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Surrounding rocks at different locations are generally subjected to different stress paths during the
process of deep hard rock excavation. In this study, to reveal the mechanical parameters of deep sur-
rounding rock under different stress paths, a new cyclic loading and unloading test method for controlled
true triaxial loading and unloading and principal stress direction interchange was proposed, and the
evolution of mechanical parameters of Shuangjiangkou granite under different stress paths was studied,
including the deformation modulus, elastic deformation increment ratios, fracture degree, cohesion and
internal friction angle. Additionally, stress path coefficient was defined to characterize different stress
paths, and the functional relationships among the stress path coefficient, rock fracture degree difference
coefficient, cohesion and internal friction angle were obtained. The results show that during the true
triaxial cyclic loading and unloading process, the deformation modulus and cohesion gradually decrease,
while the internal friction angle gradually increases with increasing equivalent crack strain. The stress
path coefficient is exponentially related to the rock fracture degree difference coefficient. As the stress
path coefficient increases, the degrees of cohesion weakening and internal friction angle strengthening
decrease linearly. During cyclic loading and unloading under true triaxial principal stress direction
interchange, the direction of crack development changes, and the deformation modulus increases, while
the cohesion and internal friction angle decrease slightly, indicating that the principal stress direction
interchange has a strengthening effect on the surrounding rocks. Finally, the influences of the principal
stress interchange direction on the stabilities of deep engineering excavation projects are discussed.
© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

initiation, propagation and coalescence of microcracks under
different stress paths (Kaiser, 2005; Diederichs, 2007; Heap and

Surrounding rocks at different locations are generally subjected
to different stress paths during the process of deep hard rock
excavation (Eberhardt, 2001; Chen and Huang, 2007; Andersson
et al.,, 2009; Bai et al., 2019; Jiang et al., 2019), which often in-
duces brittle disasters, such as rockbursts, spalling and collapse
(Ortlepp, 2005; Martin and Christiansson, 2009; Li et al., 2009;
Feng, 2017; Duan et al., 2019; Zhao et al., 2022), and significantly
affects the progress of construction and the safety of personnel. The
process of brittle failure of surrounding rocks includes the
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Faulkner, 2008; Rojat et al., 2009; Huang and Huang, 2014; Chen
et al,, 2016; Liang et al., 2017; Renani and Martin, 2018; Kong
et al,, 2021; Zhang et al., 2021; Zhu et al., 2022). However, the
final failure state provides limited information and the failure
process of rocks cannot be accurately described. Therefore, it is
important to accurately understand the evolution of rock me-
chanical parameters under different stress paths for revealing the
mechanics underpinning rock mass instability. For this reason, the
cyclic loading and unloading tests have been widely conducted
(Renani and Martin, 2018; Wang et al., 2019a; Meng et al., 2021;
Zhou et al., 2022; Jiang et al., 2023; Liu et al., 2023a).

Cyclic loading and unloading tests are efficient methods to study
and quantitatively describe the deformation and fracture behavior
of rocks in different stress states. Many scholars have theoretically
investigated the fracture characteristics and mechanical properties
of rocks by conducting uniaxial and conventional triaxial cyclic
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loading tests (Martin and Chandler, 1994; Poinard et al., 2010; Xiao
et al,, 2010; Momeni et al., 2015; Zhao et al., 2017; Yin et al., 2023).
Examples include the relationships of Young’s modulus, Poisson’s
ratio and plastic strain (Taheri et al., 2016; Duan et al., 2021a) with
nonlinear characteristics of deformation considering the influences
of confining pressure on the dilatancy angle and plastic strain
(Heap and Faulkner, 2008; Qiu et al., 2014). For example, Cai et al.
(2023) developed a mechanical model of the dilation angle,
which can better simulate nonlinear post-peak mechanical
behavior. Additionally, the evolutions of cohesion and the internal
friction angle of rocks under cyclic loading and unloading condi-
tions are obtained by analyzing the propagation of microcracks,
fractures and strength criteria and establishing corresponding
constitutive models (Hoek and Brown, 1997; Hajiabdolmajid et al.,
2002; Sun et al., 2017; Feng et al., 2021). It is worth noting that the
underground excavation environment is in a true three-
dimensional (3D) stress state (Cai et al., 2004; Lee and Haimson,
2011), and thus the true triaxial cyclic loading and unloading
tests have been conducted to investigate the evolution of the
deformation, strength and energy of rocks. The results show that
fracture development in rocks is anisotropic under the influence of
intermediate principal stress (Feng et al., 2020a; Duan et al., 2021b;
Liu et al., 2023b).

