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Abstract: To study the influence of axial stress on the failure characteristics of deep arched roadway considering 
structural effect, true triaxial compression tests were conducted on cubic granite specimens with a three-centered arched 
hole structure. A video monitoring device was utilized to record the failure process of surrounding rocks. The test 
results show that under 10−60 MPa axial stress, the surrounding rock failure process included the calm stage, particle 
ejection stage, fragment ejection stage, and rock slice buckling and spalling stage. Under higher axial stresses (70 and 
80 MPa), the failure process is characterized by violent fragment spray during the fourth stage. As the axial stress 
increases, the failure of surrounding rock increases, while the initial vertical failure stress first increases and then 
decreases. According to the failure characteristics of roadway under different axial stresses, arranging the roadway 
along the direction of a moderate axial stress level is desired. 
Key words: axial stress; failure characteristic; true triaxial test; arched roadway; V-shaped notch; acoustic emission; 
rockburst 
                                                                                                             

 
 
1 Introduction 
 

Rockburst is a sudden rock failure phenomenon 
caused by deep underground excavation, often 
accompanied by varying degrees of sound and 
energy release [1−3]. As underground space 
projects have progressed to increasing depths, the 
stability of rock mass has been significantly 
affected by “high ground stress, high permeability, 
high ground temperature and strong mining 
disturbance” [4−6]. The stress environment becomes 
increasingly complex, and rockburst disasters occur 
occasionally [7,8]. This sudden geological hazard 
poses a major threat to the safety of personnel and 
equipment [9,10]. 

Many researchers have studied the mechanism 
and failure characteristics of rockburst. In the early 
stages of rockburst study, laboratory tests were 

mainly performed to investigate pillar and excavation 
boundary rockbursts. The uniaxial compression    
tests [11,12] and biaxial compression tests [13−15] 
were the most prevalent types of tests. Later, with 
the emergence of true triaxial equipment, 
researchers preferred to conduct true triaxial 
experiments for more realistic stress conditions,  
and intact rectangular prismatic or cubic rock 
specimens were normally used to study rockburst 
issues [16,17]. LI et al [18,19] conducted true 
triaxial unloading tests on different cuboidal rocks 
(granite, sandstone, and cement mortar) and found 
that the intermediate principal stress affected the 
failure mode, peak strength, and rockburst severity 
of hard rock. SU et al [20] investigated the influence 
of tunnel axial stress on strainburst using a true 
triaxial rockburst system. They found that the rock 
strength first increased and then decreased with 
increasing axial stress. JIANG et al [21] analyzed 
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the strainburst behavior of rectangular prismatic 
marble specimens under different stress conditions 
and found that the intermediate principal stress 
considerably influenced the rockburst behavior. 

The above studies have greatly enriched the 
understanding of rockburst. However, these studies 
only considered rectangular prismatic rock specimens 
in the rockburst experiments, and ignored the 
influence of the whole structure of the chamber or 
roadway. Thus, they can only simulate the local 
failure of a roadway, which can not sufficiently 
reflect the characteristics of roadway rockburst 
occurring in engineering practice. This is because 
the structural effect and curvature of the rock mass 
have an important influence on its mechanical 
properties in deep subsurface engineering [22]. For 
this reason, researchers have attempted to carry out 
rockburst simulation experiments considering the 
whole rock structures [23−25]. WANG et al [26] 
used a self-developed true triaxial test system to 
carry out rockburst simulation tests on square 
specimens with elliptical holes, and studied the 
influence of the long-short axis ratio on rockburst 
of an elliptical tunnel structure. HU et al [27] 
studied the rockburst process of a borehole by using 
a cubic specimen with prefabricated circular holes. 
Their test results showed that the rockburst process 
was characterized by significant spatial distribution 
and structural responses. YANG et al [28] 
investigated the effect of horizontal stress on the 
rockburst proneness of different rocks using a 
digital drilling instrument. GONG et al [29] and SI 
et al [30,31] also performed a series of true triaxial 
tests on cubic specimens with prefabricated holes 
and obtained important results. However, these 
existing studies overlook the influence of axial 
stress on the failure characteristics of roadway 
structures. In addition, at the excavation boundary, 
the rock is often subjected to a special stress state of 
“one face free, five faces under stress”. In this stress 
state, in addition to the tangential and radial stresses, 
the axial stress of the chamber influences rock   
failure [20]. Unfortunately, the boundary effect on 
the failure characteristics of the surrounding rock in 
a deep arched roadway has rarely been investigated 
by comparative experiments considering the 
influence of axial stress. 

In deep underground engineering, the most 
common and representative cross-sectional shape is 

the three-centered arch [32]. Therefore, in this study, 
groups of true triaxial compression tests were 
conducted under different axial stress levels using 
cubic granite specimens with a three-centered 
arched hole. A self-developed video device was 
used to record the failure process and characteristics 
of surrounding rock. The test process and results 
were analyzed in detail with acoustic emission (AE) 
signals. Moreover, comparative tests were also 
conducted using the rock specimens with a smaller 
hole size to discuss the boundary effects on the 
failure characteristics of surrounding rock in deep 
roadways. The results of this study can help guide 
the excavation and support of deep roadways. 
 
