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ABSTRACT

Excavation and earth surface processes (e.g., river incision) always induce the unloading of stress, which can
cause the failure of rocks. To study the shear mechanical behavior of a rock sample under unloading normal
stress conditions, a new stress path for direct shear tests was proposed to model the unloading of stress caused
by excavation and other processes. The effects of the initial stresses (i.e., the normal stress and shear stress before
unloading) on the shear behavior and energy conversion were investigated using laboratory tests and numerical
simulations. The shear strength of a rock under constant stress or under unloading normal stress conforms to the
Mohr Coulomb criterion. As the initial normal stress increases, the cohesion decreases linearly and the tangent of
the internal friction angle increases linearly. Compared with the results of the tests under constant normal stress,
the cohesions of the rock samples under unloading normal stress are smaller and their internal friction angles are
larger. A strength envelope surface can be used to describe the relationship between the initial stresses and the
failure normal stress. Shear dilatancy can decrease the total energy of the direct shear test under constant normal
stress or unloading normal stress, particularly when the stress levels (the initial stresses in the test under unloading
normal stress or the normal stress in the test under constant normal stress) are high. The ratio of the dissipated
energy to the total energy at the moment failure occurs decreases exponentially with increasing initial stresses. The
direct shear test under constant normal stress can be considered to be a special case of a direct shear test under
unloading normal stress with an unloading amount of zero.
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1 Introduction

Shear failure is one of the fundamental forms of rock failure [1,2]. Many studies have been
conducted on this topic [3–5]. Previous studies have focused on the shear behavior of rocks under
constant normal stress [6,7]. The Mohr–Coulomb (M–C) criterion is widely used to describe the
shear strength of rocks under this condition [8]. However, excavation and several earth surface
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processes (e.g., river incision) can decrease the stress in the disturbed zone in at least one direction,
which can result in rock failure [9,10]. For instance, as shown in Fig. 1, the excavation of a
deeply buried tunnel releases the stress on the surrounding rocks in the radial direction of open-
ings [11–14]. According to the results obtained from numerical simulations (Fig. 1a), model tests
(Fig. 1b), and theoretical solutions (Fig. 1c), the surrounding rock may fail in the form of shear
slip, that is, the surrounding rock experiences shear failure. The rock surrounding of the deeply
buried tunnel is subjected to compressive stress along the radial direction. However, the com-
pressive stress decreases gradually during the excavation process. Taking a local area near the
shear fracture as the shear element (Figs. 1a and 1b), as shown in Fig. 1d, the shear element is
subjected to normal compressive stress and shear stress. Nevertheless, the direction of the normal
displacement is opposite to that of the normal stress because the unloading occurs along the
radial direction. In addition, the unloading in the direction perpendicular to the slope’s surface
caused by excavation or river incision can induce landslide events due to the decrease in the shear
resistance [15,16]. Triaxial and biaxial unloading tests are commonly used to model rock failure
caused by stress unloading [13,17]. Nevertheless, neither the direct shear test nor the triaxial and
biaxial unloading tests can directly and effectively model the shear failure of a rock experiencing
unloading normal stress.

(a) (b)

(c) (d)

Figure 1: Shear failure patterns of a deeply buried tunnel produced using (a) a numerical simula-
tion [11], (b) a model test [12], and (c) a theoretical solution and (d) a simplified shear element
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In the rock failure process, energy is converted, including energy accumulation, dissipation,
and release [17,18]. The laws of thermodynamics indicate that energy conversion is a basic factor
controlling the physical processes of materials. Understanding the energy conversion process is
significant to determining the rock failure mechanism. Tsoutrelis et al. [19] conducted uniaxial
compressive tests on five sets of marble to study the correlations between the rock strength and
the energy parameters. Peng et al. [20] conducted triaxial compressive tests and proposed a failure
energy ratio and stress drop coefficient to describe the failure mode of coal. Huang et al. [17] and
Li et al. [21] conducted triaxial unloading tests on marble and granite, respectively. Then, they
analyzed the energy conversion process of the rock samples under unloading conditions. However,
the energy conversion law of the direct shear test has rarely been reported.

