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,e excavation of rock significantly changes the initial stress state of rock slopes, which makes rock in complex loading and
unloading conditions. However, the failure mechanisms and macro-micromechanical properties of rock under loading and
unloading conditions are not very clear. ,is study investigates the macro-micromechanical properties and failure law of granite
under loading and unloading conditions through traditional laboratory tests and particle flow simulations. Granite specimens are
taken from Shuichang iron mine, and stress unloading experiments are designed based on the engineering practices. ,e stress-
strain curves and failure modes under different confining pressures and unloading paths are obtained to analyze the granite
properties from the viewpoint of the macroscopic mechanism. Moreover, numerical models are established in PFC software. ,e
microcracks developments, failure characteristics, and energy evolutions under loading and unloading conditions are obtained
and discussed. Results show that compared with the loading tests, the brittle failure characteristics of specimens under unloading
tests are more obvious. When the confining pressure reduces to about 66% of the initial confining pressure, the specimen loses its
load-bearing capacity and destroyed due to the lateral expansion. For loading tests, an inclined plane can be produced as the main
failure surface.While for confining pressure unloading tests, there aremany damage zones parallel to or intersecting with the main
failure surface.

1. Introduction

Rock excavation will significantly change the stress state of
rock mass, which affects the stability and performance of
rock engineering (e.g., open-pit slope, shaft, tunnels, wells,
and stopes) [1]. ,e redistributed stress of rock after ex-
cavation can be in loading or unloading states. For examples,
when the rock is excavated in a circular tunnel, rock around
the tunnel surface will be in an unloading state at the radial
direction, while in a loading state at the hoop direction.
Moreover, the loading and unloading are two completely
different stress paths, resulting in different mechanical re-
sponses [2–4]. ,erefore, it is necessary to investigate the
mechanical behavior and failure of rock under loading and
unloading conditions.

Due to the research of rock mechanics has yielded
fruitful results in loading conditions, more and more
scholars begin to explore the unloading rock mechanics
from various aspects such as the failure mechanism, stress-
strain curve, and strength criterion. Based on the concept of
Griffith microcrack in rock fracture mechanics, Lajta et al.
[5] proved that unloading could lead to the formation of
cracks, and the tensile failure was related to residual stress.
Lau et al. [6] carried out a series of loading and unloading
tests and found that the mechanical parameters obtained
from unloading tests were more practical. Some scholars
[7, 8] believed that the mechanical parameters obtained
through the unloading path were more consistent with the
actual rock excavation conditions. Shen et al. and Xi et al.
[9–11] investigated the loading and unloading failure
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mechanism of rock by using the stress-strain curves under
different confining pressures and stress paths based on
fracture mechanics of rock mass. Zhao et al. [12] and Wu
et al. [13] proposed constitutive models which can describe
the damage degree of rock mass under unloading conditions
according to the theory of damage mechanics. Furthermore,
Ajmi et al. [14] and Li et al. [15–17] analyzed the failure
mechanism and the damage degradation effect of rock
mechanical parameters under different paths. ,e results
showed that the Mogi–Coulomb strength criterion was in
good agreement with the experimental data. Huang et al.
[18, 19] studied the mechanical characteristics of granite
unloading failure under different initial confining pressures
from various aspects such as deformation, parameters, and
fracture characteristics, obtaining the evolution of the de-
formation, brittle failure, and energy under unloading
conditions. Fan et al. [20] investigated the energy release
process of high energy storage rock mass induced by
transient unloading of in situ stress by using the local energy
release rate and energy release coefficient. Liu et al. and
others [21–23] studied the influence of the initial unloading
level on the mechanical characteristics of rock unloading.
,e results showed that the initial unloading level was a
dominating factor for the mechanical characteristics of rock,
which had a great influence on the parameters such as force,
internal friction angle, lateral strain, and maximum dilat-
ancy. Nuclear magnetic resonance (NMR) [24], computed
tomography (CT) imaging technology [25, 26], and scanning
electron microscope (SEM) [27] were used to study the
whole process of the microcrack growth, propagation,
penetration, and failure of rock sample in unloading
conditions.

