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A B S T R A C T

With the continuous advancement of deep resource exploitation and underground engineering construction, the 
mechanical behavior and failure mechanisms of hard rock under stepwise unloading during Layered excavation 
of high-stress underground powerhouses have become critical scientific issues constraining engineering safety. 
Taking Shuangjiangkou granite as the research object, true triaxial stepwise unloading tests were conducted to 
systematically investigate the effects of different initial stress differences on rock strength, deformation, brit
tleness, and macro–micro failure mechanisms. In addition, AE monitoring was employed to reveal the evolution 
of cumulative crack damage and sudden failure. The results show that, with increasing initial stress difference, 
the peak strength of rock exhibits a nonlinear increase. The macroscopic failure mode evolves from diffuse shear 
propagation to directional splitting failure, while the microscopic fracture morphology transitions from inter
granular shear cracks to transgranular tensile cracks. During the unloading process, AE energy exhibits a two- 
stage characteristic of steady accumulation followed by a sudden surge. Under higher initial stress differences, 
the duration of the rapid AE energy growth stage is significantly shortened, indicating that energy is more likely 
to be concentrated and released abruptly, resulting in macroscopic instability. Moreover, the degree of sudden 
rock failure increases logarithmically with the initial stress difference, consistent with the evolution of the 
brittleness index. These findings provide theoretical support for elucidating the failure mechanisms of hard rock 
during staged excavation of high-stress underground powerhouses.

1. Introduction

With the rapid development of deep resource exploitation and un
derground engineering construction, the mechanical behavior and fail
ure mechanisms of hard rock under high-stress conditions have become 
a fundamental scientific issue constraining engineering safety [1–10]. In 
underground projects represented by large-scale hydropower power
houses, the rock mass undergoes a layered and staged excavation pro
cess, which essentially constitutes a dynamic evolution from an initial 
state of high stress difference, through stepwise unloading, to subse
quent stress redistribution. During this process, the rock mass is sub
jected not only to a true triaxial stress state characterized by 
three-dimensional unequal principal stresses, but also to a distinctive 
stepwise unloading stress path induced by the staged nature of 

excavation. This combined effect further intensifies the complexity of 
rock failure and renders the system highly prone to chain-type brittle 
disasters (see Fig. 1), posing severe threats to construction safety and 
overall engineering stability [11,12].

To address the unloading issues during deep excavation processes, 
numerous studies have been conducted on the mechanical behavior of 
rock under unloading conditions [13–17]. Research has shown that, 
under unloading conditions, the strength of rock tends to increase, but 
the difficulty of failure decreases while the severity of fracture in
tensifies, with a significant increase in energy release [18–21]. Gu et al. 
[22] indicated that the crack development time in rock under true 
triaxial unloading stress paths is delayed compared to a constant stress 
state, with changes observed in both the direction and location of the 
cracks. This reveals the dynamic evolution mechanism of crack 
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propagation direction and position in hard rock. It is worth noting that, 
the rock mechanics parameters derived from unloading stress paths 
align more closely with actual excavation conditions [23–27]. Addi
tionally, some researchers have demonstrated that an increase in in
termediate principal stress and a decrease in minimum principal stress 
lead to a shift in the failure mode of rock from shear to tensile splitting 
[28–33].

The fracture mode and strength of rock are highly dependent on the 
stress path and initial stress state. Traditional true triaxial tests generally 
adopt conventional loading or single-stage unloading methods. While 
these experiments have revealed the influence of factors such as inter
mediate principal stress and unloading stress path, limitations exist in 
simulating the true mechanical environment of layered excavation in 
large underground powerhouses, resulting in discrepancies between 
experimental results and actual field conditions. Currently, with the 
burial depth of hydropower underground powerhouses and deep mining 
tunnels exceeding 500 m, statistical analysis shows that, in specific deep 
environments, gravitational stress is lower than the maximum hori
zontal principal stress, resulting in a small difference between the initial 
intermediate principal stress (σ0

2) and the maximum principal stress (σ0
3), 

while the difference with the minimum principal stress is larger 
[34–40]. Moreover, as the burial depth increases, the difference be
tween the σ0

2 and σ0
3 gradually increases, showing a clear characteristic 

of high initial stress difference (see Fig. 2). However, systematic studies 
on the rock damage accumulation effects and fracture stage evolution 
under true triaxial stepwise unloading with high initial stress differences 
remain lacking.

Therefore, this study employed a true triaxial test system, com
plemented by acoustic emission monitoring and electron microscopy 
scanning equipment, to conduct true triaxial stepwise unloading ex
periments under different initial stress difference conditions. The 
research revealed the significant influence of initial stress difference and 
stepwise unloading on the fracture mode of hard rock, providing 
fundamental scientific basis and theoretical support for the safe con
struction of deep underground engineering projects.