2 Experimental 
 
2.1 Preparation of samples 

The granite material in this study was obtained 
from Wushan Town, Suizhou City, Hubei Province, 
China. The material’s uniaxial compressive strength, 
elastic modulus, Poisson’s ratio, density, and 
P-wave velocity were 145 MPa, 31.78 GPa, 0.24, 
2620 kg/m3, and 2923 m/s, respectively. The granite 
was judged to have a strong rockburst tendency 
using the potential energy of elastic strain     
index [33,34]. Additionally, an X-ray diffraction 
(XRD) experiment was conducted on the granite 
material to analyze its diffraction patterns. The 
mineral composition of the granite is shown in 
Fig. 1(a). The granite used in the experiment mainly 
consists of albite, quartz, microcline, anorthite, 
orthoclase, sanidine and biotite. The detailed 
mineral proportions are shown in Fig. 1(b). 

To reduce the discreteness of rock specimens 
and to ensure testing accuracy, all specimens were 
taken from the same intact rock block. As shown in 
Fig. 2, the granite block was machined into cubic 
specimens with side lengths of 100 mm, and an 
arched penetration hole (with bottom hole length of 
50 mm, sidewall height of 25 mm, and arch height 
of 16.67 mm) was drilled in the center of the 
specimens. These cubic granite specimens were 
machined with strict accuracy according to the 
standards of the International Society for Rock 
Mechanics [35]. 

 
2.2 Test equipment 

The cubic granite specimens were tested using 
a true triaxial testing system, as shown in Figs. 3(a) 
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Fig. 1 X-ray diffraction pattern (a) and mineral composition (b) of test material 
 

 

Fig. 2 Prepared granite specimen: (a) Sketch; (b) Physical photograph 
 

 
Fig. 3 Test equipment: (a) True triaxial test system; (b) True triaxial loading box; (c) PCI−2 AE system; (d) Video 
monitoring device 
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and (b). The test system can apply loads 
independently in the X, Y, and Z directions. The 
maximum load that can be applied in X and Y 
directions is 2 MN, and that in the Z direction is 
3 MN. The load rate range is 101−104 N/s. The force, 
displacement, deformation, and other information 
are recorded in real-time using a full digital 
measurement and control device, which can realize 
one-way, two-way, and three-way instantaneous 
loading and unloading. The tests were conducted 
using a PCI−2 AE system (Fig. 3(c)) to monitor the 
AE signals generated during the tests. A video 
monitoring device (Fig. 3(d)) was developed, with a 
miniature camera placed in a special X-directional 
loading block to observe the whole process of 
failure development in the inner wall of the hole in 
real-time. A three-centered arch block of the same 
size as the specimen hole was added to ensure full 
contact of the loading block with the specimen 
containing the hole. The block and loading block 
were connected using a linking block. 
 
2.3 Load path 

Following excavation of the working face, 
stress concentration will gradually occur at the 
boundary, and the tangential stress σθ will continue 
to increase. When σθ increases beyond the rock 
strength, the rock will rupture and the residual 
strain energy will be rapidly released in the form of 
a rockburst. During this stress adjustment process, 
the rock at the excavation boundary is also 
subjected to the radial stress σy and axial stress    
σx, with σθ > σx > σy [20]. In indoor laboratory 
experiments, an increase in σθ can be simulated by 
increasing the vertical stress σz [27]. Therefore, in 
this study, σy was set at 10 MPa, σx was set at eight 
stress levels from 10 to 80 MPa, in increments of 
10 MPa. By increasing σz to simulate an increase in 
σθ in the chamber, the influence of σx on the failure 
characteristics of the arched roadway was 
systematically studied. 

The specific load path is shown in Fig. 4. In 
the present experiments, the axial and radial 
directions of the hole are the X- and Y-direction, 
respectively. After installing the granite specimen in 
the loading box, force-controlled loading was 
applied in all three directions at 1 kN/s. First, σx, σy, 
and σz were loaded to 10 MPa and kept in a 
hydrostatic pressure state for 2 min. Then, σx and σz 
were loaded to the set axial stress value, and the 

hydrostatic pressure state was maintained for 2 min. 
Subsequently, we continued to load σz. To allow the 
surrounding rock to adjust to the stress and fully 
observe the whole failure process, the continuous 
loading in Z-direction is gradually switched to step 
loading (20 kN per step and maintained for 1 min) 
as the cavern wall exerts particle ejection. When the 
applied load causes wall failure in the entire axial 
direction or severely damages both sides of the wall, 
step loading is stopped, maintained for 60 s, and 
finally the force in the three directions is released 
simultaneously in a 20 mm/min displacement control 
mode. 
 