However, most of the above tests were designed for such
loading conditions in which g2 and ¢3 are set to constant values. In
practice, the fracture evolution of rock under loading conditions
mentioned above is different from that during excavation in which
o3 decreases and o> is adjusted (Eberhardt, 2001; Jiang et al., 2019;
Bai et al., 2019; Gu et al., 2022), and thus there are also differences
in the evolution of fracture mechanism of rock masses for loading-
unloading stress paths during excavation (Huang et al., 2001; Li
et al., 2017a; Feng et al., 2020c¢). In addition, during excavation,
the adjustment of principal stress includes changes in both prin-
cipal stress magnitude and direction. The phenomenon of changes
in stress direction prevails in underground engineering excavation
(Kaiser et al., 2001; Diederichs et al., 2004; Zhang et al., 2012; Li
et al.,, 2015; He et al., 2021), which affects the deformation and
fracture of rocks (Eberhardt, 2001; Basarir et al., 2015; Li et al.,
2017b; Wang et al., 2018, 2019b; Feng et al., 2022; Cai et al,,
2022; Gu et al., 2023). Therefore, it is essential to design a
reasonable test method for cyclic loading and unloading to inves-
tigate the evolution of the mechanical parameters of rocks under
different stress paths that occurs during underground engineering.

In this study, using true triaxial test equipment of rocks, the true
triaxial cyclic loading and unloading tests are designed and con-
ducted on the granite sampled from the underground powerhouse
of the Shuangjiangkou Hydropower Station in China. The evolu-
tions of rock deformation, fracture and strength parameters of
rocks under different stress paths are revealed. This study has
important theoretical significance and provides valuable engi-
neering guidance for the analysis of rock failure mechanisms and
the control of the stability of surrounding rocks in deep excavation
projects.

2. Rock specimens and test methods
2.1. Rock specimens

In this study, the porphyritic K-feldspar granite sample was
taken from the underground powerhouse of the Shuangjiangkou
Hydropower Station in the upper reaches of the Dadu River in
Sichuan Province, China. A standard cuboid sample of 50 mm x 50
mm x 100 mm was prepared according to the ISRM suggested
method (Feng et al., 2019). The contents of mineral grains including
quartz, feldspar, mica are 26.5%, 56%, and 15%, respectively, and the

total content of other substances is 2.5%. The wave velocity is
approximately 3900 m/s, and the density is approximately 2.68 g/
cm?. The uniaxial compressive strength of the granite is 170 MPa
(Gu et al., 2022).

2.2. Test apparatus

In this study, the hard rocks were tested using a high-pressure
true triaxial full stress—strain method and a test device that was
developed independently at Northeastern University. The appa-
ratus had excellent technical features such as very stiff servo frame
loading, adaptive coordinated feedback control, and accurate
measurements of fracture and deformation. It has been successful
used for full stress—strain tests, true triaxial loading and unloading
tests, and tests of principal stress direction interchange of hard
rocks under true triaxial compression (Feng et al., 2016).

2.3. Test methodology

Gu et al. (2022) summarized the stress paths at different loca-
tions around a deep hard rock excavation. In the high-risk failure
zone, the maximum and minimum principal stresses increase and
decrease, respectively, and the intermediate principal stress has
three forms of slightly increase, constant and decrease. In the
medium-risk zone, the maximum principal stress is basically con-
stant, and the variations of the intermediate principal stress and
minimum principal stress are the same as those in the high-risk
zone. In the low-risk zone, the maximum principal stress de-
creases, and the variations of the intermediate principal stress and
minimum principal stress are also similar to those in the high-risk
zone. The surrounding rocks near the excavation sidewall bear
different loading and unloading stress paths. With the advance of
the working face, the stress concentration area moves deeper inside
surrounding rocks, which can usually bear the loading stress path.
Furthermore, in deep excavation, both the stress magnitude and
direction change. Gu et al. (2023) provided two case studies of in-
termediate principal stress and maximum principal stress direction
interchange, which showed the effect of intermediate principal
stress and maximum principal stress direction interchange on
failure behavior of rocks. Therefore, in this study, three cyclic
loading and unloading control methods were designed to explore
the evolution of the mechanical parameters of rocks under different
stress paths. The specific control methods are described as follows.

2.3.1. Cyclic loading and unloading under true triaxial loading and
unloading (CLU-TLU)

Due to the failure of surrounding rocks near the sidewall during
loading and unloading stress paths after underground excavation, a
new cyclic loading and unloading control method under true
triaxial conditions was designed (Fig. 1a) to measure the evolution
of the mechanical parameters of rocks during true triaxial cyclic
loading and unloading. The specific test steps are as follows:

(i) Step 1: Initial stress loading stage. First, the ¢4, 02 and o3 were
loaded simultaneously at a rate of 0.5 MPa/s to reach the
predefined value of g3, while g3 was kept constant. Then, 74
and g, were loaded simultaneously at a rate of 0.5 MPa/s to
reach the predefined value of ¢, while ¢, was kept constant.
Finally, o1 was loaded at a rate of 0.5 MPa/s to 80% of peak
strength of rocks (op) to ensure that rocks can be fractured
before g3 was unloaded to 0. To obtain 80% of peak strength
of rocks, the in situ stresses 0, = 20 MPa and o3 = 10 MPa for
the Shuangjiangkou underground powerhouse were used as
the basis. Three repetitions of the true triaxial compression
test were performed with stress levels of ¢, = 20 MPa and
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Fig. 1. Schematic diagrams of stress paths: (a) Cyclic loading and unloading under true triaxial loading and unloading, (b) Cyclic loading and unloading under true triaxial
compression, and (c) Cyclic loading and unloading under true triaxial principal stress direction interchange.

a3 = 10 MPa. The variation of the peak strengths of the three
groups was less than 1.5%, with the average peak strength of
299 MPa. Overall, 80% of the peak strengths were 238 MPa.

(ii) Step 2: Cyclic loading and unloading stage. At this stage, the
07 and o3 remained constant, and ¢ increased and decreased
at a rate of 0.5 MPa/s. The final ¢; was unloaded to 30 MPa
greater than the initial predefined 5.

(iii) Step 3: Stress adjustment stage. According to the predefined
stress path, the three principal stresses were adjusted at their
respective rates, in which the loading rate of ¢; was
0.06 MPa/s, the loading and unloading rates of g, were
0.01 MPa/s, and the unloading rate of o3 was 0.02 MPa/s.
After stress adjustment, the three principal stresses were
kept stable for approximately 1—2 min. When the stress state
was stable, the next cycle was performed until the specimen
fractured.

2.3.2. Cyclic loading and unloading under true triaxial compression
(CLU-TC)

The deep surrounding rocks usually show a loading stress path.
The cyclic loading and unloading control method was adopted
(Fig. 1b) to obtain the evolution of the mechanical parameters of
rock under true triaxial compression loading. The specific test steps
are as follows:

(i) Step 1: Initial stress loading stage. The steps for loading o2
and o3 to the initial stress level were the same as those of the
CLU-TLU. It is worth noting that when the deformation rate
in o3 direction was approximately 0.015 mm/min, the
loading of o1 was servo-controlled to facilitate the acquisi-
tion of the post-peak stage.

(ii) Step 2: Cycle loading and unloading stage. At this stage, 71
increased and decreased in cycles at rates of 0.5 MPa/s,
during which ¢3 and ¢3 remained constant; the final o1 was

unloaded to 10 MPa greater than the initial predefined ;.
Then, the next cycle was performed successively until the
sample reached the residual stage. In this test, ¢; was
unloaded to the initial predefined ¢, value that exceeded
10 MPa to prevent the value of ¢¢ after unloading from being
less than the residual strength.

2.3.3. Cyclic loading and unloading under true triaxial principal
stress direction interchange (CLU—TSI)

Since underground excavation includes adjusting the stress di-
rection, a new cyclic loading and unloading control method under
true triaxial principal stress direction interchange was designed
(Fig. 1c) to obtain the evolution of the mechanical parameters of
rocks under the direction interchange of true triaxial principal
stress. The specific test steps are as follows:

(i) Step 1: Initial stress loading stage. This stage was consistent
with CLU-TC testing.
(ii) Step 2: Cyclic loading and unloading stage. This stage was
consistent with CLU-TLU testing.
(iii) Step 3: Principal stress direction interchange stage.

When reaching the interchange point between g2 and ¢ di-
rections, g1 is decreased at a rate of 1 MPa/s, while ¢, is increased at
arate of 0.5 MPa/s to prevent the sudden failure of rocks during the
interchange of principal stress directions, until ¢; decreased to the
a2 level and then remained constant. g, interchanged to ¢4, and
cyclic loading and unloading continued. During the increase in in-
termediate principal stress, the 3 deformation rate was kept con-
stant near 0.015 mm/min. Then, the next cycle was applied until the
sample reached the residual stage.

Notably, the rate of 0.5 MPa/s used for loading is suggested by
ISRM (Kovari et al., 1983). For the loading and unloading processes,
considering the stress path, the rates of ¢4, 72 and o3 were 0.06 MPa/
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Table 1
Testing schemes and results.
Test type No. a3 (MPa) a3 (MPa) a? (MPa) o, (MPa) o, (MPa) of (MPa)  pf q Cycles Corresponding simple stress path
CLU-TLU SKJ-1-1 10 20 238 0 20 228 83 219 10 ’ ?
Time
SKJ-1-2 10 20 238 3 20 238 87 227 7 ’ é
Time
SKJ-1-3 10 20 238 5.95 20 250 92 237 5 ” ?
Time
SKJ-1-4 10 20 238 2 28 262 97 248 8 B
Time
SKJ-1-5 10 20 238 5 15 253 91 243 5 § /
Time
,é )
CLU-TC SKJ-1-6 10 20 10 20 310 113 295 14
Time
o
CLU-TSI SKJ-1-7 10 20 10 20 292 107 277 12 ’ o3
Time

s,0.01 MPa/s, and 0.02 MPa/s, respectively, since the unloading rate
should meet the strain rate requirements ranging from 10~% s~ to
1072 s=! (Kovari et al., 1983). Additionally, the unloading rate
adopted in this study was well within the range of unfavorable
unloading rates (Qiu et al., 2014; Xu et al., 2019), and thus the
loading and unloading rates were finally determined for the con-
venience of test control by fully considering the above two reasons.