Computational simulation of rock fractures has always
been an active research field, which has promoted the un-
derstanding of macro-micromechanical properties and
failure mechanism of rock [28]. PFC can overcome the
limitations of continuous medium simulation software and
well explain the mechanical behavior of various aspects of
rock [29–31]. Cai et al. [32, 33] discussed the failure
mechanism of jointed rock in underground engineering
based on the peak strength and residual strength of rock
obtained by PFC simulation. An et al. [34] established a
dynamic simulation contact model of the rock impact test
based on the discrete element method, which could better
demonstrate the distribution of velocity and kinetic energy
of rocks such as rock movement and rock failure under
impact load. Some researchers [35–39] established an
equivalent rock mass model, which could reflect the
microfracture effect. ,ey found that the equivalent rock
mass technology can replace the laboratory tests or in situ
tests to a certain degree. Tang et al. and others [40–45]
simulated and investigated the mechanism of initiation,
propagation, and coalescence of rock cracks by using PFC
software.

At present, the research of rock mechanical properties,
especially in unloading conditions, is mainly based on the
qualitative analysis of macroscopic experimental

phenomena. In addition, due to the limitation of experi-
mental conditions and theoretical methods, there are few
research studies on micromechanical properties and failure
law.

,is study attempts to discuss the macro-micro-
mechanical properties and failure mechanism of granite
under loading and unloading conditions by laboratory tests
and numerical tests. ,rough triaxial compression tests with
constant axial stress-unloading confining pressures, the
stress-strain curves of granite under different stress paths are
obtained, and its macromechanical properties are studied.
Using PFC3D software as the numerical analysis platform,
triaxial loading and unloading simulations are carried out to
study the micromechanical behavior of rock. ,e failure
mechanism is revealed by analyzing the evolution law of
microcrack and failure mode of microcrack under loading
and unloading conditions.

2. Experimental Procedures

2.1. Specimens. ,e granite from Shuichang iron mine re-
quired to be processed into a cylindrical piece of
Φ50mm× 100mm is in good agreement with the sample
size recommended by ISRM. ,e NM-3C nonmetallic ul-
trasonic tester was used to ensure the uniformity of the
physical and mechanical properties of experimental speci-
mens. ,rough preliminary tests, the uniaxial compressive
strength of the granite was determined as 125.71MPa. ,e
mechanical test equipment and specimens are shown in
Figure 1.

2.2. Loading Test Scheme. ,ere are two purposes of loading
test: one is to analyze the mechanical characteristics of rock
under loading conditions which will be used for compari-
sons with the subsequent unloading test; the other is to
determine the peak stress of the specimen under different
confining pressures which will provide the basis for the
design of unloading test scheme.

According to the in situ stress measurement results of
Shuichang iron mine, the maximum horizontal principal
stress is about 25MPa. ,erefore, the triaxial compression
tests are controlled by the stress with a constant loading rate
of 0.5MPa/s. ,e confining pressures are 10MPa, 15MPa,
20MPa, and 25MPa, respectively.

2.3. Unloading Test Scheme. ,ese unloading schemes are
designed to model the stress changing of rock slope due to
excavation [18]. Constant axial stress-reducing confining
pressure path was selected to carry out unloading tests.
Figure 2 shows the designed unloading scheme. First, the
axial pressure and confining pressure are increased. ,en,
the axial stress is increased to 80% of the peak strength.
Finally, the axial load is kept as constant, and the confining
pressure is gradually reduced until specimen failure. Details
about the schemes are as follows.
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(1) ,e stress control with a constant loading rate of
0.1MPa/s was used to apply confining pressure to
predetermined values, which were 10, 15, 20, and
25MPa, respectively.

(2) ,e stress control was continued to apply the axial
pressure at the rate of 0.5MPa/s to the unloading
point, where the value of the stress level at unloading
point should be greater than uniaxial compressive
strength and should be 70–90% of the corresponding
triaxial compressive strength. In this study, the
starting point of unloading confining pressure was
selected as 80% of triaxial compressive strength.

(3) Keep using stress path control to maintain the axial
stress σ1. In the same time, the confining pressure
was unloaded at the speed of 0.1MPa/s until the
specimen failure.

3. Experimental Results

3.1. Loading Test Results. Figure 3 illustrates the traditional
triaxial compression stress-strain curves under different
confining pressures. It can be seen from the figure that the
curves before the peak basically coincide and have the same
trend. As the confining pressure increases, the yield stress,
peak stress, and residual strength gradually increase, the
radial deformation of the specimen decreases, and the
volumetric strain at the peak changes more smoothly,

indicating that increasing confining pressure has an
inhibiting effect on the deformation and failure of the
specimen which improves the load-bearing capacity of the
specimen. ,e postpeak curves show the obvious elastic
brittle characteristics and stress drop phenomenon.With the
increase of confining pressure, the decrease of stress gradient
becomes slower, and the degree of brittle failure after peak
decreases.

