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Abstract
Shear failure along joints is one of the typical failure modes in deep underground rock masses, and indoor direct shear tests 
are commonly used to study the shear mechanical behavior of joints. However, deep underground rock masses are subjected 
to true triaxial stress conditions, and current indoor direct shear tests of joints only consider the shear stress and normal 
stress, without considering the influence of lateral stress. Therefore, in order to investigate the effect of lateral stress on the 
shear strength of jointed hard rocks, a series of true triaxial single-shear tests with different levels of lateral stress were con-
ducted on intact hard rock, hard jointed rock (hard rock containing natural hard joints), and artificial jointed rock (hard rock 
containing open joints) using self-developed shear boxes and deformation measurement devices. The test results show that 
lateral stress can enhance the shear strength of intact granite and hard jointed granite but has little effect on that of artificial 
jointed granite. The shear strength of hard jointed granite is lower than that of intact granite and higher than that of artificial 
jointed granite. A simple linear function was used to describe the effect of lateral stress on the friction coefficients of these 
three types of specimens, and it was found that the enhancement effect of lateral stress on the friction coefficients of intact 
granite was greater than that on jointed granite. The failure mode of the specimens is jointly affected by normal stress, lat-
eral stress, and joints. High normal stress and low lateral stress conditions often make the specimen prone to lateral peeling 
failure, and the presence of joints can reduce the lateral spalling failure of the specimen.
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Introduction

The geological conditions of engineering rock masses 
involved in deep underground engineering construction tend 
to be complicated. In conditions of high geo-stresses, dis-
asters caused by rock mass excavation and unloading occur 
frequently in deep underground engineering (Kaiser and Cai 
2012; Liu et al. 2015; Feng et al. 2019; Huang et al. 2019; 
Zhao et al. 2022; Leng et al. 2023). In the process of deep 
underground engineering excavation, disasters are more 
likely to occur when deep underground caverns are close 
to geological discontinuities (Snelling et al. 2013; Hu et al. 

2020). The shear failure of joints is a common fracture mode 
of rock masses (Barton 2013; Prassetyo et al. 2017; Du et al. 
2022; Xue et al. 2023), and the strength of rock mass joints 
plays an important role in the safety analysis of the sur-
rounding rock, so it is necessary to study the shear strength 
characteristics of joints through laboratory shear tests.

Following Mogi’s (Mogi 1971) original work, scholars 
have realized that the intermediate principal stress will 
significantly affect the strength of rock under true triax-
ial compression (Ingraham et al. 2013; Ma and Haimson 
2016; Zhang et al. 2019; Feng et al. 2021; Hu et al. 2023), 
and there are only few studies on the shear strength of rock 
joints under true triaxial single-shear conditions. Alan 
and Morris (2009), Kapang et al. (2013), and Wang et al. 
(2018) placed rectangular specimens with inclined cracks 
in true triaxial pressure chambers for shear tests. The lat-
eral stress of each specimen was provided by oil pressure, 
and the shear stress and normal stress could be calculated 
by the applied σ1 and σ2. However, during the applica-
tion of σ1, the normal force and shear force also changed, 
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which might have affected the test results. Therefore, it is 
also necessary to conduct true triaxial single-shear tests 
on joints so that the application of normal force and shear 
force do not affect each other in the shear fracture pro-
cess and more reasonable joint strength parameters can 
be obtained.