 
Fig. 4 Test load path: Initial loading (I); Continuous 
loading (II); Step loading (III) 
 
3 Experimental results 
 
3.1 Stress–time curves 

The stress–time curves for the true triaxial test 
under different axial stress conditions are shown in 
Fig. 5. The samples are named as follows: For 
example, in Specimen T-10-50, T represents the 
triaxial compression test, and 10 and 50 represent 
the radial and axial stress setting values, 
respectively. Because of the hole in the X-direction, 
the contact area of the specimen in the X-direction 
is smaller than that in the Y- and Z-direction.  
Hence, the load rate and stress value in the 
X-direction were converted. The Z-direction stress 
values at the beginning of failure (particle ejection) 
in the hole wall under different axial stress 
conditions were 52.50 MPa (T-10-10), 60.51 MPa 
(T-10-20), 65 MPa (T-10-30), 77.01 MPa (T-10-40), 
79.46 MPa (T-10-50), 89.90 MPa (T-10-60), 
79.71 MPa (T-10-70), and 74.29 MPa (T-10-80). The 



Kang PENG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 4032−4048 4036 

 

 
Fig. 5 Stress–time curves of specimens under different axial stress conditions: (a) T-10-10; (b) T-10-20; (c) T-10-30;  
(d) T-10-40; (e) T-10-50; (f) T-10-60; (g) T-10-70; (h) T-10-80 
 
maximum stress values before final releasing the 
stress in the Z-direction under different axial  
stress conditions were 66 MPa (T-10-10), 72 MPa 
(T-10-20), 77 MPa (T-10-30), 88 MPa (T-10-40), 
92 MPa (T-10-50), 99 MPa (T-10-60), 89 MPa 

(T-10-70), and 80 MPa (T-10-80). In Specimen 
T-10-80, particle ejection occurred before it was 
loaded to the set axial stress value. Moreover, axial 
penetration failure occurred when the specimen was 
loaded to 80 MPa, and no step loading was performed. 
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3.2 Failure process of surrounding rock 
During the tests, the video monitoring device 

was used to record the failure process of the rock 
surrounding the hole. The comparative analysis 
revealed that at lower axial stresses (10−60 MPa), 
the failure process of the surrounding rock could be 
roughly divided into four stages: the calm stage, the 
particle ejection stage, the fragment ejection stage, 
and the rock slice buckling and spalling stage. 
However, at higher axial stresses (70−80 MPa), the 
failure process was intenser and went through  
four stages: the calm stage, the particle ejection 
stage, the fragment ejection stage, and the  
fragment spraying stage. Taking Specimens 
T-10-30 (representing low axial stress levels) and 
T-10-70 (representing high axial stress levels) as 
examples, the failure process of the surrounding 
rock is explained in detail to understand the 
characteristics of each stage further.  

The failure process of the surrounding rock of 
Specimen T-10-30 is shown in Fig. 6. During the 
calm stage, the surrounding rock does not fail 
(Fig. 6(a)). At 917.28 s and σz=65 MPa, small 
particles are ejected from the bottom of the right 
sidewall (Fig. 6(b)). After 68.04 s, σz increases to 
67.00 MPa, and particle ejection also occurs on the 
left sidewall (Fig. 6(c)). For the next 138.96 s, 
particles are continuously ejected from both 
sidewalls. At 1124.28 s and σz=69.20 MPa, the rock 

block of the right sidewall bottom is suddenly 
peeled off and ejected (Fig. 6(d)). After 48.24 s, σz 
increases to 71.00 MPa, and fragment ejection 
accompanied by a large ejection of small particles 
occurs near the bottom of the right sidewall 
(Fig. 6(e)), producing a small amount of white dust 
fog, forming macroscopic cracks. At 1205.64 s, the 
right sidewall rock slice buckles (Fig. 6(f)). After 
39.96 s, σz reaches 73.00 MPa, and numerous 
particles are suddenly ejected from the left sidewall, 
recreating a white fog phenomenon (lasting for 
21.00 s). Simultaneously, the left sidewall rock slice 
also buckles (Fig. 6(g)). At 1343.52 s and σz= 
75.00 MPa, small rock slice spalling occurs on the 
left sidewall, and the crack gradually expands 
(Fig. 6(h)). After about 3.60 s, the left sidewall rock 
slice suddenly peels off, and a new rock slice 
buckling appears on the left sidewall (Fig. 6(i)). 
Then, the crack gradually expands along the axial 
direction, with block fragments popping out of the 
sidewalls on either side. As σz gradually increases, 
the crack on the left sidewall further expands, 
accompanied by spalling of several block fragments 
(Fig. 6(j)). When σz reaches 75.77 MPa, significant 
rock slice buckling occurs on the right sidewall 
(Fig. 6(k)). As σz increases further, the right 
sidewall rock slice continues to buckle and 
numerous particles ejected from both sidewalls 
create a small amount of white fog. The final failure  

 

 

Fig. 6 Failure process images of Specimen T-10-30 
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state of the surrounding rock is shown in Fig. 6(l). 
We observed serious failure to both sidewalls, with 
the failure length reaching more than 3/4 of the 
hole’s axial length. 