Figure 4 shows the relationship between the peak
strength and confining pressure. ,e triaxial compressive
strength increases with the increase of confining pressure,
showing a good linear relationship. Under different con-
fining pressures, the peak strength of the specimens fluc-
tuates with the range of 8.3%, 6.1%, 2.7%, and 4.7%,
respectively. ,erefore, the results of uniaxial and triaxial
compressive strength of the granite have good repeatability.

3.2. Unloading Test Results. Figure 5 shows the full stress-
strain curve of unloading at 80% peak strength. It can be seen
that the stress-strain curve before the peak is approximately
linear during unloading. ,e increase in the axial strain
during the unloading process and after the peak is very small.

(a) (b)

Figure 1: Mechanical test equipment and specimens: (a) uniaxial and triaxial compression testing machine; (b) granite specimens.
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Figure 3: Stress-strain curve of the triaxial compression test.
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,e stress drop occurs during the failure, which is sudden
and severe, showing strong brittleness.

In the process of unloading confining pressure, the radial
strain shows obvious dilatancy and increases rapidly near the
failure (Figure 6). With the increase of initial confining
pressure, the axial strain increases, while the radial strain and
volume strain decrease. ,is is because that the confining
pressure has a certain constraint on the radial deformation,
which limits the development of radial deformation, im-
proves the load-bearing capacity of the specimen, and in-
creases the corresponding axial strain. It also shows that the
higher the initial confining pressure, the more severe the
damage of the specimen.

,e relationship between the axial stress and confining
pressure is shown in Figure 7. ,e axial stress, confining
pressure, and reduction ratio of confining pressure at failure
point under different initial confining pressures are given in
Table 1. It can be found that when the confining pressure
drops to 66.1% (average proportion) of the initial confining
pressure, the axial stress decreases slightly at first. ,en, a
large stress drop occurs, which results in the failure of the
specimen.

Figure 8 shows the radial strain-confining pressure
curves. It can be seen that, in the initial stage of unloading
confining pressure, the radial strain increases slowly and has
a linear relationship with the decrease of confining pressure,
indicating that the specimen is in the elastic stage. With the
unloading process, the confining pressure decreases, and the
radial deformation of the specimen increases rapidly,
showing a nonlinear relationship with the confining pres-
sure. Meanwhile, the radial plastic deformation appears,
which indicates that the radial deformation is the main
reason for the failure of the specimen. ,e confining
pressure has a certain limiting effect on the deformation.
,erefore, with the increase of initial confining pressure, the
radial strain reduces.

3.3. Comparative Analysis of Loading and Unloading Test
Results. Loading and unloading both can lead to the failure
of the specimen, but the stress paths of the two tests are
completely different. Mohr’s circle is used to represent the
relationship between stress σ1 and stress σ3 in rock mass, as
shown in Figure 9.

In the conventional triaxial compression, the axial stress
(σ1) is increased to reach the bearing limit of rock specimen.
While in unloading conditions, the confining pressure (σ3) is
reduced and the bearing capacity of rock sample specimen
reaches the limit. Whether it is the loading or unloading test,
the confining pressure has a great influence on the bearing
capacity of the specimens.

Figure 10 shows the comparison of loading and
unloading tests under the initial confining pressure of
25MPa. ,e stress-strain curve trends of loading and
unloading are basically the same in the prepeak stage, and
the deviation begins to appear with the unloading process.
,e axial strain and stress of unloading failure are both
smaller than the value of loading test failure. So unloading is
more likely to cause rock failure, and the brittle charac-
teristics are more obvious. In the loading test, the damage of
the specimen is mainly caused by the axial compression
failure. While in the unloading test, there is no obvious
plastic characteristic, but the dilatancy characteristic is
obvious, indicating that the unloading failure of the speci-
men is mainly caused by the transverse expansion.