The specific test scheme and results are shown in Table 1, where
09, 69 and ¢§ are the initial stress states in the oy, o2 and o3 di-
rections, respectively; 02, ag and Ug are the peak stress states in the
g1, 02 and a3 directions, respectively; and pf and qf are the peak
generalized shear stress and the peak average stress, respectively.

3. Deformation and fracture parameters
3.1. Stress—strain curves

Fig. 2 shows the typical stress—strain curves of Shuangjiangkou
granite during cyclic loading and unloading under different stress
paths. It can be found that the £ at the peak point of each cycle
gradually increased in the positive direction and showed
compression characteristics, while the & and &3 developed in the
negative direction and showed expansion characteristics. In the
CLU-TSI test, due to the direction interchange of ¢ and o5, the
deformation in the initial maximum principal stress direction
changed from compression to expansion, and the deformation in

the initial intermediate principal stress direction changed from
expansion to compression (Fig. 2g).

3.2. Deformation parameters

In this study, the deformation modulus and elastic deformation
increment ratios of Shuangjiangkou granite during cyclic loading
and unloading under different stress paths are calculated, as
expressed in Egs. (1)—(3). Due to the effect of true triaxial stress, the
values of the elastic deformation increment ratios in the ¢3 and o,
directions are different.

dO'l

E, = aes (1)
deS

Vi = é (2)
de§

V13 = d_eg (3)

where E; is the deformation modulus in the ¢ direction; r13 and v13
are the elastic deformation increment ratios in the ¢, and o3 di-
rections, respectively; and de§, de§ and de§ are the elastic strain
increments in the ¢4, 02 and o3 directions, respectively. In addition,
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Fig. 2. Typical stress—strain curves of Shuangjiangkou granite during cyclic loading and unloading under different stress paths: (a) SKJ-1-1, (b) SKJ-1-2, (c) SKJ-1-3, (d) SK]J-1-4, (e)

SKJ-1-5, (f) SKJ-1-6, and (g) SKJ-1-7.

the elastic parameters of rocks are analyzed according to the elas-
toplastic theory. It is considered that elastic parameters are affected
by plasticity and damage. When the specimen is failed, the strain is
no longer uniform, and the equivalent strain is used to describe the
overall law.

The deformation of rock is divided into elastic strain and crack-
induced deformation. The elastic strain is recoverable, and the
crack-induced deformation is irreversible strain, which represents
the fracture characteristics of rocks. The equivalent crack strain
caused by three principal stress directions is used to characterize

the fracture evolution process of rocks. The equivalent crack strain
is written as

@ = 3/ (ded)? + (ded)? + (deB)?

where eP is the equivalent crack strain; and def, de) and de} are the
crack strain increments in the ¢4, 02 and g3 directions, respectively.

Due to the stress control mode used in the CLU-TLU test, the
rock sample failed rapidly once the stress reached peak strength at

(4)
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Fig. 3. Method for evaluating the deformation modulus under the ultimate load using
a hypothetical reloading and unloading cycle.

constant loading and unloading rates, and the unloading
displacement at the final failure was not measured. Therefore, it
was assumed that the deformation modulus under the ultimate
load was the same as that of the loading section in the last cycle. As
shown in Fig. 3, the slope of the dotted line below the axial strain
curve was the same as that of loading at this cyclic stage. This
assumption was based on the idea that the values of the defor-
mation modulus during loading and unloading were approximately
identical, which exerts little influence on the overall evolution of
rock fracture.

Fig. 4 shows the evolutions of the deformation modulus and
elastic deformation increment ratios with equivalent crack strain
during the processes of cyclic loading and unloading on Shuang-
jiangkou granite under different stress paths. It can be found that
the deformation modulus of tested rocks gradually decreased in the
CLU-TLU test, which decreased to the minimum value when the
rock’s ultimate bearing capacity was reached. For the CLU-TC test,
the deformation modulus of rocks was greatly reduced when the
peak strength was reached, and then decreased gradually at the
post-peak stage.