The failure process of the surrounding rock of 
Specimen T-10-70 is shown in Fig. 7. During the 
calm period, the surrounding rock of the hole does 
not fail (Fig. 7(a)). At 1045.08 s and σz=79.71 MPa, 
particle ejection occurs at the bottom of the right 
sidewall (Fig. 7(b)). After about 3.96 s, particle 
ejection reoccurs (Fig. 7(c)). At 1066.32 s, particles 
are also ejected at the bottom of the left sidewall 
(Fig. 7(d)). At 1074.24 s and σz=81.00 MPa, 
massive particles are ejected from both sidewalls 
(Fig. 7(e)). At 1132.20 s and σz=82.28 MPa, the 
fragment ejection distance reached 2/3 of the radial 
length of the hole following the sudden ejection of 
fragments from the right sidewall accompanied by a 
small amount of particle ejection (Fig. 7(f)). At this 
time, a macroscopic crack appears on the right 
sidewall. When σz increases to 83.00 MPa after 
42.12 s, fragment ejection reoccurs on the right 
sidewall (Fig. 7(g)), and several particles are 
ejected, creating a white fog phenomenon (lasting 
for 5 s). At 1206.00 s and σz=83.33 MPa, rock slices 
are suddenly ejected from the left sidewall 
(Fig. 7(h)). After 22.32 s, the rock slice ejection 
also occurs at the failure position of the right 
sidewall (Fig. 7(i)). At 1349.28 s and σz=87.00 MPa, 

several fragments are ejected, producing white fog 
phenomena; the cracks on both sidewalls gradually 
develop along the axial direction (Fig. 7(j)). The 
whole fragment ejection phase lasts for 
approximately 250 s, with fragments and fine 
particles being continuously ejected from both 
sidewalls. At 1383.12 s and σz=88.57 MPa, many 
powdery particles are suddenly ejected from the 
right sidewall. The spraying of massive rock 
fragments creates a white fog phenomenon (Fig. 7(k)). 
The fragment spraying process lasts for 66.60 s. 
The final failure state of the surrounding rock is 
shown in Fig. 7(l). Severe failure is observed on 
both sidewalls of Specimens T-10-30 and T-10-70, 
indicating the rationality of experimental operation. 

 
3.3 Failure characteristics under different axial 

stresses 
Figure 8 shows the surrounding rock failure 

after the tests. No failure occurs at the top and 
bottom of the holes in all specimens. However, 
there is obvious spalling on the sidewalls. Under 
low axial stress conditions (Figs. 8(a−f)), the 
sidewall rock slices are mainly characterized by 
static slow spalling, generating thin rock slices 
approximately parallel to the sidewall. In addition, 
some rock slices are only partially open and     
not completely peeled off from the sidewall due to 
incomplete crack development. In contrast, under  

 

 
Fig. 7 Failure process images of Specimen T-10-70 
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Fig. 8 Failure states of hole sidewalls in rock specimens under different axial stress conditions: (a) T-10-10; (b) T-10-20; 
(c) T-10-30; (d) T-10-40; (e) T-10-50; (f) T-10-60; (g) T-10-70; (h) T-10-80 
 
high axial stress conditions, the spalling of the 
surrounding rock on the sidewalls is intenser (as 
shown in Figs. 8(g) and (h)), with rock slices 
ejected from one side of the cavern sidewall to the 
other. Under the influence of rock heterogeneity, the 
failure degree of both sidewalls is different. 
However, the failure pattern is V-shaped and is 
characterized by deep middle and shallow ends in 
the vertical direction. In Figs. 8(b−e), laminar 
cracks roughly parallel to the sidewall can be 
observed at the sidewall boundary, indicating that 
the spalling of rock slices is due to tensile failure. 

When the axial stresses are 10 and 20 MPa, the 
size of rock slices is significantly smaller than that 
produced at the axial stress of 30−70 MPa, and such 
rock slices dominate during the spalling. This is 
because, under high axial stress, it is relatively 
difficult to produce tensile stress in the axial 
direction of the hole due to the clamping of axial 
stress, and the tensile stress is more limited to the 
radial direction. Therefore, the crack tends to 
develop in the vertical and axial directions, 
producing significantly larger rock slices. However, 
when the axial stress is too high, the excessive  
axial stress will moderately inhibit the crack 
development along the axial direction, promoting 
their development along the vertical direction. Thus, 
a long strip of rock slice is produced (see Fig. 8(h)). 

 
3.4 AE characteristics under different axial stresses 

The AE activity generated during the true 
triaxial compression tests can intuitively reflect the 
evolution of internal cracks in the surrounding rock. 
Therefore, in this work, two AE probes were 
mounted on the two load blocks in the Y-direction 

to monitor the AE signals generated during the tests. 
The characteristics of the AE counts and cumulative 
AE counts under different axial stress conditions 
are shown in Fig. 9. Extensive AE activity is 
produced in Specimen T-10-80 before reaching the 
initial stress state and much macroscopic failure on 
the sidewall. Hence, no step loading is performed 
on this specimen. In Figs. 9(a−g), during the initial 
and continuous loading phases (see Fig. 4), the 
primary cracks inside the specimen gradually close 
under the force, generating a small amount of AE 
activity. The sudden generation of more AE activity 
near the start of step loading indicates that internal 
cracks in the surrounding rock are initiating and 
expanding. When the cracks extend to the surface 
of the sidewall, rock particles are ejected under the 
force. Large amounts of AE activity are generated 
when the vertical stress is sufficiently high. At this 
time, internal cracks in the surrounding rock expand, 
unite, and penetrate until macroscopic failure 
occurs on the sidewall. In the step-loading stage, 
the AE signal generated by the crack activity occurs 
during the stress maintenance period, indicating an 
effectiveness of the step-loading. 