In this study, a new loading path for direct shear tests is proposed to model the shear failure
process of a rock under unloading normal stress caused by excavation or other processes. In
the direct shear test under unloading normal stress (DSTUNS), the normal stress is gradually
unloaded, while the shear stress remains unchanged. In addition, a direct shear test under con-
stant normal stress (DSTCNS) was conducted for comparison and to determine the parameters.
Laboratory tests and numerical simulations were conducted to compare the strength, failure, and
energy evolution of the rock in the two types of direct shear tests.

2 Test Methodology

2.1 Laboratory Tests
2.1.1 Specimen Preparation and Test Program

The sandstone used in this study was collected from the Three Gorges Reservoir area of
China, where there are a lot of landslides due to the rise and fall of reservoir water. Its average
bulk density is 2390 kg/m3. According to the X-ray diffraction results, the main minerals of the
sandstone mainly include quartz, illite, feldspar, and a small amount of magnetite and hematite.
An intact rock block without observable bedding planes was cut and ground into cubic test
samples with the side lengths of 60 mm. The upper and lower surface parallelism of the sample
is controlled within ±0.05 mm, and the surface parallelism is controlled within ±0.02 mm. The
average uniaxial compressive strength of the sandstone cubes was approximately 52 MPa.

The direct shear tests were carried out using a compression-shear test machine with a loading
capacity of 600 kN in both the vertical and horizontal directions. Fig. 2 shows the testing system
and the auxiliary device comprised of two shear boxes and two rows of anti-friction balls. The
vertical and horizontal actuators applied the normal compressive stress and the shear stress to the
rock sample, respectively. The loading path shown in Fig. 3 is proposed to model the shear failure
of the rock under unloading normal stress. The loading of the DSTUNS involved three steps:

Step 1: Load the normal stress to the target level at a constant loading rate of 0.1 kN/s.
Name the target normal stress as initial normal stress (INS) σni.

Step 2: Load the shear stress to the desired level at a constant displacement rate of 0.1
mm/min while keeping the normal stress constant. Name the desired shear stress level as initial
shear stress (ISS) τi.

Step 3: Keep the shear stress constant and unload the normal stress at an unloading rate of
0.1 kN/s until the rock sample fails.

During unloading (Step 3), the shear failure occurring in the middle of the rock sample
is caused by both the decrease in the normal compressive stress and the constant shear stress.
As is well known, there is a positive correlation between the shear resistance and the normal
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compressive stress of rock materials. Thus, the shear resistance of the sample gradually decreases
with decreasing normal stress. When the shear resistance is less than the ISS, failure occurs.

Figure 2: Schematic of the direct compressive-shear test system and the auxiliary device

Figure 3: Loading path of the direct shear test under unloading normal stress



CMES, 2021, vol.127, no.1 83

2.1.2 Initial Stress
Prior to the beginning of unloading, the normal and shear stresses were applied. The shear

resistance of the rock is related to the normal stress, cohesion, and friction angle. If the ISS is
large enough or the INS is small enough, the sample may fail before unloading. Whereas it will
not fail when the normal stress is unloaded to zero if the ISS is smaller than a certain value.
Consequently, the DSTCNS was carried out to determine the values of the INS and ISS. Tab. 1
provides the detailed descriptions of the ISS and INS values of the rock samples. Herein, five test
sets corresponding to five INS levels (20–40 MPa at a 5 MPa interval) were conducted. Each set
included five ISS levels. In each set, the maximum ISS was less than the shear resistance under
the given normal stress and was greater than the shear resistance under an INS of zero.

Table 1: Initial normal stress and initial shear stress

Specimen INS (MPa) ISS (MPa) Specimen INS (MPa) ISS (MPa)

1 20 15 16 35 15
2 17 17 20
3 19 18 25
4 21 19 30
5 23 20 35
6 25 15 21 40 15
7 18 22 20
8 21 23 25
9 24 24 30
10 27 25 35
11 30 15 The cohesion and internal friction angle of the rock

sample tested by DSTCNS are 11.22 MPa and 35.90◦
separately.