2. Experimental design

2.1. Sample preparation and testing equipment

The rock samples were obtained from large, intact rock masses in the 
diversion tunnel of the underground powerhouse at the Shuangjiangkou 
Hydropower Station, Sichuan, China. The samples are granite with a 
medium-coarse-grained hypidiomorphic granular texture, where min
eral grains are distributed in a uniform interlocking pattern without 
obvious orientation. Additionally, the interfaces between the mineral 
grains are clear, and there is no large-scale continuous aggregation of 

minerals. According to the standards set by the International Society for 
Rock Mechanics and Rock Engineering (ISRM), these field-collected rock 
pieces were cut and polished into rectangular standard specimens with 
dimensions of 50 mm × 50 mm × 100 mm. The specific processing ac
curacy requirements were as follows: edge length tolerance of ±0.1 mm, 
perpendicularity tolerance of adjacent faces of ±0.25◦, and flatness 
tolerance of relative end faces of ±0.02 mm (see Fig. 3). To minimize 
experimental result dispersion, rock samples were selected based on 
longitudinal wave velocities measured using an ultrasonic velocity 
meter, with wave speeds between 3750–3850 m/s. Additionally, min
eral composition analysis revealed that the rock primarily consists of 
quartz (32%), potassium feldspar (17%), plagioclase (36%), mica 
(12%), and other substances (3%). Due to the high quartz content and its 
brittle, hard texture, the granite exhibits a material basis for brittle 
failure. The Shuangjiangkou granite exhibits an uniaxial compression 
strength of approximately 140 MPa, and under conventional triaxial 
compression, its cohesion and internal friction angle are about 30 MPa 
and 43◦, respectively.

The high-pressure servo-controlled true triaxial testing machine used 
in this study consists of a true triaxial loading system, an LVDT defor
mation measurement system, an acoustic emission system, and a video 
capture system (see Fig. 3). The machine is capable of independent 
loading and unloading along the X, Y, and Z axes, with a vertical 
maximum loading capacity of 5000 kN and a horizontal maximum 

Fig. 1. Chain-type brittle failure process under layered excavation of the large underground powerhouse at Baihetan [11,12].

Fig. 2. Statistical results of initial stress difference and buried depth [33–39].
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loading capacity of 3000 kN. The maximum stroke is 100 mm, with 
stress-strain control accuracy of ±0.5% F.S, and it supports long- 
duration steady-pressure loading. During the testing process, a DS5 se
ries full-information acoustic emission (AE) signal analyzer was used to 
collect AE signals. Four Nano30-type AE sensors were symmetrically 
arranged on the four side faces of the specimen perpendicular to the 
maximum principal stress direction. The centers of the sensors were 
25 mm away from both the upper and lower end faces of the specimen, 
and the distance between adjacent sensors was 50 mm. Petroleum jelly 
was used as a coupling agent between the sensors and the specimen 
surface to reduce signal attenuation. The AE signal trigger threshold was 
set to 40 dB to filter out invalid signals; the sampling frequency was set 
to 1 MHz, the preamplifier gain to 40 dB, and the signal threshold to 200 
μV. Meanwhile, the pencil lead break test was conducted to verify the 
response consistency of the sensors, ensuring that all collected AE sig
nals originated from microcrack activities inside the rock rather than 
equipment or environmental interference. After the test, scanning 
electron microscopy (SEM) was conducted on the fracture surface of the 
rock to obtain microscopic failure characteristics.

2.2. Experimental scheme and stress path design

To investigate the influence of different initial stress differences on 
rock fracture under true triaxial stepwise unloading stress paths, four 
initial stress difference values were selected: 0, 10, 40, and 90 MPa. The 
chosen stress path was defined by σ1 loading, σ2 remaining constant, and 
σ3 unloading, as this condition most readily induces surrounding rock 
failure during underground excavation [21]. Therefore, this stress path 
more accurately represents the failure mechanisms of surrounding rock 
in deep hard rock excavations.

The experimental procedure consisted of two stages (see Fig. 4):
Initial stress loading stage: Confining pressure was first applied with 

σ1 = σ2 = σ3. The three principal stresses were simultaneously increased 
to the target value of σ3 at a rate of 0.25 MPa/s, after which σ3 was held 
constant. Subsequently, both the maximum principal stress σ1 and σ2 
were increased simultaneously at the same rate until σ2 reached the 
predetermined value, which was then held constant. Finally, σ1 was 
individually increased at 0.25 MPa/s. When σ1 reached 85% of the 
rock’s peak strength, it was maintained constant.