Joints are common discontinuities in deep engineering, 
and shear testing is the main method used to study the frac-
ture process and strength of joints (Barton 2013; Zhang and 
Jiang 2020; Heng et al. 2022; Ban et al. 2023; Wu et al. 
2023). Researchers have established various forms of shear 
strength models to study the shear strength of joints (Bar-
ton 2013; Muralha et al. 2014; Prassetyo et al. 2017; Liu 
et al. 2018; Li et al. 2020; Yang et al. 2020), and there are 
primarily two common approaches to investigate the shear 
strength of joints. One method is to obtain the trend of the 
peak shear strength of joints through a large number of 
shear tests, to explain the mechanical mechanism of shear 
strength. Another method mainly explains the mechanism 
of shear strength through theoretical analysis. Meng et al. 
(2017) employed dry soil, wet soil, and cement mortar par-
ticles as filling media to investigate the variations in the 
shear strength of filled rock joints under cyclic shear load-
ing. They also conducted an analysis of the damage to filled 
joints during the shearing process using acoustic emission 
techniques. Shrivastava and Rao (2018) selected a mixture 
of hydrated gypsum, fine sand, and mica powder as the fill-
ing medium. They conducted direct shear tests on simulated 
serrated joints with varying initial roughness angles. This 
allowed them to establish a shear strength model for filled 
joints considering the effects of filling medium thickness 
and joint surface roughness under normal load and normal 
stiffness conditions. Zhao et al. (2021) have developed a 
novel natural rock joint strength model based on a fuzzy 
comprehensive evaluation of shear roughness classification 
methods. Their established strength model has been found to 
more comprehensively capture the influence of joint surface 
morphological parameters on shear strength and exhibits a 
good alignment with experimental data. In summary, many 
scholars have performed studies on the strength of joints 
and achieved good results. However, the direct shear testing 
of rock joints mostly adopts artificial joint specimens, and 
natural hard joints are rarely involved. This can be used to 
study the fracture process of artificial open joints, but it is 
necessary to further study the shear mechanical properties 
of hard joints.

To study the influence of lateral stress on the strength 
behavior and fracture process of rock joints, in this study, 
true triaxial single-shear tests were carried out on intact rock 
and hard jointed and artificial jointed hard rocks, and the 
strength law under true triaxial single-shear was proposed. 
Then, the influence of the shear strength of hard jointed rock 
under true triaxial stress on the failure of surrounding rock 

and the effect of lateral stress during the shear fracture pro-
cess of hard jointed granite were discussed.

Methodology and test procedures

The existence of joints has a significant impact on the 
strength and deformation ability of rocks, failure in rock 
masses usually occurs along joints (Zhou et al. 2015; Sun 
et al. 2023), and joint-controlled failure is a typical disaster 
of deep tunnel projects (Fig. 1). A true triaxial single-shear 
test refers to the shear fracture test of a specimen under the 
combined action of lateral stress σp, normal stress σn, and 
shear stress τ. In order to study the mechanical characteris-
tics of joints, Northeast University of China has developed 
a shear box that can be used in conjunction with a true tri-
axial testing apparatus (Feng et al. 2018) to obtain the com-
plete stress-strain curve of hard rock or jointed rock (Fig. 2). 
The shear force and normal force are directly applied by 
actuators, while the lateral stress is applied by hydraulic 
oil. Through sealant and sealing technology, direct contact 
between the specimen and hydraulic oil can be prevented, 
thus achieving three-dimensional stress application. A linear 
variable differential transformer (LVDT) is used to measure 
the deformation in the shear direction and normal direction, 
and a beam-type strain gauge is used to measure the defor-
mation in the lateral direction.

Four kinds of hard rocks are selected for the true triaxial 
single-shear test, as shown in Fig. 3. Granite is taken from 
a tunnel construction site and sandstone from a quarry. The 
main purpose of this study is to analyze the effects of lateral 
stress and joint types on the shear strength of hard rock. The 
focus of the study is on granite, while sandstone is only used 
to verify the effect of lateral stress on the shear strength of 
intact granite. In order to reduce the impact of dispersion, 
rock specimens of the same type are all taken from the same 
rock block. After the rock specimens are made and naturally 
dried, rock specimens with small differences in density and 
wave velocity are selected for testing. The specific number of 
specimens and their stress conditions are shown in Table 1, 
where the wave velocity is the wave velocity of the specimen 
along the shear direction. The dimensions of the specimens 
are 70 mm × 70 mm × 70 mm. The sandstone bedding is 
set with its bedding perpendicular to the shear stress and 
treated as intact sandstone. The natural hard joints in granite 
are formed through the geological process of chloritization. 
These joints exist in a closed state and possess a certain ten-
sile strength. Artificial jointed specimens (or can be referred 
to as artificial open jointed specimens) are created by shear-
ing natural jointed granite until they reach the residual stage. 
To minimize the effects of specimen dispersion and maintain 
uniformity in joint parameters within the artificial joints, 
multistage loading tests were performed. Furthermore, to 
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obtain comprehensive stress-strain curves, all other tests 
were conducted through single-shear procedures.

The specific test steps of the single-shear procedure are 
as follows (Feng et al. 2021):

(a) The normal stress and lateral stress are applied by 
means of stress control until the target stress level is set.