12 18
13 21
14 24
15 27

2.2 Numerical Simulation
2.2.1 Simulation Method

The two-dimension particle flow code (PFC2D) was used to perform the simulations of the
DSTCNS and DSTUNS. The PFC2D simplifies the rock material into discs and bonds. Discs are
assumed to be rigid bodies, but they can overlap each other. The adjacent discs are connected by
a bond. The discs are used to simulate the rock grains, and the bonds are used to simulate the
cement between the rock grains. The mechanical relationship between particles obeys the Newton’s
second law:

F =ma (1)

The linear parallel bond model, which can transmit both force and moment between the
pieces, is commonly used in rock mechanic simulations [22]. The force-displacement law for
the parallel bond force and moment consists of seven steps: Update the bond cross-sectional
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properties, update normal force, update shear force, update twisting moment, update bending
moment, update the maximum normal and shear stresses at the parallel bond periphery, and
enforce the strength limits. In the last step, if the tensile or shear strength limit of a parallel
bond is exceeded, then the bond is broken and a crack is formed. Thus, the PFC2D can simulate
rock fracture and fracture propagation. In this respect, the finite element method and the finite
difference method have obvious defects. In the PFC, the energy consists of boundary work U
input by the walls, body work Ug done by gravity, strain energy Es stored in the linear springs,
slip energy Ef dissipated by frictional slip, dashpot energy Ed dissipated by the dashpots, bond
strain energy Eb stored in the parallel bonds, and kinetic energy Ek. According to the first law
of thermodynamics, energy can be converted from one form to another, but the total energy
remains unchanged. The total energy is the sum of the elastic strain energy Ue and the dissipated
energy Ud :

U +Ug =Ue +Ud (2)

where the elastic strain energy Ue includes the strain energy Es and the bond strain energy Eb;
and the dissipated energy Ud includes the slip energy Ef , the dashpot energy Ed , and the kinetic
energy Ek. In this study, the kinetic energy Ek is negligible due to the quasi-static nature of the
simulation [23]. In addition, the body work Ug is equal to zero because gravity was set to zero.
Thus, Eq. (2) can be rewritten as follows:

U =Ue+Ud (3)

Ue =Es+Eb (4)

Ud =Ef +Ed (5)

Strain energy, slip energy, dashpot energy, and bond strain energy can be calculated as follows:
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In this study, the planar dimensions of the numerically simulated sample are the same as those
of the sandstone sample used in the laboratory tests. As shown in Fig. 4, eight walls surround the
numerically simulated sample. To establish the same boundary conditions used in the laboratory
test, the two walls between walls 2 and 5 and walls 3 and 6 were deleted after the particles were
bonded. During the test, walls 4, 5, and 6 were fixed in both the vertical and horizontal directions.
The normal stress was applied and unloaded by moving the wall 2 vertically, and the shear stress
was applied by moving walls 1–3 horizontally. The normal force was obtained by averaging the
vertical forces of walls 1 and 4, and the shear force was obtained by adding the horizontal forces
of walls 1, 2, and 3. A ratio of the maximum particle radius to the minimum particle radius of
1.5 and a minimum particle radius of 0.3 mm was adopted. The numerically simulated sample
was discretized into 7,384 particles with 19,139 parallel bonds. The PFC2D code applied the stress
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by moving walls or particles, and the stress-controlled mode was difficult to implement. Thus,
the normal and shear stresses were applied in the displacement-controlled mode with a constant
displacement loading and unloading rate of 0.01 m/s. This loading rate is low enough for a rock
static loading simulation using the PFC2D code [24–26].

Figure 4: Numerically simulated sample used in the simulation

Table 2: Micro-parameters used for direct shear test

Micro parameter Value

Parallel bond tensile strength (MPa) 6.4
Parallel bond cohesion (MPa) 7.1
Parallel bond friction angle (◦) 46
Ratio of normal to shear stiffness of the parallel bond 1.5
Particle friction coefficient 0.75

2.2.2 Parameter Calibration
There are no macro-parameters that reflect the mechanical characteristics of the rock material.