 
4 Discussion 
 
4.1 Influence of axial stress on failure evolution 

Under similar true triaxial compression 
conditions, the failure evolution of hole sidewalls in 
the specimens can be different due to a change in 
axial stress. As demonstrated in Fig. 10, when   
the axial stress is relatively low (10−60 MPa),   
the evolution process of the sidewall failure can be 
divided into four stages: the calm stage, the particle  
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Fig. 9 AE activity characteristics of rock specimens under different axial stress conditions: (a) T-10-10; (b) T-10-20;   
(c) T-10-30; (d) T-10-40; (e) T-10-50; (f) T-10-60; (g) T-10-70; (h) T-10-80 
 
ejection stage, the fragment ejection stage, and   
the rock slice buckling and spalling stage. The 
characteristics of different failure stages under low 
axial stress conditions are as follows. (1) The calm 
stage: There is no macroscopic failure to the 
sidewalls. As the vertical stress gradually increases, 
the elastic strain energy continuously accumulates 
and microcracks gradually initiate on the sidewalls. 
(2) The particle ejection stage: As the cracks 
gradually expand, rock particles are ejected from 
the sidewall, and this process occurs mainly at the 
bottom of the sidewalls. The main reason is that the 
bottom of the sidewalls is located at the junction of 

the sidewalls and the bottom plate, which is prone 
to stress concentration. Therefore, rock failure 
occurs here first. As the vertical stress increases, 
particle ejection gradually occurs along the axial 
direction of the hole. (3) The fragment ejection 
stage: As the cracks continue to expand, some 
cracks become interconnected. Rock fragments are 
produced and ejected from the sidewalls due to the 
release of the stored elastic strain energy, 
simultaneously accompanied by particle ejection. 
At this time, macroscopic cracks are generated   
on the sidewalls. (4) The rock slice buckling and 
spalling stage: As the vertical stress continuously  



Kang PENG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 4032−4048 

 

4041 

 

 
Fig. 10 Evolution process of sidewall failure under lower 
axial stresses of 10−60 MPa: (a) Calm stage; (b) Particle 
ejection stage; (c) Fragment ejection stage; (d) Rock 
slice buckling and spalling stage 
 
increases, the macroscopic cracks gradually expand 
and connect along the sidewall. The rock slice 
gradually buckles to the free surface and eventually 
peels off from the sidewalls. This stage is shown 
schematically in Fig. 10(d). It can be observed from 
Fig. 6 that the buckling and spalling stage of rock 
slices is a slow process. During this period, particle 
ejection, fragment ejection, and rock slice buckling 
and spalling occur continuously at other locations 
on both sidewalls, with obvious spatial distribution 
characteristics. 

When the axial stress is high (70−80 MPa), the 
failure process of the sidewall can also be divided 
into four stages: the calm stage, the particle ejection 
stage, the fragment ejection stage, and the fragment 
spraying stage. As shown in Fig. 11, the failure 
characteristics of sidewalls at the first three stages 
are basically the same as those at the low axial 
stresses. However, the final failure stage, i.e., 
fragment spraying stage, is more violent compared 
with the rock slice buckling and spalling stage. As 
the vertical stress increases, a large number of rock 
particles and fragments are suddenly ejected from 
the sidewalls (Fig. 11(d)), creating a white fog 
phenomenon. 

Table 1 shows the average durations at the four 
failure stages under different axial stresses. It can 
be observed that there is little difference in the 
duration of the calm stage under different axial 
stresses. At higher axial stresses (70−80 MPa), the  

 

 
Fig. 11 Evolution process of sidewall failure under 
higher axial stresses of 70−80 MPa: (a) Calm stage;     
(b) Particle ejection stage; (c) Fragment ejection stage;  
(d) Fragment spraying stage 
 
Table 1 Durations at four failure stages under different 
axial stresses 

Axial 
stress/ 
MPa 

Duration/s 

Calm 
stage 

Particle 
ejection stage 

Fragment 
ejection stage 

Last 
stage 

10−60 936.72 76.48 130.43 297.60 

70−80 955.62 65.70 250.92 66.60 

 
duration of the particle ejection stage is shorter and 
the duration of the fragment ejection stage is 
obviously longer. This suggests that at higher axial 
stresses, the effect of non- uniformity caused by 
rock particles is weakened and more failure occurs 
in the form of fragment ejection from the sidewalls. 
In the last stage, the failure of the surrounding rock 
at lower axial stresses (10−60 MPa) is characterized 
by slow spalling failure of longer duration. In 
contrast, at higher axial stresses (70−80 MPa), due 
to the accumulation of more releasable elastic strain 
energy, the later failure stages of the surrounding 
rock are intensified, which is manifested as the 
longer duration for fragment ejection and the violent 
spraying of rock fragments. It can be concluded that 
axial stress has a significant impact on the failure 
evolution process of the surrounding rock. A higher 
axial stress shortens the duration of the particle 
ejection stage and lengthens the duration of the 
fragment ejection stage, and the suddenness of the 
rockburst is stronger. 
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4.2 Influence of axial stress on failure stress 
The initial vertical failure stress σzi in the 