(b) The lateral stress remains unchanged, and the normal 
stress is applied independently until the set target stress 
level is reached.

(c) Lateral stress and normal stress are held constant, while 
shear stress is applied through displacement control. 
When the specimen enters the residual strength stage 
(at which point the shear stress remains basically 
unchanged as the shear displacement increases), the 
test is stopped.

In multistage experiments, following the application of 
shear stress, continuous monitoring of the shear stress-shear 
displacement curve’s slope is performed. When the slope 

Fig. 1  Examples of typical 
disasters that occur in tun-
nel sections (the maximum 
horizontal principal stress is 
basically parallel to the tunnel 
axis): a collapse occurred at 
the right sidewall to the south 
spandrel where two open joints 
(305°∠75°) can be seen; b 
rockburst occurred at the right 
spandrel to the vault where 
one hard joint (315°∠75°) is 
apparent

(a)

(b)

Fig. 2  Shear box revised from 
Feng et al. (2021)
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approaches zero, it is necessary to unload the shear force to 
approximately zero. Subsequently, in accordance with the 
experimental plan, changes in lateral stress or normal stress 
are introduced to predetermined levels, followed by the reap-
plication of shear force until the final stage of testing.

In addition, to verify the influence of lateral direction 
on the strength of specimens containing artificial joints, 
residual stage multistage true triaxial compression tests 
were conducted on three marble specimens using the method 
established by Wang et al. (2021). The dimensions of the 
specimens are 50 mm × 50 mm × 100 mm. After the true 
triaxial compression of the specimen to the residual stage, 
a macroscopic fracture surface has formed, which can be 
considered as a sample containing an artificial joint. The 
specific stress settings are shown in Table 2.

Results and discussion

Shear strength of intact rock

The relationship between the shear strength and lateral stress 
of intact hard rock (Fig. 4) shows that, within the test stress 
range, lateral stress and normal stress will enhance the peak 
shear strength of hard rock, and the peak shear strength of 
hard rock is more sensitive to normal stress than to lateral 
stress (Zhao et al. 2023). The role of the lateral stress in the 
true triaxial single-shear test is similar to that of the inter-
mediate principal stress in the true triaxial compression test. 
The main reason is that the increase in the stress level leads 

to the continuous reduction of the pores and gaps of the 
particles in the hard rock, increases the bite force between 
the particles in the rock, makes the hard rock denser, and 
requires greater stress to produce a new microfracture to 
improve the strength of the hard rock.

Shear strength of jointed hard rock

Figure 5 shows the test curve of the hard jointed granite 
specimens under the true triaxial single-shear condition. 
The shear stress displacement curve of the specimen shows 
evident plastic deformation characteristics before the peak 
strength, and after the peak strength, except for the 0 MPa 
lateral stress condition, the first drop of the shear stress 
in the curve shows a brittle feature of sudden decrease in 
stress. This phenomenon happens because, although the 
local mineral particles in the specimen are damaged due 
to stress, the adjacent particles still have a certain bear-
ing capacity, so the interaction and merging process of 
microfracture slows down, leading to an evident plastic 
deformation stage before the peak. In the displacement 
softening stage, except for the 0 MPa lateral stress condi-
tion, macroscopic fracture surfaces are formed, and some 
microconvex bodies in the specimen are suddenly cut and 
worn, resulting in normal compression deformation and 
a sudden decrease in shear force. When there is no lat-
eral stress, due to the high normal stress (50 MPa), the 
specimen develops a splitting surface, perpendicular to 
the σp direction, from the stress surface of the σp to the 
interior of the specimen (Feng et al. 2021). Affected by 

Fig. 3  Four kinds of hard rock 
specimens
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this, the upper and lower shear fracture surfaces will pro-
duce mutually embedded convex bodies, which further 
promotes the development of fractures perpendicular to 
the σp. Therefore, in the postpeak stage, the normal direc-
tion is always shear shrinkage, and there is a large lateral 
expansion deformation. The application of lateral stress 

promotes normal shear expansion deformation and inhibits 
the lateral expansion deformation of the specimens.