The evolution of the elastic deformation increment ratios is
different due to the adjustment trends of the three principal
stresses, especially the adjustment of ¢, which greatly influenced
v12 and vq3. In the CLU-TLU test, the stress adjustment trends of ¢
and ¢3 were maintained. When ¢, was loaded, v gradually
decreased, and »13 continuously increased (Fig. 4d). When ¢, was
constant and unloaded, 1> and »¢3 increased continuously, but the
growth trend of »13 at o unloading exceeded the stress path at
constant o (Fig. 4c and e).

In the CLU-TSI test, the deformation modulus decreased while
the elastic deformation increment ratios increased at the initial
stage. With the interchange of the g2 and ¢; directions, the defor-
mation modulus increased, while the values of v, and »3
decreased (Fig. 4g), indicating that the ability of rocks to resist
deformation increased after the interchange of the principal stress
directions. This is because the development of damage and fracture
is parallel to the intermediate principal stress direction under true
triaxial conditions. After the interchange of the intermediate and
maximum principal stresses, the direction of damage and fracture
development will deviate. As a result, rocks will not deteriorate
along the original damage direction, but will develop along the new
damage direction. Meanwhile, the degree of damage in the new
direction is smaller than that in the original development area, and

thus rocks will have a certain strengthening effect (Gu et al., 2023),
resulting in an increase in the deformation modulus.

3.3. Fracture parameters

Fig. 5 shows the typical macroscopic failure mode of Shuang-
jiangkou granite during cyclic loading and unloading under
different stress paths. It can be found that rock fracture was parallel
to the direction of the intermediate principal stress under true
triaxial conditions, while the fracture angle was different under
various stress paths (Fig. 5a—e). To better compare the failure an-
gles under different stress paths, the failure angle is defined as the
angle between the failure surface and the initial maximum prin-
cipal stress loading surface. Although this is a two-dimensional
failure angle, it can to some extent illustrate the failure character-
istics of rocks. When o3 was smaller or the stress difference g,—0o3
was larger at rock failure, the fracture angle of rocks was larger,
which was shown as splitting failure (Fig. 5a and d). In the CLU-TSI
test, due to the interchange of the ¢y and ¢, directions, the
macroscopic failure surfaces were cross-connected, and the failure
angles in the ¢; and g7 directions are 90° and 72°, respectively
(Fig. 5g). This behavior occurred because the fracture development
was parallel to the ¢, direction under the true triaxial condition.
Due to the direction interchange between the maximum and in-
termediate principal stresses, the direction of crack development
changed, which changed the difference characteristics of fracture.

To further describe the fracture evolution of rocks under
different stress paths, the deformation caused by cracks was used to
represent the fracture characteristics of rocks, and the proportion of
strain caused by cracks in the total strain was defined as the fracture
degree of rocks. In a physical sense, the fracture degree coefficient is
the same as the damage degree of rocks, as expressed in Egs. (5)
and (6):

deP
- ®
de = deP + de® (6)

where 7 is the fracture degree coefficient of rocks, deP is the crack
strain increment, and de is the total strain increment. The fracture
degree coefficients in the ¢, 62 and o3 directions are expressed in
Egs. (7)—(9):

de?

m = E (7)
deg

M= disz (8)
deg

n3 = d_eg (9)

Fig. 6 shows the evolution of the fracture degree of Shuang-
jiangkou granite in the three principal stress directions with the
equivalent crack strain under different stress paths. The overall
fracture degree in the three directions was 71<n2<ns3.

In the CLU-TLU test, when the stress adjustments of ¢3 and 3
were consistent, ¢ increased gradually in the stress path from o
unloading to loading. In the stress path of ¢1 unloading, 74
remained almost O at the initial stage and reached a maximum
value of 0.09 when the stress reached its peak strength (Fig. 6a). In
the stress path where o7 was constant, 77 increased slowly and
reached a maximum value of 0.12 when the stress reached the peak
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Fig. 4. Evolution of the deformation modulus and elastic deformation increment ratios with equivalent crack strain during cyclic loading and unloading of Shuangjiangkou granite
under different stress paths: (a) SKJ-1-1, (b) SKJ-1-2, (c) SKJ-1-3, (d) SK]J-1-4, (e) SKJ-1-5, (f) SK]J-1-6, and (g) SKJ-1-7.