surrounding rock under different axial stress 
conditions is shown in Fig. 12. As the axial stress 
increases, σzi increases first and then decreases. The 
σzi is the lowest when the axial stress is 10 MPa, 
and is the highest when the axial stress is 60 MPa. 
Hence, the stability of the surrounding rock is 
highest at an axial stress of 60 MPa. In previous 
studies, scholars tried to explain the causes of rock 
stability from different perspectives. For example, 
SU et al [20] introduced the constraint and Poisson 
effects to explain the variations in rock strength 
with increasing tunnel axial stress. DU et al [36] 
suggested that a high deviatoric stress between σ2 
and σ3 causes more prominent pre-fracturing. 
Therefore, when σ2 was increased to a certain value, 
the rock strength decreased. PAN et al [37] 
demonstrated that the number of rock failure 
elements in the pre-peak region is the decisive 
factor for the change in rock strength using the 
EPCA3D system numerical simulation method. 
Increasing σ2 inhibits the deformation of the rock 
element in the vertical direction and delays rock 
failure. Hence, the rock strength increases. However, 
when σ2 is sufficiently large, it leads to the failure of 
many rock elements, and thus causes a reduction in 
the rock strength. 
 

 
Fig. 12 Variation in σzi under different axial stress conditions 
 

In fact, several cracks are randomly created in 
the surrounding rock before it starts to fail. The 
rock will fail if these cracks connect and penetrate. 
Here, we investigated the influence of axial stress 
on the rock strength using a microscopic view of 
the tiny rock element of the sidewalls, as shown in 
Fig. 13. For ease of understanding, three cracks A, 
B, and C are considered to represent the class of 

cracks in approximately parallel radial, axial, and 
vertical directions, respectively. An increase in axial 
stress (σ2) promotes the closure of classes A and C 
cracks, resulting in an increase in the frictional 
resistance to inhibit their extension. Therefore, the 
strength of the surrounding rock increases. However, 
when the axial stress increases to 70 MPa, it has a 
limited effect on the closure of classes A and C 
cracks. The increase in axial stress will instead 
promote the expansion of class B cracks, making 
them easier to join and penetrate each other, thus 
reducing the overall strength of the surrounding 
rock. 
 

 
Fig. 13 Schematic diagram for rock element crack analysis 
 

In order to further understand the stability of 
the surrounding rock in deep roadway under 
different axial stresses from a macroscopic point of 
view, the fragments of specimens were cleaned after 
the tests. The rock fragments were carefully clipped 
out with tweezers to ensure the integrity of the rock 
fragments. The overall failure of the specimens 
after cleaning is shown in Fig. 14. The final failure 
modes and areas of the surrounding rock are similar 
under different axial stress conditions. Failure starts 
on both sidewalls and progresses axially, forming a 
V-shaped notch. Moreover, when the axial stress is 
10−40 MPa or 80 MPa, the macroscopic cracks 
connecting the hole and specimen boundary are 
produced. However, when the axial stress is 
50−70 MPa, there are no macroscopic cracks in the 
whole specimen, indicating that low and high axial 
stresses are detrimental to the overall stability of the 
surrounding rock. An appropriate increase in axial 
stress can help to reduce crack generation and 
expansion. Therefore, excavating the roadway 
along the larger axial stress direction is 
recommended in practical engineering. 



Kang PENG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 4032−4048 

 

4043 

4.3 Influence of axial stress on failure intensity 
Rock failure is a process driven by energy 

storage and release [38,39]. By comparing the 
sidewall failure evolution process under different 
axial stress conditions, it can be found that all the 
stored elastic strain energy is used for crack 
initiation and propagation under low vertical stress. 
When the cracks extend to the sidewall surface, the 
elastic strain energy is released in the form of 
particle ejection and fragment ejection. As the 
vertical stress continues to increase, once the outer 
rock fragments peel off and break to the free 
surface, the inner rock fragments are successively 
ejected. This phenomenon is particularly evident 
when high axial loads are applied. Under high axial 
stress conditions, the buckling time of the rock 
slices is very short, and they are all ejected from the 
sidewall at high speeds. Therefore, it can be 
concluded that a high axial stress level increases the 
intensity of the surrounding rock failure. 

