tensile cracks
appeared. These tensile cracks further expanded and resulted in the damage of the granite.

5.1.3. Influence of Crack Surface Friction Coefficient

Figure 13 shows microcrack distribution in the single crack bearing granite considering
impacts of different crack surface friction coefficients (i.e., 0, 0.25, 0.5, 0.75, 1) under triaxial
compression simulation tests. Other inputs were the same as that used in Section 4. Results
show that the friction coefficient µ of the pre-existing main crack had relatively small impact
on the failure mode and propagation of secondary cracks in the granite. The morphology
of secondary cracks under different friction coefficients was basically the same. However,
with the increase of friction coefficient, the length of wing crack decreased from about 5 mm
to 0 mm, and the total number of microcracks increased from 1399 to 1966.

Figure 13. Cracks distribution in the main crack bearing granite at the moment of peak strength
considering different friction coefficients: (a) µ = 0; (b) µ = 0.25; (c) µ = 0.5; (d) µ = 0.75; (e) µ = 1.
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5.1.4. Influence of Confining Pressure

Figure 14 illustrates the microcrack distribution in the main crack-bearing granite
at the moment of peak strength in the triaxial compression numerical tests considering
the impacts of different confining pressures (i.e., 10, 20, 30, 40 and 50 MPa). Other input
parameters were the same with that used in Section 4. Results show that the applied
confining pressure had only a slight effect on the failure mode. With the increase of
confining pressure, the length of wing crack decreased, the number of secondary cracks on
the pre-existing main crack surface increased from about 5 mm to 0 mm, the total number
of microcracks also increased from 1399 to 2084.

Figure 14. Cracks distribution in the main crack bearing granite at the moment of peak strength
considering different confining pressures: (a) 10 MPa; (b) 20 MPa; (c) 30 MPa; (d) 40 MPa; (e) 50 MPa.

5.2. Analysis of Characteristic Strength

In order to study the variation law of rock characteristic strength (crack initiation
strength, damage strength and peak strength) under the influence of multiple parame-
ters (crack length, crack surface friction coefficient, crack inclination angle and confining
pressure), the sensitivity analysis was carried out (see Figure 15).

It can be seen from Figure 15a that the inclination angle of the main crack in the granite
greatly affect the characteristic strength. With the increase of the inclination angle, three
characteristic strengths all decreased at first and then increased. Among them, the peak
strength reached the lowest value of 137 MPa at α = 45◦, and the peak strength reached the
maximum value of 186 MPa at α = 75◦. Lee et al. [24] also observed a similar variation law
of peak strength through experiments, and the minimum value of the peak strength occurs
when the inclination angle was 45◦. Compared with other cases, when the inclination
angle of the main crack was 45◦, the microcracks were the earliest to initiate and eventually
damaged much faster, which was consistent with the law revealed by Li’s theoretical
solution of fracture mechanics [50].

Figure 15b shows that there was a negative correlation between these three character-
istic strengths and the main crack length. When the length of the main pre-existing crack
increased, the decrease of σci is smaller, and the decrease of σcd and σcr were much larger.
The relationship between peak strength σcr and crack length was consistent with the results
of Yang et al. [51]. The proportion of these three strengths remained relatively stable, σci
was about 16% of σcr, while σcd was about 75% of σcr. This indicates that the longer the
pre-existing crack was, it was much easier it was to propagate.

Figure 15c shows the positive correlation between these three characteristic strengths
and the friction coefficient of the main crack surface. The increase of the roughness of
the crack surface led to the increase of the crack initiation strength, damage strength and
peak strength. However, the total increments of these three characteristic strengths were
relatively small, and the increments were similar. All of them were in the range of 20 and
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35 MPa. It is not difficult to see that the greater the friction coefficient of the crack surface
was, the more difficult it was for the granite to become damaged. Wong et al. [52] proved a
similar law through experiments. However, the difference between the deviatoric stress
at the initiation stage and complete failure stage was basically unchanged, and the period
started from initiation to complete failure of the granite was basically not affected.

Figure 15. Variation of characteristic rock strength under different conditions: (a) inclination angle of
main crack; (b) main crack length; (c) friction coefficient; (d) confining pressure.

Figure 15d reveals the influence of confining pressure on three characteristic strengths,
indicating that both σcd and σcr had a good linear relationship with confining pressure,
especially the peak strength would be improved due to the increase of confining pressure.
When the confining pressure increased from 10 MPa to 50 MPa, the peak strength increased
from 137 MPa to 225 MPa at the same time, and the increase range was about 64%. However,
the crack initiation strength was almost not affected by the confining pressure, which was
always about 20 MPa. The test results of Chen et al. [53] also revealed a strong linear
relationship between characteristic strength and confining pressure. With the increase of
confining pressure, the period started from crack initiation to complete failure of granite
became longer. The strength of the rock was determined by the meso parameters, in which
the tensile strength was determined by the normal bonding strength, and the shear strength
was determined by the tangential bonding strength and the friction angle. Therefore, the
much longer period of the crack propagation process of the granite could be related to the
increase of shear strength caused by the increase of confining pressure [41].

6. Conclusions

Based on the microstructure analysis performed by the T2 spectrum and scanning
electron microscopy methods, triaxial compression tests of Triassic granite from Eastern
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Liaoning (China) before and after mud acid corrosion, together with the numerical tests in
PFC2D, the following conclusions may be drawn:

(1) With the increase of the concentration of mud acid solution from 8 wt% HCl + 1 wt% HF
to 12 wt% HCl + 3 wt% HF, the amplitudes of two peaks in the T2 spectrum curve
increase, indicating that the number of micropores is significantly increased and the
corrosion effect is strengthened. In the compression process, the elastic modulus of
granite samples after mud acid corrosion are seriously deteriorated from 29.6 GPa to
24.7 GPa, and the compressive strengths are deteriorated from 258 MPa to 194.2 MPa.

(2) The triaxial compression simulation tests show that, when the deviatoric stress reaches
the crack initiation strength σci, the wing cracks initiate in the tensile stress area at both
ends of the main crack and expand perpendicularly to the main crack. The number of
microcracks increases steadily, which is basically linearly related to the axial strain.
When the deviatoric stress reaches the damage strength σcd of granite, secondary
cracks occur at the tip of the main crack and continue to propagate towards the top
and bottom edge of the rock. At the same time, the relationship between the number
of microcracks and axial strain changes from linear growth trend in the previous stage
to exponential growth state. Until the deviatoric stress reaches the peak strength σcr,
the macroscopic shear surface is completely formed and the specimen is destroyed.

(3) The effects of main closed crack inclination angle, crack length, crack surface friction
coefficient and confining pressure on the three characteristic strengths are different.
With the increase of inclination angle, all three characteristic strengths decrease at
first and then increase. They decrease with inclination angle that is smaller than
45◦, while increase with the inclination angle that is larger than 45◦. When the
length of the main pre-existing crack increases from 6 mm to 22 mm, these three
characteristic strengths (σci/σcd/σcr) decrease 60%, 59% and 53%, respectively. The
increase of main crack surface friction coefficient from 0 to 1.0 will improve these three
characteristic strengths, and their increments are similar. σci, σcd and σcr have a good
linear relationship with confining pressure. The crack initiation strength is hardly
affected by the confining pressure, and the peak strength will increase significantly
with the increase of confining pressure from 10 to 50 MPa.

In this paper, the mechanical properties of granite before and after acidification were
obtained from triaxial compression tests conducted at the room temperature. The mechani-
cal response at high temperature (>150 ◦C) was not studied due to the limitations of the
experimental apparatus. All of the factors will be considered in further studies.
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