Figure 6 shows the test curve of artificial jointed granite 
specimens under true triaxial single-shear, with each stage 
of the test treated as a separate test. With increasing lateral 
stress, the deformation of the specimen at the unloading 

Table 1  Test scheme for four types of hard rock used in true triaxial single-shear tests

Hard rock type No. Density (g/cm3) Wave veloc-
ity (m/s)

σn (MPa) σp (MPa) Stress path

Intact granite IG1 2.64 4207 30 0 Single-shear procedure
IG2 2.63 4137 30 10
IG3 2.64 4235 50 0
IG4 2.64 3958 50 10
IG5 2.57 4026 50 30
IG6 2.63 4005 70 0
IG7 2.64 4120 70 10
IG8 2.66 4202 70 30
IG9 2.65 4200 70 50
IG10 2.63 4050 90 0
IG11 2.64 3995 90 10
IG12 2.65 4080 90 30
IG11 2.65 4095 90 50

Hard jointed granite JG1 2.64 4317 30 0
JG2 2.63 4219 30 10
JG3 2.65 4640 30 20
JG4 2.63 4581 50 0
JG5 2.63 3648 50 10
JG6 2.61 4121 50 20
JG7 2.62 4113 50 30
JG8 2.64 4217 60 0
JG9 2.64 4644 60 10
JG10 2.63 3929 60 20
JG11 2.63 4211 60 30

Intact sandstone IS1 2.23 2383 30 0
IS2 2.20 2395 30 5
IS3 2.22 2428 30 10
IS4 2.16 2404 30 20
IS5 2.17 2169 20 0
IS6 2.16 2161 20 10
IS7 2.16 2195 20 20
IS8 2.16 2189 10 0
IS9 2.16 2251 10 5

Bedding sandstone BS1 2.12 2052 50 0
BS2 2.11 2051 50 15
BS 3 2.11 2040 50 30

Artificial jointed granite AG1 2.63 4327 50 0 → 10 → 20 → 30 Multistage shear procedure
AG2 2.63 4321 50 10 → 20 → 30
AG3 2.65 4330 30 5 → 10 → 15 → 20
AG4 2.63 4401 30 10 → 15 → 20
AG5 2.64 4350 30 0 → 5 → 10
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point (considered as the peak stress point) decreases, but the 
peak shear strength remains basically unchanged (Fig. 6a). 
This phenomenon can be attributed to the elevation of lat-
eral stress, coupled with the loading and unloading cycle 
instigating plastic deformation at the fracture surface. This 

process results in localized hardening, consequently dimin-
ishing the material’s deformation capacity. Nevertheless, 
owing to the inherent structural strength constraints at the 
fracture surface during the specimen’s shear slip process, 
the overall strength remains consistently stable. The peak 
normal dilatation deformation of the specimen shows an 
increasing trend, while the peak lateral dilatation deforma-
tion of the specimen shows a decreasing trend (Fig. 6b, c). 
This is because, after the application of lateral stress, the 
lateral compression of the specimen increases, resulting in 
a decrease in lateral deformation capacity, resulting in the 
deformation of the specimen mainly occurring along the 
normal direction.

The peak shear strength of hard rock with a joint under 
true triaxial single-shear is closely related to σp and the 

Table 2  Test scheme for residual stage multistage true triaxial com-
pression test of marble specimens

No. Density (g/cm3) Wave veloc-
ity (m/s)

σ2 (MPa) σ3 (MPa)

M1 2.82 4172 30 → 40 → 65 10
M2 2.82 4165 30 → 40 → 65 25
M3 2.82 4170 30 → 40 → 65 30

(a () b)

(c)

Fig. 4  Relationship between the shear strength and lateral stress of intact hard rock: a intact granite; b intact sandstone (Feng et al. 2021); 
c bedding sandstone
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joint strength. In the tested range of stresses, with the 
increase in lateral stress, the shear strength of natural 
jointed granite increases approximately linearly, while 
the shear strength of granite with artificial joints remains 
approximately unchanged. The peak shear strength of 
granite with natural joints is higher than that of granite 
with artificial joints (Fig. 7).

Similarly, in the true triaxial compression test of hard 
rock, the intermediate principal stress affects the peak 
strength of intact hard rock, but when the fracture of hard 
rock reaches the residual stage, increasing the intermedi-
ate principal stress does not affect the residual strength 
of hard rock (Fig. 8). This is because the macrofracture 
surface of the hard rock has been completely formed in 
the residual stage. In the residual stage, the strength of 
hard rock is mainly related to the relative sliding shear 
friction along the fracture surface. The intermediate prin-
cipal stress is parallel to the fracture surface and will not 
change the sliding friction resistance, so it will not affect 
the residual strength.