4. Analysis of Micromechanical Properties
Based on Numerical Tests

4.1. Construction of the PFC Rock Model. In PFC, the intact
rock is represented as assemblage of rigid circular (in 2D) or
spherical (in 3D) particles and piece of finite-size interface
between two notional surfaces. In this study, the flat joint
model (FJM), which can well explain the mechanical be-
havior of various aspects of rock (i.e., UCS/TS ratio, internal
friction angle, and strength envelope), especially the brittle
rock, was used to represent the granite. A cylindrical sample
model with a cylindrical piece of Φ50mm× 100mm, which
is in good agreement with the rock sample size recom-
mended by ISRM, is generated to simulate the laboratory test
(Figure 11). For obtaining a reliable simulation results, the
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Figure 5: Axial stress-strain curves of unloading at 80% peak
strength.
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ratio of smallest characteristic length for the model to the
median particle radius should be 50–100 [38, 46–49].
Considering the computational efficiency and accuracy, the
minimum particle radius and particle size ratio are set as
1mm and 1.66mm, respectively. So the sample model
consisted of 14036 balls with radius varying from 1.00mm to
1.66mm.

,e “trial-and-error” method is used to determine the
microparameters, derived from laboratory tests results, to
match the microparameters of the simulation specimen.
Primarily, according to the uniaxial compression tests, the
deformation properties (i.e., Poisson’s ratio and elastic
modulus) of rock specimens are calibrated. ,en, the
strength properties are matched by triaxial compression
tests. ,e calibration results of the microparameters in PFC
are given in Table 2.

,en, the microparameters were verified by using the
numerical test. Figure 12 shows the stress-strain curves of
the uniaxial compressive test and failure modes from ex-
perimental result and numerical result. ,e stress-strain
curves, both before and after the peak, are well consistent
with those of the experiment, and the failure patterns from

the experiment and numerical tests are quite similar. Fig-
ure 13 shows the stress-strain curve of numerical triaxial
loading and unloading tests.

4.2.AcousticEmissionCharacteristics. From the microscopic
point of view, the instability of materials is caused by the
initiation and propagation of microcrack. ,e contact be-
tween particles in PFC is destroyed under the action of shear
stress or tensile stress. Every fracture of contact bond is
accompanied by a release of energy, which can be regarded
as an acoustic emission (AE) event with rock. ,erefore, the
PFC numerical test can effectively characterize the distri-
bution of shear failure and tensile failure events in the
process of loading and unloading tests.

4.2.1. Acoustic Emission Characteristics of the Loading Test.
Figure 14 shows the relationship between stress-strain and
the number of microcrack under confining pressure of
20MPa. As shown in figure, there is a good corresponding
relationship between the acoustic emission events and the
characteristic stress values of hard brittle rock such as
fracture strength and damage strength. At the linear elastic
stage, there are few microcracks in the specimen. When the
stress increases to about 100MPa (i.e., 45% of the peak
strength), there is a stable microcrack growth in the spec-
imen, with the strength corresponding to the crack initiation
strength σCI. When the stress increases to about 100MPa
(i.e., 78% of the peak strength), there is a rapid microcrack
growth in the specimen, and the strength corresponds to the
crack damage strength σcd. When it comes to reach the peak
strength, the number of cracks begins to increase signifi-
cantly, and the macrofailure surface is gradually formed.

In the whole loading process, the tensile cracks account
for about 80% of the total cracks. When the load reaches
about 85% of the peak strength, the shear cracks begin to
initiate, which indicates that the tensile failure is the main
failure in the early stage of the test, accompanying by a small
amount of shear failure. Under the loading process, the shear
cracks increases and reaches the extreme value after the
peak. In this stage, the shear failure zone was formed and
gradually penetrated into the macrofracture surface, which
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Figure 6: Stress-strain curves under different confining pressures: (a) 10MPa; (b) 15MPa; (c) 20MPa; (d) 25MPa.
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indicated that the shear failure was dominant in the whole
failure process, accompanying by tensile failure.

,e rosette diagram of microcrack distribution under
the confining pressure of 25MPa is shown in Figure 15. ,e
direction of microcrack is parallel or nearly parallel to axial
stress, which is in line with the characteristics of hard brittle
rock. It can be seen from Figure 16 that the initiation and
propagation trend of microcrack in specimens under dif-
ferent confining pressures are basically the same, and the
confining pressure has little effect on them.

4.2.2. Acoustic Emission Characteristics of the Unloading
Test. Figures 17 and 18 are the rosette diagram and strain-
microcrack number curve under the confining pressure of
25MPa, respectively. It can be seen that the direction of
microcrack is mainly parallel or nearly parallel to the axial

stress direction, and the trend is more obvious than that of
the loading test. ,e tensile cracks dominate more than 90%
of the total number of cracks, which shows an increase
compared to the loading conditions.