It is essential to establish a correlation between the micro-parameters in the PFC2D code and the
experimental macro-parameters of the tested sandstone sample. A parameter calibration should
be performed for the micro-parameter selection. According to Huang et al. [22], the mechanical
behavior is significantly influenced by the parallel bond’s tensile strength, the cohesion, the friction
angle, and the ratio of the normal stiffness to the shear stiffness. The DSTCNS and the trial and
error method were used for the calibration, and a set of reasonable parallel bond parameters were
obtained (Tab. 2). Fig. 5 shows the comparison between the simulated and experimental results of
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the DSTCNS. The internal friction angel of the simulation was only 3.29% greater than that of
the laboratory test. Although the relative error of the cohesion was relatively large (the simulated
value was 21.66% less than the experimental value), the micro-parameters listed in Tab. 2 can still
describe the shear strength of the tested sandstone well.
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Figure 5: Comparison of the simulated and experimental results of the DSTCNS

3 Results of Laboratory Tests

3.1 Displacement
Fig. 6 shows the typical curves of the normal and shear displacements versus elapsed time for

the DSTUNS. The normal displacement increases nonlinearly during the loading of the normal
stress due to the stress state of the uniaxial compression and the nonlinear relationship between
the axial displacement and the axial stress. In the period of loading of the shear stress, the normal
stress remains constant and the normal displacement decreases nonlinearly. During the unloading
of the normal stress, the shear displacement gradually increases, and the rate (the increment of
the shear displacement divided by the elapsed time, i.e., the slope of the curve) increases gradually
as the normal stress decreases. Early on, before the sample fails, the shear displacement increases
rapidly. This rapid increase is caused by two factors: (1) The formation of a large number of
micro-cracks and macro-cracks and (2) The decrease in the shear resistance due to the decrease in
the normal stress. These two factors result in a reduction in the resisting deformation capability
in the shear direction.

In addition, the normal displacement during the unloading process decreases faster than
during the loading of the shear stress. The growth of the shear displacement leads to shear
dilatancy deformation in the direct shear test due to crack propagation and frictional sliding
along the sloping micro-failure surfaces inside the rock. Thus, it is guaranteed that shear dilatancy
deformation will occur during the unloading of the normal stress due to the gradual increase
in the shear displacement. Furthermore, the release of the elastic deformation in the normal
direction occurs because of the decrease in the normal stress. Therefore, the decrease in the normal
displacement consists of shear dilatancy deformation and elastic deformation release.
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Figure 6: Typical curves of the normal and shear displacements during test

3.2 Strength
The M–C and Hoek–Brown (H–B) criteria are commonly used to describe the change in shear

strength of rocks. The tensile strength of a rock is necessary in the H–B criterion. In addition,
according to the experimental results from Huang et al. [27], the H–B criterion describes the shear
strength under normal tensile stresses better, while the M–C criterion is better to fit that under
normal compressive stresses. The tensile strength and tensile-shear strength are not considered in
this study. Thus, the M–C criterion is used to describe the change in the shear strength. The shear
strength envelope obtained from the linear fitting of the DSTCNS data is as follows:

τf = σn tan35.90◦ + 11.22 (10)

The root-mean-square error (RMSE) of which is 0.83 MPa. The internal friction angle and
the cohesion are 35.90◦ and 11.22 MPa, respectively.

In the DSTUNS, at the moment when the sample fails, the failure shear stress (τf ) is equal
to the ISS because the shear stress is constant during the unloading of the normal stress, and
the failure normal stress (σnf ) is less than the INS. The relationship between the failure shear
stress τf and the failure normal stress σnf can also be described using the M–C criterion. The
corresponding internal friction angle and the cohesion are listed in Tab. 3. The internal friction
angle and the cohesion in the DSTUNS differ from those in the DSTCNS. They are associated
with the INS. Fig. 7 shows the changes in the cohesion and the tangent of the internal friction
angle with increasing INS in the DSTUNS. Overall, the cohesion decreases linearly with increasing
INS, while the tangent of the internal friction angle increases linearly. As the INS increased from
20 to 40 MPa, the cohesion decreased from 8.43 to 4.42 MPa, that is, a decrease of 47.57%. In
contrast, the internal friction angle increased gradually from 36.87◦ to 38.90◦, that is, an increase
of only 5.51%. In addition, all of the cohesion values under the DSTUNS are greater than those
under the DSTCNS, while all of the internal friction angles of the DSTUNS are less than those
of the DSTCNS. Thus, the high initial stresses and the unloading of the normal stress increase
the cohesion and decrease the internal friction angle. Compared with the internal friction angle,
the change in the cohesion is more significant, which indicates that the cohesion is more sensitive
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to changes in the INS than the internal friction angle. As shown in Fig. 7, the expressions for the
cohesion and internal friction angle can be obtained through linear fitting:

C =−0.19σni+ 12.57 (11)

tanϕ = 3.74× 10−3σni + 0.66 (12)

where C is the cohesion and φ is the internal friction angle.