Effect of σp on the friction coefficient

To quantitatively characterize the effect of σp on the shear 
strength of different specimens, a simple linear function is 
adopted to describe the lateral stress effect on the friction 
coefficient (τ/σn) in three kinds of hard rocks:

where τ, σn, and σp are the shear stress, normal stress, and lat-
eral stress, respectively, and A and B are fitting coefficients.

Figure 9 shows the relationship between the friction 
coefficient and σp of different specimens. The friction 
coefficient of the artificial jointed specimens remains 
unchanged, while the friction coefficient of the intact 
specimens and natural jointed specimens increases linearly 
with increasing lateral stress. By using Eq. 1 to fit the data 
in Fig. 9, the fitting parameters shown in Table 3 can be 
obtained. Intact hard rock can be considered as a struc-
tural equivalent to specimens containing joints with joint 

(1)
�

�
n

= A�p + B

Fig. 5  Test results of hard 
jointed granite (σn = 50 MPa): 
a the shear stress versus shear 
displacement curve; b the nor-
mal displacement (the positive 
direction is dilatancy) versus 
shear displacement curve; c 
the lateral displacement (the 
positive direction is dilatancy) 
versus shear displacement curve

(a () b)

(c)
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(a () b)

(c)

Fig. 6  Test results of artificial jointed granite: a the shear stress versus shear displacement curve; b the normal displacement (the positive direc-
tion is dilatancy) versus shear displacement curve; c the lateral displacement (the positive direction is dilatancy) versus shear displacement curve

Fig. 7  Relationship between the 
shear strength and lateral stress 
of jointed rock: a hard jointed 
granite and b artificial jointed 
granite

(a () b)
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strength matching the intact material. Hard jointed rock 
specimens possess a certain strength, albeit lower than 

that of intact hard rock, due to the presence of hard joints. 
In contrast, artificial jointed specimens exhibit the lowest 
strength as the structural surfaces within them have fully 
opened. In intact hard rock, an increase in lateral stress can 
induce microscopic displacements among rock particles, 
leading to an expanded contact surface area between these 
particles. This consequently amplifies frictional resist-
ance, resulting in an elevation of the friction coefficient. 
Within hard rock containing hard joints, the presence of 
these structural surfaces disrupts the prevailing frictional 
mechanisms. The influence of increased lateral stress on 
the enhancement of the friction coefficient on these sur-
faces may be subject to constraints imposed by the inher-
ent characteristics of the hard joints themselves. In hard 
rock containing artificial joints, the structural surfaces 
have achieved complete separation, indicating that the 
frictional mechanisms within the specimen are primarily 
governed by the characteristics of the structural surfaces. 
As the structural surfaces are fully open, the impact of 
increased lateral stress on the enhancement of the fric-
tion coefficient on these surfaces is relatively minor, given 
that the structural surfaces have already reached maximum 
separation. The table (Table 3) shows that the values of 
A and B decrease gradually from intact granite to hard 
jointed granite and further to artificial jointed granite.

The expression for the three-dimensional linear failure 
criterion of deep hard rock (3DHRFC) proposed by Feng 
et al. (2020) is given by the following:

where b is the constant intermediate principal stress coeffi-
cient, b =

�
2
−�

3

�
1
−�

3

 ; c0 and φ0 represent the cohesion and inter-
nal friction angle of rocks at b = 0, respectively; and s and t 
are material constants.

According to the Mohr circle characteristics of rock 
peak failure strength under constant stress Lode angle 
(or intermediate principal stress coefficient), as shown in 
Fig. 10a, the criterion form can be transformed into the 
following:

where cb and φb are the cohesion and internal friction angle 
at different b values, respectively.

Then, the shear mechanics criterion considering lateral 
stress can be written as follows:

(2)
�
√

1 − b + sb2 + t

�

1 −

√

1 − b + b2
�

sin�0

�

�

�1 − �3

�

=

�

�1 + �3

�

sin�0 + 2c0 cos�0

(3)� = �n tan�b + cb

(4)cb = c
0
cot�

0
tan�b

(5)� = �n tan�p + cp

Fig. 8  Effect of intermediate principal stress on residual strength of 
marble under true triaxial compression

Fig. 9  Relationship between the friction coefficient and lateral stress 
of different specimens

Table 3  The fitting parameters for different hard rock

Parameter Rock type

Intact granite Hard jointed 
granite

Artificial 
jointed 
granite

A 0.007 0.005 0
B 2.13 1.36 0.95
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where cs0 and φs0 are the cohesion and internal friction angle 
at σp = 0, respectively, and cp and φp are the cohesion and 
internal friction angle at different σp values, respectively.