,e occurrence of tensile cracks under loading condi-
tions is a typical compression-induced tensile cracking
phenomenon. Moreover, under unloading conditions causes

Table 1: ,e axial stress, confining pressure, and reduction ratio of confining pressure.

Initial confining pressures (MPa) Axial stress (MPa) Confining pressure (MPa) Reduction ratio (%)
10 145.7 2.98 70.2%
15 154.5 5.02 66.5
20 172.8 6.11 69.45
25 198.8 10.6 57.6
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lateral expansion and tensile stresses. ,erefore, at the be-
ginning of unloading, the tensile cracks generate fast. ,e
total number of cracks under unloading condition of con-
fining pressure is more than that of the loading condition
when the specimen is destroyed. In other words, the
unloading failure requires more time and shows a more
severe and sudden damage.

4.3. Energy Evolution Law. According to the energy of
particles, contact relationship, and bonding relationship
between particles, a variety of energy can be recorded in PFC
software. ,e main monitored energy in the FJM model
includes five types, Eb (boundary energy, defined as the work
performed by the boundary, that is, the total input energy),
Es (strain energy, defined as the linear contact strain energy
and bond strain energy), Eμ (dissipation energy, defined as
the total energy dissipated by frictional slip and the dash-
pots), and Ek (kinetic energy, defined as the energy con-
sumed by particle motion).

4.3.1. Energy Evolution Law of the Loading Test.
Figure 19(a) shows the energy evolution law of the loading
test under confining pressure of 20MPa. During the test, the
upper and lower loading plates and side walls exert pressure
on the model, so the boundary energy as the input energy
increases all the time. Strain energy corresponds well to the
stress-strain curve and reaches the highest value near the
peak strength, which is the principal part of microenergy
consumption. It reflects the process of the microcrack
caused by the breaking of the bond between particles. ,e
strain energy increases gradually and dissipation energy is
almost zero before peak strength, while after that, the strain
energy reduces sharply and dissipation energy begins to play
a dominant role. In this stage, the number of newly formed
cracks gradually decreases and the relative sliding between
particles increases. ,en, the microcrack continuously
grows, propagates, and forms macrocrack.

4.3.2. Energy Evolution Law of the Unloading Test.
Figure 19(b) shows the energy evolution law of the
unloading test under confining pressure of 20MPa. It can be
seen that the energy evolution law under loading and
unloading paths is basically similar, but there are obvious
differences in magnitude. Before unloading, the trend and
quantity of each kind of microenergy are the same as the
loading conditions. During the unloading process, the
boundary energy and strain energy are less than the energy
corresponding to the same strain value under loading
condition, while the dissipation energy is on the contrary.
For example, when the strain value is 0.005, the boundary
energy under loading and unloading conditions is
110.24N·m and 98.56N·m, respectively, that is, because the
confining pressure begins to do negative work, it leads to the
slow growth of boundary energy. ,e values of strain energy
under these two stress paths are 46.13N·m and 52.74N·m,
respectively.,e results show that the number of microcrack
under the same strain is more than that under loading
condition. Dissipation energy is 11.02N·m and 6.67N·m,
respectively, which indicates that there is more relative
sliding between particles during the unloading process.

4.4. Failure Mode. PFC, as an explicit numerical simulation
software, can count the distribution of microcrack in each
time step and reveal the progressive failure process of

Table 2: Microparameters of the FJM model after calibration.

Microparameters Description Unit Value
dmin Minimum particle radius mm 1.0
dmax/dmin Particle size ratio — 1.66
λ Radius multiplier — 1
Nr Number of elements in radial direction — 1
Na Number of elements in circumferential direction — 3
Ec Effective modulus of both particle and bond GPa 76
krat Normal-to-shear stiffness ratio of both particle and bond — 1.8
μ Friction coefficient — 0.4
σb Bond tensile strength MPa 14
cb Bond cohesion strength MPa 135
Φb Friction angle ° 5
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specimens under loading and unloading conditions by
analyzing the initiation, propagation, and penetration of
microcrack.

4.4.1. Failure Mode of the Triaxial Compression Test. ,e
failure of granite under loading is mainly controlled by shear
crack. Figure 20 shows the whole process of shear crack from
generation and development to penetration under the
confining pressure of 15MPa.