Stepwise unloading stage: During this stage, σ2 remained constant, 
while σ1 and σ3 were respectively increased and decreased at a rate of 
0.25 MPa/s. Each adjustment was carried out in increments of 1 MPa. 
After each adjustment, the stress state was maintained for 3–5 min until 
stabilization, where stabilization was defined by two criteria: (1) the 
fluctuation range of σ1, σ2, and σ3 was ≤ 0.5% F.S; (2) the deformation 
rate in all three principal stress directions was ≤ 0.001 mm/min. This 
dual-criterion ensured complete stress redistribution within the rock 
before proceeding to the next unloading step.

It is noteworthy that, during the true triaxial stepwise unloading 
tests, the initial maximum principal stress was set to 85% of the peak 

strength in order to avoid damage caused by the initial stress level. To 
determine the appropriate initial stress level for the true triaxial step
wise unloading tests, a preliminary true triaxial loading test was first 
conducted at the same loading rate as the formal tests (the loading rates 
of σ1, σ2, and σ3 were all 0.25 MPa/s) to obtain the peak strength, and 
the test results are presented in Table 1.

3. Basic mechanical properties

The mechanical response of hard rock essentially involves a chain 
process of strength bearing, deformation evolution, and subsequent 
brittle instability under stress. Thus, this section analyzes the effects of 
initial stress difference on the strength, deformation, and brittleness of 

Fig. 3. True triaxial testing system and Shuangjiangkou granite specimen.

Fig. 4. Schematic diagram of the stress path during true triaxial stepwise 
unloading stress paths with different initial stress differences.

Table 1 
Results of true triaxial compression tests on Shuangjiangkou granite under 
different initial stress differences.

Test type σ0
3 

(MPa)
σ0

2 
(MPa)

σ0
2 − σ0

3 
(MPa)

σp 

(MPa)

Conventional triaxial 
compression

10 10 0 180.1

True triaxial compression 10 20 10 220.5
True triaxial compression 10 50 40 251.2
True triaxial compression 10 100 90 297.6
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Shuangjiangkou granite, and reveals its regulatory mechanism under 
true triaxial stepwise unloading.

3.1. Strength difference

Fig. 5 presents the strength of Shuangjiangkou granite under true 
triaxial stepwise unloading stress paths with different initial stress dif
ferences. When the initial stress difference was 0 MPa, the peak strength 
was 161.03 MPa. At an initial stress difference of 10 MPa, the peak 
strength increased to 195.41 MPa, representing a gain of 34.38 MPa 
compared with 0 MPa. With an initial stress difference of 40 MPa, the 
peak strength rose to 222.02 MPa, an increase of 26.61 MPa relative to 
10 MPa. When the initial stress difference reached 90 MPa, the peak 
strength attained 263.04 MPa, showing an increment of 41.02 MPa 
compared with 40 MPa.

These results indicate that the specimen strength exhibits a nonlinear 
growth trend with increasing initial stress difference. The most pro
nounced increase occurs between 0–10 MPa, reflecting the higher 
sensitivity of internal microcracks to stress changes at low initial stress 
differences. The strength increment slows between 10–40 MPa but rises 
again from 40 to 90 MPa, likely due to rapid energy accumulation under 
high initial stress differences, which concentrates macroscopic fracture 
pathways. Furthermore, the relationship between peak strength and 
initial stress difference can be well described by an exponential function, 
with a fitting coefficient of determination R2= 0.95, demonstrating that 
the fitting curve captures the nonlinear evolution of strength with high 
accuracy.

3.2. Deformation difference

The increase in peak strength caused by the rise in initial stress dif
ference essentially reflects the enhanced intergranular interlocking ef
fect within the rock. This change in load-bearing capacity directly alters 
the distribution ratio of stress among the three principal stress di
rections, thereby leading to significant differences in the evolution of 
deformation along the σ1, σ2, and σ3 directions, which is specifically 
manifested as the enhancement of deformation anisotropy. Fig. 6 pre
sents the stress-strain curves of Shuangjiangkou granite under true 
triaxial stepwise unloading stress paths with different initial stress dif
ferences. It can be observed that under different stress difference, 
deformation along the maximum principal stress direction (ε1) always 
exhibits contraction behavior, while deformation along the minimum 

principal stress direction (ε3) shows an dilation. However, the defor
mation along the intermediate principal stress direction (ε2) exhibits 
significant variation. As the initial stress difference increases, the 
deformation along the intermediate principal stress direction transitions 
from dilation to contraction (see Fig. 6b-d). Moreover, when the σ0

2 −

σ0
3 = 0 MPa, the deformations along the intermediate and minimum 

principal stress directions are similar. As the stress difference increases, 
the strains along the intermediate and minimum principal stress di
rections gradually diverge, with the difference in deformation between 
these directions progressively increasing. This indicates that the initial 
stress difference not only constrains the applied stress on the rock but 
also imposes constraints on its deformation, significantly altering the 
deformation evolution along the intermediate and minimum principal 
stress directions, thereby influencing the development direction of rock 
fracture.