Table 3: Cohesion and internal friction angle under different initial normal stresses

Test INS (MPa) Cohesion (MPa) Internal friction angle (◦)
DSTUNS 20 8.43 36.46

25 7.87 37.06
30 6.94 37.48
35 6.25 38.88
40 4.42 38.90

DSTCNS 11.22 35.90
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Figure 7: Changes in the cohesion and internal friction angle with increasing INS in the DSTUNS

According to the above analysis, the failure normal stress σnf is related to the INS and the
ISS. Fig. 8 shows the test data in a three-dimensional coordinate system with the INS, failure
normal stress σnf , and failure shear stress τf as the coordinates. The relationships between these
three parameters can be illustrated as a surface generated by the motion of a straight line (the
envelope line with the internal friction angle and cohesion listed in Tab. 3), because the failure
normal stress σnf and the failure shear stress τf are linearly correlated for the same INS. In other
words, a surface (we call it the envelope surface) can be used to characterize the relationships
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between the three parameters. As shown in Fig. 8, the equation for the envelope surface is
as follows:

τf = jσni+ kσnf + lσniσnf +m= (lσni+ k) σnf + jσni+m (13)

where lσni + k and jσni + m are the tangent of the internal friction angle and the cohesion,
respectively, in the DSTUNS with an INS of σni. By substituting Eqs. (11) and (12) into Eq. (13),
we obtain the expression for the envelope surface:

τf =
(
3.74× 10−3σni+ 0.66

)
σnf − 0.19σni+ 12.57 (14)

Since the RMSE of 0.58 MPa is small enough, Eq. (14) characterizes the relationships
between the INS, the failure normal stress σnf , and the failure shear stress τf well. Thus, it can
describe the changes in the cohesion and internal friction angle under different initial stresses.
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+ 0.66)σ

nf 
- 0.19σ

ni 
+ 12.57  RMSE = 0.58 MPa

Figure 8: Test data and envelope surface in a three-dimensional coordinate system

4 Results of the Numerical Simulation

4.1 Failure Evolution
Fig. 9 shows the typical crack propagation process that occurred in the experiments and

the simulations. In the DSTCNS (Figs. 9a–9d), first, the sample cracked at the two ends of the
shear plane (Fig. 9a), and then, the cracks propagated to the interior of the sample at a certain
angle (Fig. 9b). As the shear stress increased, numerous micro-cracks formed in the middle of the
sample. Then, an S-shaped macro-crack formed. The S-shaped crack mainly formed due to the
coalescence of the cracks in the middle of the sample and the inclined cracks at the two ends of
the shear plane. An S-shaped crack was also observed in the experiment (Fig. 9d).
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In the laboratory tests under unloading normal stress, surface spalling occurred around the
shear plane on all of the samples (Figs. 9h and 9l), while this phenomenon was infrequent in the
DSTCNS. This is because more secondary cracks were formed around the principal crack during
the loading and unloading processes, as shown in Figs. 9g and 9k. In addition, when the initial
stress was high, there were numerous micro-cracks evenly distributed inside the sample (Fig. 9i).
After that, the sample started to crack at the ends of the shear plane (marked by ovals in Fig. 9j).
The internal damage caused by the high initial stress (Fig. 9i) is an important reason why the
shear strength in the DSTUNS was less than that in the DSTCNS.