strength (Fig. 6b). In the stress path of o1 loading, the upward trend
of 71 increased and reached a maximum value of 0.2 when the
stress reached the peak strength (Fig. 6¢). Therefore, the increase in
o1 improved the fracture degree of rocks in the direction of the
maximum principal stress. When the stress adjustments of ¢ and
g3 were consistent, 1, gradually decreased in the stress path as g2
transitioned from unloading to constant to loading conditions
(Fig. 6e, c and d). Therefore, the increase in ¢, reduced the fracture
degree of rocks in the direction of intermediate principal stress.
As shown in Fig. 6f and g, when the peak strength of the rock
was reached, the fracture difference in the three principal stress
directions was significant in the CLU-TC and CLU—TSI tests. The
fracture degree in the g3 direction was much larger than that in the

g2 and g1 directions. At the post-peak stage, the fracture degree of
a3 was still maintained at a high level, indicating that the fracture
was mainly parallel to the direction of g5 under true triaxial con-
ditions, which showed characteristics of fracture difference. In the
CLU—TSI test, when the ¢, and o1 directions were interchanged, the
fracture degrees in the three principal stress directions decreased.
This result occurred because the direction of crack generation
changed after the direction of the principal stress interchanged. The
fracture degree of the location decreased where the new crack
generated, reducing the fracture degrees in the three directions.
Additionally, due to the interchanges in the ¢1 and ¢ directions, the
growth rate of 1 accelerated, and the growth rate of 7, decelerated.
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Fig. 5. Macroscopic failure mode of Shuangjiangkou granite during cyclic loading and unloading under different excavation stress paths: (a) SKJ-1-1, (b) SKJ-1-2, (c¢) SKJ-1-3, (d) SKJ-

1-4, (e) SKJ-1-5, (f) SKJ-1-6, and (g) SKJ-1-7.

4. Strength parameters

4.1. Methods for determining the cohesion and internal friction
angle

As two basic strength parameters of rocks, the cohesion (c) and
internal friction angle (¢) were calculated by Renani and Martin
(2018) using the Mohr-Coulomb criterion through a conventional
triaxial cyclic loading and unloading test. Because rocks are in a true
triaxial stress environment and affected by excavation, the sur-
rounding rocks at different locations experience distinct stress
paths. When taking different stress paths as a variable, the cohesion
and internal friction angle of rocks were calculated to accurately
describe the evolution of the strength parameters of surrounding
rocks in deep excavation. First, according to the 3D linear failure
criterion established by Feng et al. (2020b), Egs. (10) and (11) can be
defined:

V1 —Db + sh2 +t(1 -1 —b-i-bz)sin(p}(lf] —03)

= (01 + 03)sing + 2ccos¢ (10)

02 — 03

b=
g1 — 03

(11)

where b represents the intermediate principal stress coefficient,
and s and t are the material parameters. Fig. 7 and Table 2 show the
peak strength of Shuangjiangkou granite under true triaxial
compression and different stress states. The corresponding s = 0.95
and t = 0.9 can be obtained according to the 3D failure criterion.
The stress (ocq) corresponding to the first volumetric strain in-
flection point of cyclic loading and unloading was used to calculate
the initial internal friction angle (¢o). It was assumed that the ¢ of
the rock sample at ocq of each cycle was the same. Since cyclic
loading and unloading tests under different ¢3 conditions were not
performed in this study, oq in the loading test was similar to g4 in
the first cycle of the cyclic loading and unloading test. Therefore, o¢q
in the loading test under different confining pressures was used to
calculate ¢g (Table 2). Then, s and t were maintained, and ¢ was
calculated from o.q and ¢ in each cycle, as expressed in Eq. (12):



L. Gu et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 1113—1126 1121

(@) 0.6 (®) 038
—&—n —@—n —A—n, —8—, e, —A—n,
0.6

0.4
8 8
g £
g 0.2 2 0.2
=%} =

0.04 -—I"/.—/—.
0.0 : : T T r r r r
0.05 0.10 0.15 0.20 0.25 0.30 0.0 0.1 0.2 03 0.4 0.5
& (%) & (%)
©) 038 d) o8
B, —@—n,—A—q, —&—n —&—q,—A—q,

0.6 0.6
o (3
S 0.4 S 0.4-
g 8
2 g
g g
g £
"o F“ = 02

0.0 . ' . 0.0 : T T r r

0.0 03 0.6 0.9 1.2 005 010 015 020 025 030 035
& (%) & (%)
© 08 ® 1.0
—— 1 —e— 1, —A— —a— ), —0— 1, —A—

, beak point

0.2

Fracture degree
=3 (=]
S >
L :
Fracture degree
(=3 =3 =3 =3
S - (=2 oo
N H H H

0.0
0.05 0.10 0.15 0.20 0.25 0.30 0.0 0.5 1.0 15 2.0

& (%) & (%)

& (%)
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[\/1 —b+sb? + t(l —v1-b +b2>sin¢>0](acd —03) — (04 + 03)Singg

= 12
¢ 2c0s¢pq (12)
where the initial ¢o of Shuangjiangkou granite was 50.6°. The g¢q The value of ¢ for each cycle can be calculated by Eq. (12), and
under each cycle is shown in Fig. 8. then using the peak stress and c of each cycle, the values of ¢ for

each cycle can be obtained through Eqgs. (13) and (14):
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Table 2
The o4 in the loading test under different o5 conditions.