Deformation is caused by differences in stress adjustment, so the 
ultimate strain and ultimate stress difference at rock failure under 
different stress differences during true triaxial stepwise unloading were 
analyzed. As shown in Fig. 7, with increasing initial stress difference, ε1 
decreases linearly, while ε2 and ε3 increase linearly. This suggests that, 
during true triaxial stepwise unloading, the increase in initial stress 
difference restricts the development of deformation in all three principal 
stress directions, causing the deformation along the intermediate prin
cipal stress direction to shift from dilation to contraction. This affects the 
differential development of deformation along the intermediate and 
minimum principal stress directions, ultimately leading to variations in 
the final failure modes.

To quantitatively measure the degree of deviation between the strain 
directions of the intermediate and minimum principal stresses, a 
deformation difference coefficient λ was defined, as expressed in Eq. (1): 

λ =
εf

3 − εf
2

εf
3

(1) 

As shown in Fig. 8, during the true triaxial stepwise unloading pro
cess, the deformation difference coefficient of the rock increases pro
gressively with the initial stress difference and can be well fitted using a 
negative exponential function. This observation reveals the mechanism 
by which increasing initial stress differences promote the evolution of 
deformation anisotropy.

3.3. Brittleness difference

An increase in initial stress difference expands the deformation dif
ference between the σ2 and σ3 directions. This uneven deformation 
causes cracks inside the rock to no longer propagate uniformly; instead, 
the concentrate toward the σ3 direction, which accelerates the direc
tional initiation and propagation of microcracks and reduces the buffer 
space for crack propagation, ultimately manifesting as a change in rock 
brittleness. To compare the brittleness characteristics of Shuangjiangkou 
granite under true triaxial stepwise unloading stress paths with different 
initial stress differences, the brittleness index (abbreviated as BTTS), 
calculated from the stress–strain curves, was employed for quantitative 
description [41]. The specific formula is provided in Eq. (2): 

BTTS =
K1 − K3

K1 − K2
⋅
M1 − K1

M1
(2) 

where K1, K2, K3, and M1 represent the deformation moduli of the rock 
corresponding to σ1, σ2 and σ3 before the peak strength, and the defor
mation modulus corresponding to σ1 after the peak strength, respec
tively. Since the post-peak stage does not exist under the unloading 
stress path, Eq. (2) was modified to Eqs. (3) and (4): 

BTLU =
K1 − K3

K1 − K2
(3) 

Fig. 5. Strength characteristics of Shuangjiangkou granite under true triaxial 
stepwise unloading stress paths with different initial stress differences.
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Ki =
(σf

1 − σf
3) − (σ0

1 − σ0
3)

εf
i − ε0

i

(4) 

where BTLU denotes the brittleness index under stepwise unloading; 
i = 1, 2, and 3 correspond to the three principal stress directions. The 
superscript 0 represents the stress and strain values at the initial point, 
while f denotes the stress and strain values at rock failure. A smaller BTLU 

value indicates greater brittleness of the rock.
As shown in Fig. 9, the brittleness index decreases progressively with 

increasing initial stress difference, indicating that the rock becomes 
increasingly brittle. However, the rate of brittleness enhancement 
gradually declines. This phenomenon essentially reflects the regulatory 
effect of the initial stress difference on the evolution of microcracks 
within the rock. At low stress differences, a large number of microcracks 

Fig. 6. Stress-strain curves of Shuangjiangkou granite under true triaxial stepwise unloading stress paths with different initial stress differences: (a) stress-strain 
curves in three directions; (b) stress-strain curves in the σ1 direction; (c) stress-strain curves in the σ2 direction; (d) stress-strain curves in the σ3 direction.

Fig. 7. Deformation anisotropy in Shuangjiangkou granite under true triaxial 
stepwise unloading stress paths with different initial stress differences.