The slope of the cumulative AE count curve 
can effectively reflect the intensity of rock failure. 
The cumulative AE counts increase slowly during 
the initial and continuous loading phases. After 
entering the step loading stage, the cumulative AE 
counts increase rapidly. From Figs. 6 and 7, it can 
be observed that the violent rock failure occurs 
mainly in the last two stages. Therefore, the slope 
of the cumulative AE count curve is calculated by 
taking the micro time unit (0.1 s) in the last two 

loading stages, and then the average value of them 
is calculated. The average value of the slope of the 
cumulative AE count curve is shown in Table 2. As 
can be seen from Table 2, the curve of the 
cumulative AE counts roughly tends to become 
steeper as the axial stress increases. When the axial 
stress is 10−40 MPa, the AE activity distribution in 
the step loading stage is more uniform (as shown in 
Figs. 9(a−d)). However, at high axial stresses 
(50−80 MPa), the AE activity is mainly distributed 
in the last two loading stages (Figs. 9(e−g)), 
suggesting that high axial stress retards the fracture 
evolution process. The rock failure intensity is 
related to the elastic strain energy stored before 
rock failure. Although high axial stresses retard the 
failure evolution process, they provide a higher 
lateral constraint force, allowing the rock to store 
more elastic strain energy before failure. In this 
case, when the rock starts to fail, the stored elastic 
strain energy is released quickly, increasing the rock 
failure intensity. 

According to the analysis above, it should be 
noted that a certain increase in axial stress can 
improve the overall stability of the surrounding 
rock. However, if the axial stress is too high, it can 
lead to intenser rock failure and significant hazards. 
Therefore, when choosing the axial direction of the 
roadway, the problem of increased failure intensity 
caused by high axial stress should also be 
considered. 

 

 
Fig. 14 Overall failure photographs of different specimens after fragment cleaning: (a) T-10-10; (b) T-10-20; (c) 
T-10-30; (d) T-10-40; (e) T-10-50; (f) T-10-60; (g) T-10-70; (h) T-10-80 
 
Table 2 Average slopes of cumulative AE count curves 

Axial stress/MPa 10 20 30 40 50 60 70 80 
Average slope/104 0.62 3.04 3.38 3.44 4.32 3.50 3.52 5.92 
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4.4 Boundary effect via comparative tests 
The boundary effect is desired to be 

considered in the true triaxial compression 
experiment on specimens containing holes. In 
general, the boundary width of the specimen needs 
to be 3−5 times (or more) the radius of the hole [40]. 
In our above work, the side length of the granite 
cube specimen is 100 mm. If the boundary width of 
the specimen is at least 5 times the radius of the 
hole, the radius will be less than 10 mm, making it 
difficult to observe the failure process of the 
surrounding rock of the hole. Therefore, we 
selected small hole specimens with a radius of 
approximately 12.5 mm (3 times) to conduct the 
comparative tests under seven axial stresses (10, 20, 
30, 40, 50, 60, and 70 MPa) and to analyze the 
boundary effect. The dimensions of the rock 
specimens used for comparative tests are shown in 
Fig. 15. To differentiate from the above work, the 
rock specimens were also named according to the 
test type and preset values of the radial stress and 
axial stress. Namely, in the naming convention for 
the specimens, the first letter represents the 
comparative test and the second and third numbers 
represent the radial and axial stresses, respectively 
(i.e., C-10-10, C-10-20, C-10-30, C-10-40, C-10-50, 
C-10-60, and C-10-70). We controlled all 
specimens with the same stepped load path after 
reaching the initial stress state. That is, the force in 
the Z-direction is loaded in steps from 700 kN 
(20 kN per step and maintained for 1 min) and 
unloaded after maintaining for 1 min at 1100 kN. 

Figure 16 shows the variations in σzi of the 
specimens containing 25 and 50 mm holes under 
different axial stresses. The initial vertical failure 
stress of 25 mm hole specimens under different 
axial stresses is 80, 86, 90, 88, 94.26, 72.65, and 

70.01 MPa for Specimens C-10-10, C-10-20, 
C-10-30, C-10-40, C-10-50, C-10-60, and C-10-70, 
respectively. In other words, as the axial stress 
increases, the initial vertical failure stress first 
increases and then decreases. This finding is consistent 
with the variation law of the initial vertical failure 
stress observed in the true triaxial compression tests 
on 50 mm hole specimens. This indicates that 
although the boundary has an effect on the specific 
failure stresses under different axial stresses, it does 
not influence their variation laws. 

Figure 17 shows the final failure of the 
surrounding rock of the 25 mm hole specimens 
under different axial stress conditions. No obvious 
V-shaped failure features are observed as the rock 
debris is not cleaned. However, careful observation 
reveals that the severest failure occurs in the middle 
of the sidewalls, similar to a V-shaped failure state. 
Moreover, as the axial stress increases, the failure 
degree of the surrounding rock decreases first and 
then increases, and only a small amount of rock 
buckling and spalling occurs in Specimen C-10-50. 
This indicates that the overall stability of the 
surrounding rock is the best under medium axial 
stress. This observation is also consistent with  
that obtained in the true triaxial compression 
experiments on the 50 mm hole specimens. 