a3 (MPa) a2 (MPa) Ocd (MPa)

0 0 107

5 5 165

10 10 213

20 20 283

30 30 347

. 1V1—=b+sb%(g; -0 2c
@ =sin"! (01 203) _pan-1(2€ (13)
Vaz + 4c?

a=(0']+0'3)7t<17\/l*b+b2)(0'170'3) (14)

4.2. Cohesion and internal friction angle

Fig. 9 shows the evolution of the cohesion and internal friction
angle with the equivalent crack strain of Shuangjiangkou granite
during cyclic loading and unloading for different stress paths. It can
be found that the evolution of the cohesion and internal friction
angle exhibited the same trend. The value of ¢ decreased with the
increase in equivalent crack strain, which is mainly due to the in-
crease in the stress difference during cyclic loading and unloading
and led to the continuous increase of the equivalent crack strain,
the decay of the mechanical properties of materials around the
crack, and a gradual decrease in c. For different stress paths, the
internal friction angle ¢ increased with increasing equivalent crack
strain, which was affected by the friction coefficient, and its size
was related to the roughness of the potential sliding surface. With
the increase in the equivalent crack strain, many microcracks were
generated, and thus the friction coefficient of the rock increased,
resulting in an increased ¢. It can thus be concluded that, although
rocks experience different stress paths during the excavation of
deep hard rock, the adjustments of the cohesion and internal fric-
tion angle are basically the same. These trends are summarized as
the increase in rock friction strength accompanied by the loss of
cohesion for different stress paths, in which the change in stress
direction is not taken into account. In the CLU—TSI test, when the 74
and o, directions were interchanged, the value of ¢ slightly

decreased and c significantly increased. After the principal stress
direction interchanged, the development position of the crack
changed, the number of cracks in the new fracture area decreased,
the mechanical properties of surrounding rocks increased, and thus
cohesion increased.

5. Discussion
5.1. Effect of stress path on rock fracture difference

To clarify the effect of the stress path on rock fracture, it is
necessary to quantify the different stress paths. As shown in Fig. 10,
in octahedral stress space, different stress paths have unique mo-
tion trajectories. Therefore, the deflection radian value g was used
to characterize the stress path coefficient that represents the
movement direction from the stress state to the failure line at a
certain point, as expressed in Eqs. (15)—(21):

Br = arctan(i—Z) (15)
Aq=q1—qo (16)
Ap = p1 — Po (17)
po = 5 (o + 03+ 09) (18)
p1 :%(0’1+02+U3) (19)
o= ll-a) (- (- a))] e
Q1 :%{(01 —02)2+(<72—03)24—(03—01)2)]% (21)

where (g is the stress path coefficient; q is the generalized shear
stress; p is the average stress; and the superscripts 0 and 1 are the
initial and final stress states, respectively.

The development of rock fracture occurred mainly in the o3—073
plane. To compare the fractures differences for the different stress

300
—&— SJK-1-1
—8— SJK-1-2
250+
200+
=
-
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Fig. 8. The g, of Shuangjiangkou granite for different stress paths during cyclic
loading and unloading.
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Fig. 9. Evolution of the cohesion and internal friction angle with the equivalent crack strain of Shuangjiangkou granite under different stress paths during cyclic loading and
unloading: (a) SKJ-1-1, (b) SKJ-1-2, (c) SKJ-1-3, (d) SK]J-1-4, (e) SKJ-1-5, (f) SKJ-1-6, and (g) SKJ-1-7.

paths in the o, and o3 directions, the fracture degree difference
coefficient A is defined as Eq. (22):

A= nm—"M (22)
n3

To quantify the effects of different stress paths on rock fracture

differences, data for the stress path coefficient and fracture degree

difference coefficient were fitted. The fracture degree difference

coefficient of rocks under different stress paths had an exponential

relationship with the stress path coefficient, as expressed in Eq.
(23) and shown in Fig. 11.

A = —0.05773exp(Bg) + 0.71325 (23)

It can thus be concluded that the effect of the stress path on the
fracture difference of rock cannot be neglected in deep excavation.
However, the stress path used here included only the engineering
excavation stress path proposed in this paper. For other complex
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Fig. 11. Relationship between the fracture difference and stress path coefficients of
Shuangjiangkou granite under different stress paths.

stress paths and principal stress direction interchanges, further
research is still needed.

5.2. Effect of stress path on rock cohesion and internal friction angle

According to the above analysis, the ¢ increased and c decreased
with increasing equivalent crack strain. To further compare the
evolution of the cohesion and internal friction angle for different
stress paths, normalization was used to characterize the develop-
ment of the damage degree:

Table 3
Linear fitting parameters of the cohesion and internal friction angle for different
stress paths.