Fig. 8. Deformation difference coefficient of Shuangjiangkou granite under 
true triaxial stepwise unloading stress paths with different initial stress 
differences.
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with dispersed propagation directions exist, and a slight increase in 
initial stress difference rapidly promotes the directional propagation 
along the maximum principal stress and accelerates the coalescence, 
leading to a significant increase in brittleness. In contrast, once the stress 
difference exceeds a certain threshold, the propagation direction of 
microcracks becomes stabilized, and the number of activatable micro
cracks decreases. Consequently, additional stress differences have 
limited impact on the crack propagation mode, resulting in a dimin
ishing marginal effect on brittleness enhancement and a gradual 
reduction in the growth rate. This trend can be well fitted by a power 
function, as expressed in Eq. (5): 

BTLU = 0.4145exp− 0.0502(σ0
2 − σ0

3) (5) 

4. Analysis of macroscopic and microscopic failure modes and 
mechanisms

4.1. Disparities in macroscopic and microscopic failure modes

The macroscopic failure mode is an external manifestation of the 
internal stress state and microcrack evolution of rock, and its failure 

angle shows a significant regular change with the increase of initial 
stress difference (see Figs. 10 and 11). When the initial stress difference 
is 0 MPa, rock cracks develop randomly along the directions of the in
termediate and minimum principal stress, forming a large number of 
interlaced fine curved cracks, with a macroscopic failure angle of 64.5◦, 
which generally exhibits the characteristics of diffuse shear failure. As 
the initial stress difference increases to 10 and 40 MPa, the cracks 
gradually concentrate and propagate parallel to the direction of the in
termediate principal stress and along the direction of the minimum 
principal stress, and the failure angle rises to 72.3◦ and 80.3◦, respec
tively; splitting characteristics begin to be integrated into the shear- 
dominated failure mode. When the initial stress difference reaches 
90 MPa, the directionality of cracks is further enhanced, forming a 
single and straight macroscopic through-going splitting surface, with the 
failure angle stabilizing at 84.5◦, which completely transforms into 
directional splitting failure.

The essence of this evolution lies in the regulation of the initial stress 
difference on the internal stress constraint state of the rock. Under low 
initial stress differences (0–10 MPa), the constraint difference between 

Fig. 9. Relationship between brittleness and initial stress difference of 
Shuangjiangkou granite under true triaxial stepwise unloading stress path.

Fig. 10. Macroscopic failure modes of Shuangjiangkou granite under true triaxial stepwise unloading stress paths with different initial stress differences: (a) σ0
2 −

σ0
3 = 0 MPa; (b) σ0

2 − σ0
3 = 10 MPa; (c) σ0

2 − σ0
3 = 40 MPa; (d) σ0

2 − σ0
3 = 90 MPa.

Fig. 11. Macroscopic failure angle of Shuangjiangkou granite under true 
triaxial stepwise unloading stress paths with different initial stress differences.
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the intermediate and the minimum principal stress is small, the stress 
gradient in the three principal stress directions is gentle, and micro
cracks have no obvious preferential propagation direction, only propa
gating randomly along weak regions such as grain boundaries, 
eventually forming a diffusely distributed shear surface. Under high 
initial stress differences (40–90 MPa), the constraint difference between 
intermediate and the minimum principal stress increases significantly, 
and the lateral constraint in the direction of the minimum principal 
stress weakens sharply, leading to a prominent tensile stress concen
tration effect in this direction; microcracks preferentially propagate 
directionally along the direction dominated by tensile stress, and finally 
converge into a macroscopic splitting surface.

Notably, the influence of the initial stress difference on the failure 
angle has a “sensitive zone” (0–40 MPa) and a “saturation zone” 
(40–90 MPa). In the sensitive zone, for every 10 MPa increase in stress 
difference, the failure angle increases by an average of 3.95◦; while in 
the saturation zone, even with a 50 MPa increase in stress difference, the 
failure angle only increases by 4.2◦. This means that under high initial 
stress differences, the direction of the fracture surface tends to be basi
cally stable. For large-scale engineering projects in such high-pressure 
environments, the fracture angle can be regarded as a relatively stable 
parameter, which enables more accurate estimation of the depth and 
extent of brittle failure in hard rock and facilitates the design of support 
systems with optimal bolt lengths and installation angles.

To investigate the influence of true triaxial stepwise unloading on the 
microscopic failure characteristics of Shuangjiangkou granite under 
different initial stress differences, scanning electron microscopy (SEM) 
was employed to observe the fracture surface morphology of the speci
mens. First, for each rock sample failed under a specific initial stress 
difference, the main fracture surface and typical failure regions were 
located through macroscopic observation. Subsequently, 2–3 represen
tative sub-regions were selected near the main fracture surface, with 
priority given to positions that could reflect the macroscopic failure 
trend, while avoiding edge fragmented areas or non-dominant failure 
regions. Meanwhile, the magnification of the SEM was adjusted as 
needed to capture the key microscopic features of the rock samples. The 
SEM observation results further revealed the microscopic mechanism 
underlying the macroscopic failure modes. An increase in the initial 
stress difference drives the transition of microscopic fracture 
morphology from being dominated by intergranular shear to being 
dominated by transgranular tensile (see Fig. 12). When the initial stress 
difference is 0 MPa and 10 MPa, obvious shear scratches and inter
granular separation characteristics are visible on the fracture surface; 
microcracks propagate mainly along the grain boundaries of minerals 
such as quartz and feldspar, forming uneven serrated fracture surfaces. 
This is consistent with the microscopic origin of macroscopic shear 
failure—since the intergranular bonding strength is lower than the 
intragranular strength, shear stress under low initial stress differences 
preferentially causes grain boundary separation, resulting in intergran
ular shear cracks.