Figure 9: Crack propagation process and S-shaped crack under constant normal stress and unload-
ing normal stress. (a–d) for the DSTCNS with a constant normal stress of 20 MPa; (e–h) for the
DSTUNS with an INS of 20 MPa and an ISS of 15 MPa; and (i–l) for the DSTUNS with an
INS of 45 MPa and an ISS of 25 MPa

Fig. 10 shows the change in the number of micro-cracks in the simulated samples. No micro-
cracks (when the normal stress is at a low level, as shown in Figs. 10a and 10b) or only a few
micro-cracks (when the normal stress was high; Fig. 10c) were formed during the loading of the
normal stress in both the DSTCNS and the DSTUNS. In the DSTCNS, most of the cracks were
produced in the later stage of the shear stress application, particularly in the post-peak stage.
In the DSTUNS, during the application of the shear stress, there were not many micro-cracks
when the shear stress was less than the shear strength of the sample. Most of the micro-cracks
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were formed during the unloading of the normal stress. In the initial stage of the unloading, the
number of cracks increased slowly due to the constant shear stress and the relatively high normal
stress. As the normal stress decreased, the ability of the sample to resist shear deformation was
significant reduced, which accelerated the formation of the micro-cracks.
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Figure 10: Changes in the number of micro-cracks in (a) the DSTCNS with a constant normal
stress of 20 MPa; (b) the DSTUNS with an INS of 20 MPa and an ISS of 15 MPa; and (c) the
DSTUNS with an INS of 40 MPa and an ISS of 25 MPa

4.2 Energy Evolution
Fig. 11 shows the changes in the energies in the DSTCNS and the DSTUNS. In the DSTCNS,

the dissipated energy Ud increases slowly before the peak shear stress, particularly in the linear
elastic stage (Fig. 11a). In the stage after the linear elastic stage and before the peak shear stress,
the number of cracks increases slightly faster, and there are several small magnitude stress drops.
In the post-peak stage, the dissipated energy Ud increases rapidly due to the rapid growth of the
cracks. The total energy keeps increasing before the peak shear stress. However, after the peak
shear stress, its behavior is different under different normal stresses. Fig. 12a shows the statistics
of the change in the total energy in the post-peak stage. The total energy increases gradually when
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the normal stress is low (5, 10, and 15 MPa) and decreases gradually when the normal stress is
high (20 and 25 MPa).
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Figure 11: Energy evolution process in (a) the DSTCNS with a constant normal stress of 20 MPa;
(b) the DSTUNS with an INS of 20 MPa and an ISS of 15 MPa; and (c) the DSTUNS with an
INS of 40 MPa and an ISS of 25 MPa

In the DSTUNS, the dissipated energy Ud increases slowly during the loading of the normal
stress and the shear stress. During the unloading of the normal stress, the rate of the dissipated
energy Ud increases, while the elastic strain energy Ue decreases overall. However, the total energy
also exhibits two different variations during the unloading of the normal stress: (1) Gradually
decreases and (2) Initially decreases and then increases. As shown in Fig. 12b, this is related to
the initial stresses. When the ISS is low, the total energy tends to decrease first and then increase;
whereas when the ISS is high, it is more likely to gradually decrease. The INS also affect the total
energy during the unloading of the normal stress. For instance, when the ISS is 18 MPa, under
an INS of 25 MPa, the total energy of the sample decreases first and then increases; whereas
under an INS of 30 MPa, it decreases gradually. Therefore, the greater the INS, the more likely
the total energy is to gradually decrease.
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Figure 12: Statistics of the change in the total energy in (a) the DSTCNS and (b) the DSTUNS

The total energy changes in two different manners in the DSTCNS and DSTUNS. This is
mainly due to the different failure patterns. As shown in Fig. 9, when the stress (the normal stress
in the DSTCNS or the initial stresses in the DSTUNS) is small, the S-shaped crack is relatively
smooth, whereas there are more secondary cracks around it when the stress is high. A rougher
S-shaped crack causes more intense shear dilatancy, which results in a larger amount of negative
work done by the normal stress. When the negative work done is greater than the positive work
done by the shear stress, the total energy decreases. Otherwise, the total energy increases.