At 80% of the peak strength, since it has just entered the
plastic stage, there are few shear cracks, which are mainly
distributed at the top and around the specimen. ,is is
mainly caused by the end effect. Along with the loading
process, the shear cracks gradually increase from the two
ends of the specimen to the middle part. At 90% of the peak

strength, the shear failure of the two ends is glaringly ob-
vious, and themiddle part has a tendency of penetration.,e
microcrack grows faster near the peak, mainly concentrated
in themiddle part.When the specimen is damaged, the crack
ruptures and forms a main failure surface, which is a certain
angle of inclined plane shear failure. In addition, due to the
end effect at both ends of the specimen, the density of shear
cracks is relatively high, and secondary failure surfaces are
formed on the top of the specimen.

4.4.2. Failure Mode of the Unloading Test. Figure 21 shows
the whole process of microcrack from germination, devel-
opment to penetration in the 25MPa unloading confining
pressure test.,e development law of microcrack is basically
the same as the loading process. ,e stress at the unloading
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Figure 13: Stress-strain curve of numerical triaxial loading and unloading simulations: (a) loading; (b) unloading.
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Figure 19: Energy and stress curves of rock deformation: (a) loading; (b) unloading.
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Figure 20: Microcrack growth process in the triaxial compression test: (a) prepeak (80%); (b) prepeak (85%); (c) prepeak (90%); (d) peak
stress; (e) postpeak (20%).
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Figure 21: Microcrack growth process in the unloading test: (a) prepeak (80%); (b) prepeak (85%); (c) prepeak (90%); (d) peak stress;
(e) postpeak (20%).
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point of the confining pressure set in this study is 80% of the
peak strength, so the 80% stage before the peak is the triaxial
loading stage. At 85% before the peak, that is, after the
unloading of the confining pressure begins, the number of
microcrack begins to increase, and the distribution is rel-
atively discrete. Compared with the loading test, the number
of cracks before the peak increases sharply with a fast growth
rate of microcrack and large number of cracks. ,e failure
mode of postpeak specimens is more complicated than that
of loading. Besides a main failure surface, there are also
multiple shear zones parallel to or intersecting with the main
failure surface. In addition, there are local shear failure
surfaces at the top and bottom.

Figure 22 is a comparison of failure modes from ex-
perimental and numerical tests. ,e macroscopic fracture
surface distribution of the specimen is similar to the nu-
merical simulation results, which also verifies the reliability
of the numerical test results.

5. Conclusion

In this study, the conventional triaxial compression test,
unloading test, and numerical simulations were carried out
on Shuichang iron mine granite.,e stress-strain curves and
the number of microcrack under different stress paths were
obtained. Based on those results, the mechanical properties
and failure law of granite under loading and unloading
conditions were investigated from macro-micro viewpoint.
,e conclusions of this study are as follows:

(1) Under loading conditions, granite specimen shows
obvious elastic-brittle characteristics. With the in-
crease of confining pressure, the postpeak stress
drops faster and faster. Moreover, under unloading
conditions, the brittle failure of specimens is more
obvious. For the loading or unloading test, the
confining pressure has a great impact on the bearing
capacity of the specimen. ,e higher the initial

confining pressure, the higher the bearing capacity of
the specimen is.

(2) Both loading and unloading stress paths can damage
rock specimens. But the two stress paths to failure are
completely different, and the unloading path is more
likely to cause rock severe damage. Experimental
results show that when the confining pressure drops
to 66.1% of the initial confining pressure, the
specimen loses its load-bearing capacity and
destroyed, due to the lateral expansion.

(3) Numerical experiments show that the directions of
microcrack in the specimens are mainly parallel or
approximately parallel to the axial stress direction,
and most of the cracks are tensile cracks. Under the
unloading condition, the crack initiation speed is
faster, and almost all of them are tensile cracks. ,e
unloading damage is characterized by the short-time,
severe degree, and paroxysm.

(4) ,e failure of granite under loading is mainly con-
trolled by shear cracks. When the specimen is
damaged, an inclined plane is formed as the main
failure surface. Under unloading conditions, the
development speed of microcrack is faster and more
tensile cracks are generated. ,e failure mode of the
specimen under unloading is more complicated than
that under loading. Besides the main failure surface,
there are also many shear zones parallel to or
intersecting with the main failure surface.
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