Combining Eqs. 4 and 5, we can obtain the following:

From Eq. 7, we know that τ increases with increasing 
tanφp. When the cohesion of the specimen is considered 
constant, the trend of the friction coefficient should be con-
sistent with that of tanφp. Through Eq. 7 and experimental 
data, the relationship between lateral stress and tanφp can 
be obtained (Fig. 10b). From the figure, it can be seen that 
the tanφp shows an increasing trend with the increase of 
lateral stress.

Failure characteristics

Figure 11 shows the shear failure patterns and partial frac-
ture mechanisms of three types of hard rock specimens. It 
is evident that both normal stress and lateral stress have 
a significant influence on the macroscopic failure mode 
of the intact hard rock and the hard jointed rock speci-
mens. When the lateral stress is relatively small, the lateral 
expansion deformation of intact sandstone specimens is 
more significant under the combined effect of shear force 
and normal force. As a result, fracture surfaces parallel 
to the plane where the shear force and normal force are 

(6)cp = cs0 cot�s0 tan�p

(7)� =

(

�n + cs0 cot�s0

)

tan�p

situated (tensile fracture mechanism) are produced, result-
ing in the “interlocking phenomenon” of the upper and 
lower shear fracture surfaces. The occurrence of these 
cracks reduces the shear resistance of the specimens, 
thereby decreasing their shear strength. Once the lateral 
stress is augmented, the lateral deformation of the speci-
mens is restricted. Suppression of the development of frac-
ture surfaces parallel to the plane where the shear force 
and normal force are located takes place. However, sec-
ondary cracks are produced near the main fracture surface 
of the specimens as the intact rock near the main fracture 
surface is subjected to shear force during the loading pro-
cess. This leads to crack initiation and extension in various 
directions during the shearing process.

The failure pattern of the granite specimens reveals that 
when no lateral stress is applied, the lateral empty surface 
of the specimen undergoes block falling and peeling near 
the shear plane (tensile fracture mechanism), and the shear 
plane near the free surface has a considerable undulation. 
Upon increasing the normal stress, the area of lateral peel-
ing increases gradually, and the specimen can be divided 
into multiple fragments by parallel fracture surfaces located 
in the plane of shear force and normal force, whose upper 
and lower parts are prone to interlock with each other. This 
lateral peeling decreases the effective shear area, leading to 
a decrease in the shear strength of the specimen. Addition-
ally, as the lateral stress increases, the area of lateral peeling 
gradually reduces, and the shear plane becomes smoother.

Figure 11c depicts the shear failure mechanism of a gran-
ite specimen containing a hard joint. It is evident that when 

)b()a(

Fig. 10  Mohr circle characteristics of rock peak failure strength: a Mohr circle of peak failure strength of rock (Feng et al. 2020) and b the rela-
tionship between φp and σp of hard jointed granite
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Fig. 11  Shear failure diagrams 
of three types of specimens: a 
intact sandstone; b intact gran-
ite; c hard jointed granite

(a)

(b)

(c)
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subjected to no lateral stress, the specimen still experiences 
fragmentation and peeling in close proximity to the shear 
plane. However, this occurrence is significantly lesser as 
compared to that of intact hard rock. This is due to the fact 
that during the shearing process, the strength of the hard 
joint is lower than that of the surrounding hard rock. How-
ever, it still possesses a certain degree of strength. Therefore, 
the shearing force predominantly acts on the rock near the 
joint plane, resulting in a smaller shear body than that of 
intact hard rock. Based on the scanning results of the  elec-
tron microscope (SEM) shown in Fig. 11c, the fracture sur-
face of the lateral exfoliation area of the specimen exhibits 
characteristics of a significant tensile fracture mechanism, 
while on the shear surface, the dominant form of microfrac-
ture is shear fracture mechanism.