As shown in Figs. 11b and 11c, the elastic strain energy and the shear stress suddenly and
rapidly decrease and the dissipated energy increases rapidly. This indicates that the sample has
failed. Therefore, we chose the energy at this point to study the energy characteristics of the
sample when it is about to be failed. The dissipated energy ratio is defined as the ratio of the
dissipated energy to the total energy (Ed/U). According to Wang et al. [23], the dissipated energy
ratio is meaningful to the failure mechanism of rocks. As shown in Fig. 13a, the dissipated energy
ratio decreases exponentially with increasing ISS in the DSTUNS. The dissipated energy ratio can
be expressed as follows:

Ud

U
= ea+b/τi (15)
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As shown in Fig. 13a, the parameter a increases linearly, and the parameter b decreases
linearly as INS σni increases. The two parameters can be expressed as follows:

a= 0.072σni− 5.44 (16)

b=−0.68σni+ 51.73 (17)

Thus, the dissipated energy ratio in the DSTUNS can be rewritten as

Ud

U
= e[(0.07σni−5.44)+(−0.68σni+51.73)/τi] (18)

In both the DSTCNS and the DSTUNS, the normal stress and the shear stress are applied
successively. However, there is no unloading process in the DSTCNS. The DSTCNS can be
considered to be a special case of the DSTUNS, with an INS of σn, an ISS of τf , and an
unloading amount equal to zero. Therefore, Eq. (18) can be used to describe the dissipated energy
ratio in the DSTCNS. Where σni = σn, and τi = τf . For the DSTCNS, Eq. (18) can be rewritten
as follows:

Ud

U
= e[(0.07σn−5.44)+(−0.68σn+51.73)/(σn58%tan37.08◦+7.79)] (19)

As shown in Fig. 13b, the RMSE of 0.019 indicates that Eq. (19) describes the variation in
the dissipated energy ratio well.
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Figure 13: Change in Ud/U for (a) the DSTUNS, and (b) the DSTCNS

5 Discussion

In the process of deep tunnel excavation, shear slip fractures will occur in the surrounding
rock accompanied by unloading. In this process, the normal stress on the potential shear fracture
surface gradually decreases. Under the action of slope excavation or groundwater rising, the
normal stress on the potential shear fracture surface of a slope decreases gradually. Based on
the fact that the normal stress of the potential shear fracture surface gradually decreases in
engineering rock mass, the DSTUNS was proposed to study the shear mechanical behavior and
energy evolution characteristics of rock mass under unloading normal stress. The DSTUNS under
different initial stress levels was carried out on the common sandstone in the Three Gorges
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Reservoir Area, and the numerical simulation is carried out by using PFC2D. The characteristics
of strength, deformation, fracture and energy evolution of rock in the DSTUNS were analyzed.
The research results have certain guiding significance for the stability evaluation of rock mass in
slope and deep tunnel.

In this study, the normal stress on the shear fracture surface gradually decreases and the shear
stress remains unchanged. However, in the process of tunnel, slope excavation and groundwater
rising, the shear stress on the potential shear fracture surface of rock will also change and will not
remain constant. Therefore, the results of this study have certain limitations, and further research
is needed.

6 Conclusions

In this study, a new stress path was proposed for simulating the shear failure of rocks under
unloading normal stress. Then, laboratory direct shear tests and simulations were carried out
under constant normal stress and unloading normal stress to investigate the shear deformation,
the shear strength, and the energy conversion within the rock. The conclusions of this study are
summarized as follows:

(1) The shear strengths in the DSTCNS and DSTUNS conform to the M–C criterion. The
cohesion and internal friction angle are related to the initial normal stress and the initial
shear stress. As the initial normal stress increases, the cohesion decreases linearly and the
tangent of the internal friction angle increases linearly. In addition, in the DSTUNS, the
cohesion is smaller and the internal friction angle is larger than that in the DSTCNS.

(2) When the sample is subjected to a high initial stress level, there are many micro-cracks
evenly distributed inside the sample before the cracking begins at the ends of the shear
plane. This results in a decrease in the shear resistance. Surface spalling occurred on all of
the samples in the DSTUNS, while spalling rarely occurred in the DSTCNS.

(3) Shear dilatancy caused a decrease in the total energy during the direct shear tests. A high
initial stress is more likely to result in a reduction in the total energy. The dissipated energy
ratio decreases exponentially with increasing initial shear stress. The DSTCNS is a special
case of the DSTUNS, with an unloading amount equal to zero.
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