When the initial stress difference increases to 40 and 90 MPa, the 
fracture surface becomes flat and smooth; instead of propagating along 
grain boundaries, microcracks directly traverse quartz grains to form 
transgranular cracks, accompanied by a large number of tensile- 
dominated stepped fracture features. This is because the tensile stress 
concentration under high initial stress differences exceeds the intra
granular bonding strength, forcing microcracks to propagate trans
granularly and further forming macroscopic directional splitting 
surfaces. It should be specifically noted that these stepped cracks are not 
shear cracks but secondary features dominated by tension. The propa
gation paths exhibit transgranular characteristics, directly traversing 
mineral grains such as quartz and feldspar; moreover, there are no 
obvious scratches formed by shear slip at the crack steps, but instead, 

cleavage planes characteristic of tensile fracture are observable. This is 
highly consistent with the formation mechanism of transgranular tensile 
cracks, reflecting that the microscopic failure mode of the rock is 
dominated by tensile failure at this point.

4.2. Microcrack evolution process based on acoustic emission

AE technology enables real-time acquisition of information 
regarding the initiation, propagation, and coalescence of microcracks in 
rock under stress. Regardless of the magnitude of the initial stress dif
ference, the AE evolution process of Shuangjiangkou granite under true 
triaxial stepwise unloading exhibits a consistent two-stage character
istic, which corresponds to different stages of internal microcrack 
development in the rock (see Fig. 13). The early stage of stepwise 
unloading is the steady accumulation stage (Stage a-b). During this 
period, the rock mainly undergoes elastic deformation, with no signifi
cant propagation of pre-existing internal microcracks; only a small 
number of microfractures occur locally due to stress concentration. The 
AE energy rate remains at a low level, and the cumulative AE energy 
curve shows an approximately linear increase, indicating that no 
macroscopic fracturing occurs in the rock and internal damage is in a 
state of slow accumulation. As the number of unloading steps increases, 
the process enters the rapid surge stage (Stage b-c): internal stress 
redistribution in the rock intensifies, isolated microcracks continuously 
initiate, propagate, and coalesce, the AE energy rate rises sharply, and 
the cumulative AE energy curve exhibits a steep exponential increase. 
When the specimen undergoes complete macroscopic failure (Point c), 
the cumulative AE energy reaches its peak. This is attributed to the 
sudden release of a large amount of internal energy caused by the for
mation of macroscopic through-going cracks, which is directly man
ifested as a sharp surge in AE signals.

Although the AE evolution follows the two-stage law, the initial 
stress difference exerts a differential regulatory effect on the key char
acteristics of each stage. In terms of the duration of the rapid surge stage: 
when the initial stress difference is 0 MPa, the duration of this stage is 
approximately 144 s; as the initial stress difference increases to 10 and 
40 MPa, the duration shortens to 133 and 87 s, respectively; when the 
initial stress difference reaches 90 MPa, the duration is only 59 s (see 
Fig. 14). This indicates that under high initial stress differences, the 
internal stress concentration in the rock is more significant, the rate of 
microcrack propagation and coalescence accelerates, and the process 
from damage accumulation to macroscopic instability is greatly com
pressed. In terms of the peak cumulative AE energy at failure: when the 
initial stress difference is 0 MPa, the peak value is approximately 
0.76 × 10⁴ ms⋅mV; when the initial stress difference increases to 
90 MPa, the peak value reaches 5.89 × 10⁴ ms⋅mV, an increase of 675% 
compared with the condition of 0 MPa (see Fig. 14). This reflects that 
under high initial stress differences, the rock accumulates more internal 
energy during the unloading process, and the intensity of sudden energy 
release during failure is more severe, which is consistent with the high- 
energy failure characteristics of hard rock under high-stress conditions.