Discussion

The shear fracture zone of intact and natural hard jointed 
specimens shows a certain width along the main fracture 
surface, which is manifested in the shear localization zone in 
the center of the specimen. The artificial jointed specimens 
were obtained from the residual stage of shear failure experi-
ments, at which point the macroscopic shear fracture surface 
had been completely formed. Then, the stress state of the 
specimens was altered, and multistage loading experiments 
were conducted. Therefore, under this condition, the shear 
strength of specimens  was mainly related to the friction 

resistance of the fracture surface. Figure 12 shows the frac-
ture process of hard jointed granite in the shear test and also 
presents the results of fracture type determination using the 
acoustic emission parameter feature discrimination method 
using the ratio of average frequency AF (the ratio of acoustic 
emission count to duration) to RA value (the ratio of acous-
tic emission rise time to amplitude). Since the hard joint has 
a certain tensile strength, before the unstable crack growth 
stage, the shear localization zone bears three-dimensional 
stress. Due to the anisotropy of the fracture (Feng et al. 
2019), the cracks (tensile fracture and shear fracture) are 
distributed in the entire shear localization area and contain 
microcracks, perpendicular to σp. At this time, the lateral 
stress will increase the shear strength of the specimen. At the 
stage of unstable crack growth, the crack starts to propagate 
along the joint; the role of lateral stress decreases gradually, 
until the macroscopic fracture surface forms; and the lateral 
stress basically loses its role. Therefore, the lateral stress 
can promote the increment of shear strength of hard jointed 
granite but insignificantly affect the shear strength of artifi-
cial open jointed granite.

The deep hard rock is in a three-dimensional stress 
state, and the lateral stress has different effects on the shear 
strength of different types of joints. When analyzing the 
strength of joints in deep engineering, the influence of lat-
eral stress may not be considered for open joints (similar to 
artificial joints) with a high degree of development (tensile 
strength equal to 0 MPa). Hard joints of deep engineer-
ing are closed, with no filling or high-strength microfilling 

Fig. 12  Fracture process of hard jointed granite in shear test
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inside, and have a certain tensile strength (Gao et al. 2020; 
Hu et al. 2020). The shear strength of the hard jointed speci-
men obtained from the conventional direct shear test is lower 
than the true triaxial single-shear test value under the same 
σn. Before the hard joint is cut off, energy is continuously 
accumulated under the action of stress. The accumulation of 
energy is related to the strength of the joint: the higher the 
strength, the more energy is accumulated. When the external 
force is enough to overcome the shear strength of the joint, 
the joint in the original equilibrium state is cut off instantly, 
releasing great energy, and the rock mass vibrates, causing 
the rock slab or rock block, cracked at the boundary of the 
tunnel, to eject, resulting in disasters. If the lateral stress 
effect of the shear strength of hard joints is not considered, 
the grade of a shear disaster may be underestimated. When 
conducting simulation calculations for tunnels containing 
hard joints, the neglect of lateral stress effects can poten-
tially lead to lower calculated shear strength values based 
on the hard joint’s strength criteria. Additionally, the energy 
release at the hard joint during failure tends to be relatively 
lower in such cases. This situation could result in a broader 
simulated zone of damage with relatively less severe degrees 
of damage.

Conclusions

To study the effect of lateral stress on the shear strength of 
jointed hard rocks, true triaxial single-shear tests were car-
ried out on different hard rocks. The main conclusions are 
as follows:

(1) Lateral stress has varying effects on the shear strength 
of different types of granite. Specifically, lateral stress 
can increase the shear strength of intact granite and 
hard jointed granite, while its influence on the shear 
strength of artificial jointed granite can be neglected.

(2) The shear strength of intact granite is higher than that 
of hard jointed granite, and both exhibit higher shear 
strength than artificial jointed granite. A simple linear 
function is utilized to describe the impact of lateral 
stress on the friction coefficient of these three types of 
specimens. The increase in lateral stress has a signifi-
cantly greater effect on the friction coefficient of intact 
granite compared to hard jointed granite, while it has 
minimal impact on the friction coefficient of artificial 
jointed granite.

(3) In the absence of lateral stress and under significant 
normal stress, hard rock specimens are prone to experi-
ence lateral spalling failure, leading to substantial lat-
eral deformation. However, the application of lateral 
stress restricts the lateral deformation capacity of the 
specimens, reducing the extent of lateral spalling zones. 

The presence of hard joints can concentrate fractures 
at the joint surfaces, thereby mitigating lateral spalling 
failure of the specimens.
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