Strength parameter Stress path k b R?

c SKJ-1-1 —5.9662 34334 0.8839
SKJ-1-2 -5.1278 23.483 0.9055
SKJ-1-3 —3.8438 26.651 0.9561
SKJ-1-4 —4.1644 34.398 0.8004
SKJ-1-5 —3.2562 31.428 0.9138

% SKJ-1-1 11.118 48.185 0.9727
SKJ-1-2 9.6251 54.889 0.7938
SKJ-1-3 6.5655 52.691 0.8122
SKJ-1-4 8.4864 49.028 0.8984
SKJ-1-5 7.465 49.117 0.9995
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Fig. 12. Relationships between the slopes of ¢ and ¢ and the stress path coefficient of
Shuangjiangkou granite during cyclic loading and unloading for different stress paths.
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D= "M (De(0,1)) (24)
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The relationships between the damage degree D and c and ¢ for
different stress paths were fitted by linear functions, as expressed
in Egs. (25) and (26):

¢ =k,D+Db, (26)

where k¢ and k, represent the changing speeds of ¢ and ¢ with the
increase in D, and b, and b,, are the corresponding intercepts. The
results are shown in Table 3.

As shown in Fig. 12, with the increase in the stress path coeffi-
cient, the degrees of c weakening and ¢ strengthening decreased,
which can be described by linear relationships with fitting coeffi-
cient larger than 0.85. Therefore, the change in the stress path
affected the changes degrees of the cohesion and internal friction
angle.

Due to the stress control mode adopted in the CLU-TLU test, the
rock sample fractured rapidly when the stress reached peak
strength, which was consistent with brittle failure. Therefore, the
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instantaneous stress drop (ISD) fracture mechanism proposed by
Feng et al. (2021) was used to explain the post-peak stage, in which
the sudden loss of cohesion was caused by the opening or pene-
tration of macrocracks. Additionally, due to the short duration of
the process, the friction strength was almost unchanged. When the
initial values of the cohesion and internal friction angle were
consistent, the evolution for different stress paths is shown in
Fig. 13. Specifically, the value of ¢ decreased and ¢ increased before
the peak; however, different stress paths led to different evolution
slopes of c and ¢. At the post-peak stage, the value of ¢ decreased to
the residual stage and remained unchanged, and ¢ remained
basically unchanged due to the penetration of macrocracks (Fig. 13).

5.3. Effects of principal stress direction interchange on the stability
of deep excavation

Deep hard rock engineering operations are prone to brittle di-
sasters, such as rockbursts, spalling and collapse. Accurately
obtaining the evolution of mechanical parameters of surrounding
rocks after deep hard rock excavation may provide a research basis
for guaranteeing the construction safety of deep engineering
projects.

After underground excavation, the surrounding rock undergoes
different stress paths. The evolution of the strength parameters
shows the weakening of cohesion and the strengthening of the
internal friction angle. However, due to the change in stress di-
rection, the direction of crack development changes, the cohesion
increases, the internal friction angle decreases, and the mechanical
properties improve, as shown in Figs. 4g, 5g and 6g and 9g,
respectively. Therefore, when considering the optimization of the
support of surrounding rocks, the strength and mechanical pa-
rameters of the support should be determined according to the
adjustments of the stress magnitude and direction to ensure the
safety and stability of deep engineering projects.

6. Conclusions

In this study, a new true triaxial cyclic loading and unloading
test method under different stress paths was proposed to quantify
the evolution of mechanical parameters of surrounding rocks. The
main conclusions are drawn as follows:

(1) Under true triaxial conditions, the elastic strain increment
ratios in the g3 direction is larger than that in the ¢ direction,
and the rock fractures are parallel to the ¢, direction. The
smaller the value of g3 or the greater the stress difference
between ¢, and o3 when rocks failed, the larger the rock
failure angle is.

(2) Under CLU-TLU, with the increase in the equivalent crack
strain, the deformation modulus and cohesion of rocks
gradually decrease, while the elastic strain increment ratios,
the fracture degree coefficients and the internal friction
angle gradually increase, showing that the rock gradually
deteriorates.

(3) Under CLU—TSI, the direction of crack development changes,
both the deformation modulus and cohesion of rocks in-
crease, while the elastic strain increment ratios, the fracture
degree coefficients in the three principal stress directions
and the internal friction angle decreases, showing the char-
acteristics of rock strengthening

(4) The stress path coefficient and the rock fracture degree co-
efficient are exponentially related. Different stress paths lead
to different cohesion weakening and internal friction angle
strengthening trends, which can be described using a linear
functional relationship.

(5) The stress path influences the evolution of the mechanical
parameters of rocks. When establishing a constitutive model
of rock, the effect of the stress path should be considered,
and when considering the optimization of deep rock support,
the strength and related parameters of support should be
determined according to adjustments of the magnitude and
direction of stress to ensure the safety and stability of deep
engineering projects.
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