5. Discussion

5.1. Control effect of initial stress difference on fracture mechanism

To elucidate the differential fracture mechanisms of hard rock under 
varying initial stress differences, cast thin sections of Shuangjiangkou 
granite samples were taken from specimens subjected to stepwise 
unloading under different initial stress differences. The grain charac
teristics and crack morphologies inside the samples, along with the re
lationships to the principal stresses, are shown in Fig. 15. When the 
initial stress difference is 0 MPa, cracks are widely dispersed on all three 
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Fig. 12. Microscopic failure modes of Shuangjiangkou granite under true triaxial stepwise unloading stress paths with different initial stress differences: (a) σ0
2 −

σ0
3 = 0 MPa; (b) σ0

2 − σ0
3 = 10 MPa; (c) σ0

2 − σ0
3 = 40 MPa; (d) σ0

2 − σ0
3 = 90 MPa.
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cross-sections, with weak orientation. The cracks show random re
lationships with the grain boundaries and cleavage planes, and the 
overall fracture pattern is characterized by uniform extension. However, 
when the initial stress difference increases to 90 MPa, the number of 
cracks decreases, and the cracks exhibit a clear control effect by the 
principal stresses on the cross-sections. On the σ2—σ3 plane, cracks tend 

to concentrate and extend along the σ3 direction, demonstrating the 
expansion advantage resulting from lateral constraint insufficiency. On 
the σ1—σ3 plane, cracks form in a band-like distribution with strong 
directional alignment, with localized cleavage connectivity observed. 
On the σ1—σ2 plane, nearly no microcracks are generated, primarily due 
to the suppression of cracks in this direction by the initial stress 
difference.

Overall, as the initial stress difference increases, the crack distribu
tion becomes more concentrated and exhibits more pronounced direc
tionality. The failure mode transitions from a uniform, diffuse fracture 
pattern at low initial stress differences to a cleavage-dominated direc
tional failure mechanism at high initial stress differences.

5.2. Influence of initial stress difference on the cumulative damage during 
true triaxial stepwise unloading

During true triaxial stepwise unloading, the internal damage of rock 
is not generated instantaneously, but rather exhibits a cumulative effect 
as stress is gradually released. Experimental results demonstrate that, in 
the early stage of unloading, Shuangjiangkou granite primarily un
dergoes an elastic response, with only a few pre-existing microcracks 
being activated due to stress concentration. At this stage, the AE energy 
rate remains low, and the cumulative AE energy curve shows an 
approximately linear growth. However, as the number of unloading 
steps increases, stress redistribution progressively promotes microcrack 
initiation and propagation. The cumulative AE energy enters an accel
erated growth phase, reflecting a typical temporal evolution of damage 
characterized by steady accumulation followed by a sudden surge. This 
process is strongly influenced by the magnitude of the initial stress 
difference. Under low initial stress differences, damage evolves rela
tively slowly. Meanwhile, microcracks tend to expand in a diffuse 

Fig. 13. AE evolution process of Shuangjiangkou granite under true triaxial stepwise unloading stress paths with different initial stress differences: (a) σ0
2 − σ0

3 =

0 MPa; (b) σ0
2 − σ0

3 = 10 MPa; (c) σ0
2 − σ0

3 = 40 MPa; (d) σ0
2 − σ0

3 = 90 MPa.

Fig. 14. Cumulative AE energy and rapid growth time of Shuangjiangkou 
granite under true triaxial stepwise unloading stress paths with different initial 
stress differences.
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manner. In contrast, high initial stress differences lead to three distinct 
phenomena: first, internal energy accumulates rapidly; second, crack 
propagation accelerates significantly; third, the duration of the rapid 
increase in cumulative AE energy shortens. This indicates that damage is 
more likely to be concentrated and released abruptly within a short 
period, thereby inducing macroscopic failure.

To quantitatively evaluate the degree of abrupt, high-energy failure 
of rock during stepwise unloading under different initial stress differ
ences, the variation of cumulative AE energy per unit time during the 
rapid-growth stage is defined as the index of sudden failure intensity, as 
expressed by Eq. (6): 

SF =
Uc − Ub

Tc − Tb
(6) 

where SF denotes the rock sudden failure degree; Ub and Tb represent the 
cumulative AE energy and the corresponding time at the onset of the 
steady growth stage; while Uc and Tc correspond to the cumulative AE 
energy and the time at the rapid growth stage.

As illustrated in Fig. 16, the rock sudden failure degree increases 
with the initial stress difference, exhibiting a logarithmic growth trend 
similar to that observed for the brittleness index. This phenomenon re
veals the coexistence of gradual and abrupt mechanisms in the damage 

evolution of granite under true triaxial stepwise unloading. Specifically, 
during the initial stage, microcrack activation is primarily oriented and 
energy accumulates slowly, whereas in the pre-failure stage, the process 
is dominated by abrupt energy release and rapid crack coalescence. 
Ultimately, this results in a cross-scale evolutionary process from 
microscopic damage to macroscopic splitting failure.

5.3. Mechanism of initial stress difference-induced failure mode transition

The fundamental mechanical mechanism underlying the transition 
of the macroscopic failure mode from diffuse shear to directional split
ting lies in the regulatory effect of the initial stress difference on the 
propagation direction and type of microcracks, which can be quantita
tively analyzed based on the basic principles of fracture mechanics. 
According to linear elastic fracture mechanics, the response of a flat
tened elliptical crack inside the rock under far-field stress can be char
acterized by the stress intensity factor at its tip. For a crack oriented at an 
arbitrary angle to the principal stress directions, the classical calculation 
formulas for the Mode I (opening mode) and Mode II (sliding mode) 
stress intensity factors (KI and KII) are as follows [42,43]: 

KI = σ
̅̅̅̅̅
πa

√
⋅YI (7) 

KII = τ
̅̅̅̅̅
πa

√
⋅YII (8) 

where σ is the normal stress acting on the crack surface, τ is the shear 
stress acting on the crack surface, and YI and YII are correction co
efficients related to crack shape, size, and sample geometry.

In true triaxial unloading tests, the stress state is more complex. 
Consider a crack whose normal is perpendicular to the σ3 direction (one 
of the most dangerous potential cracks). The effective normal stress and 
shear stress acting on this crack surface are the combined result of the 
three principal stresses. During the unloading process, the decrease in σ3 
directly reduces the normal compressive stress acting on the crack sur
face and may even convert it into effective tensile stress, thereby 
significantly increasing the KI that drives the tensile propagation of the 
crack. Maintaining a constant high σ2 value exerts a strong constraint on 
cracks parallel to the σ1—σ2 plane. This constraint greatly inhibits the 
development of KII, which drives the shear slip of the crack.

Therefore, an increase in the initial stress difference enhances the 
propagation advantage of cracks parallel to the σ2—σ3 plane (mainly 

Fig. 15. Microcrack morphology of Shuangjiangkou granite under true triaxial stepwise unloading stress paths with different initial stress differences: (a) σ0
2 − σ0

3 =

0 MPa; (b) σ0
2 − σ0

3 = 90 MPa.

Fig. 16. Rock sudden failure degree of Shuangjiangkou granite under true 
triaxial stepwise unloading stress paths with different initial stress differences.
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controlled by KI) while suppressing cracks controlled by KII. According 
to the maximum circumferential stress criterion, the crack will propa
gate in the direction that makes KII zero, and finally stabilize in the di
rection perpendicular to the minimum principal stress. When KI at the 
crack tip reaches the fracture toughness of the material, the crack will 
undergo unstable propagation.

This mechanism explains that under high initial stress differences, KI 
becomes the dominant driving force for propagation, resulting in a 
smooth, high-angle splitting surface macroscopically (a typical charac
teristic of Mode I fracture) and transgranular tensile cracks predomi
nantly microscopically. In contrast, under low initial stress differences, 
both KI and KII make significant contributions to cracks with various 
orientations, leading to the formation of a complex mixed fracture 
network, which manifests as diffuse shear failure.

6. Conclusions

Based on true triaxial stepwise unloading tests, this study systemat
ically investigated the strength, deformation, brittleness, and multi- 
scale failure mechanisms of hard rock under different initial stress dif
ferences. In addition, AE monitoring was employed to reveal the evo
lution process of cumulative damage and sudden failure. The main 
conclusions are as follows: 

(1) With increasing initial stress difference, the peak strength of rock 
exhibits a nonlinear growth trend, with the enhancement being 
more pronounced at lower stress differences. Concurrently, the 
macroscopic failure mode gradually evolves from diffuse shear 
propagation to directional splitting failure, while the microscopic 
fracture morphology transitions from shear striations and inter
granular cracks to predominantly transgranular tensile cracks.

(2) In the early stage of stepwise unloading, only a few microcracks 
are activated within the rock, and the cumulative AE energy in
creases slowly. As unloading progresses, crack propagation in
tensifies, AE events enter a rapid growth phase, and damage 
accumulates at an accelerated rate, eventually leading to 
macroscopic instability. Increasing initial stress difference 
shortens the duration of this rapid growth stage, indicating that 
higher initial stress differences promote concentrated energy 
release within shorter time intervals.

(3) The rock sudden failure degree increases with the initial stress 
difference, following a logarithmic growth trend consistent with 
the evolution of the brittleness index. This finding reveals the 
coupled mechanism in which macroscopic damage evolves from 
gradual accumulation to rapid macroscopic crack coalescence.
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