The comparative observations of the small- 
hole specimens show that the failure of the 
surrounding rock also proceeds in four stages: the 
calm stage, the particle ejection stage, the fragment 
ejection stage, and the rock slice buckling and 
spalling stage. The small hole specimen (C-10-30) 
is used as an example to illustrate the failure 
process of the surrounding rock. As shown in 
Fig. 18(b), at 1796.40 s and σz=90.00 MPa, particle 
ejection occurs at the left sidewall. After 24.84 s, 

 

 
Fig. 15 Granite specimen (25 mm): (a) Sketch; (b) Physical photograph 
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Fig. 16 Variations in σzi of specimens containing 25 and 
50 mm holes 
 
the right sidewall rock block suddenly peels off and 
is ejected along with several particles (Fig. 18(c)). 
At 1886.40 s and σz=92.00 MPa, fragments are 
ejected from the left sidewall (Fig. 18(d)). After 
about 71.64 s, another rock block is ejected    
from the left sidewall (Fig. 18(e)), and the failure 
gradually develops in the axial direction. At 
2039.04 s and σz=96.00 MPa, the left sidewall rock 
slice buckles (Fig. 18(f)) and is spalled off after 
about 221.04 s (Fig. 18(g)). At 2345.04 s and σz= 
103.34 MPa, the right sidewall rock slice begins to 
buckle (Fig. 18(h)). In the subsequent 319.04 s,  
the left sidewall failure gradually develops axially, 
spalling several rock slices (Fig. 18(j)). As shown 
in Fig. 18(k), a strong rockburst suddenly occurs in 
the surrounding rock, and several fragments are 
ejected, resulting in a white fog phenomenon. The 
final failure state of the surrounding rock is shown 
in Fig. 18(l). 

Based on the above observations, we can infer 
that, when the hole size is small, the failure laws of 
25 mm hole specimens observed under different 
axial stress conditions are consistent with those of 
the 50 mm hole specimens, indicating a limited 
boundary effect in the tests. Of course, we admit 
that the boundary has a significant impact on the 
deformation and failure of rock specimens with 
holes. For example, in this test, the overall strength 
of the specimens increased significantly when the 
hole size was small. This is mainly due to the 
increased boundary distance, which leads to a  
more difficult microcrack extension. However, HE 
et al [41] carried out true triaxial compression  
tests on 110 mm × 110 mm × 110 mm sandstone 
specimens with d50 mm circular holes, and 
obtained the failure characteristics of circular holes. 
LUO et al [42] studied the influence of water on  
the stress-induced failure of D-shaped hard rock 
tunnels by simulating rockburst experiments on red 
sandstone samples (100 mm × 100 mm × 100 mm) 
with D-shaped holes. The ratio of specimen size to 
hole size used in the above studies is 2.2 and 2.0, 
respectively. Although the influence of boundary 
effects exists, the failure of the chamber is better 
simulated and some meaningful conclusions are 
further drawn. WU et al [40] also compared the 
failure process of marble specimens (100 mm × 
100 mm × 100 mm) containing holes of different 
sizes (40 mm × 40 mm and 25 mm × 25 mm) and 
discussed the boundary effects. They believed that 
larger hole specimens provided a better view of the 
hole failure process. In this study, we also adopted  
a similar experimental idea and discussed the 

 

 
Fig. 17 Final failure images of surrounding rock for 25 mm hole specimens under different axial stress conditions:    
(a) C-10-10; (b) C-10-20; (c) C-10-30; (d) C-10-40; (e) C-10-50; (f) C-10-60; (g) C-10-70 
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Fig. 18 Surrounding rock failure process images of 25 mm hole specimen (C-10-30) 
 
boundary effect using comparative experimental 
results in a wider campaign (various axial stress 
conditions were simulated). 

In summary, the failure characteristics and 
process of sidewalls observed in the small hole 
specimens are basically consistent with those in  
the large hole specimens. Although the boundary 
affects the overall strength of the specimens, it does 
not affect our major findings regarding the 
influence of axial stress on failure characteristics in 
arched roadways. Therefore, this study can help  
understand the failure characteristics of the roadway 
in underground engineering, which can guide the 
support and choice of excavation direction for 
roadways. In the future, further research can be 
carried out using large-size specimens under the 
condition of satisfying a large-scale true triaxial 
testing machine. 
 
5 Conclusions 
 

(1) Under low axial stresses, the failure 
process of surrounding rock can be divided into 
four stages: the calm stage, the particle ejection 
stage, the fragment ejection stage, and the rock slice 
buckling and spalling stage. Under high axial 
stresses, the failure process of surrounding rock 
includes the calm stage, the particle ejection stage, 
the fragment ejection stage, and the fragment 
spraying stage. 

(2) As the axial stress increases, the initial 
vertical failure stress first increases and then 
decreases. This indicates that it is more difficult for 
initial failure to occur in the surrounding rock at 
moderate axial stress level. 

(3) The failure intensity of the surrounding 
rock increases with increasing the axial stress. 
Therefore, the increased hazard contributed by 
higher axial stress should be considered when 
selecting the axial direction of the roadway. 

(4) The failure characteristics and process   
of hole sidewalls observed in the small-hole 
specimens essentially match those in the large-hole 
specimens. Although the boundary effect affects the 
overall strength of the specimens, it does not affect 
our main findings regarding the influence of axial 
stress on the failure characteristics in arched 
roadways. 
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摘  要：为在考虑结构效应的基础上研究轴向应力对深部拱形巷道破坏特性的影响，对含贯穿三心拱型孔洞的立

方体花岗岩试样进行真三轴压缩实验。实验过程中采用视频监控装置记录围岩破坏过程。实验结果表明，在

10~60 MPa 的轴向应力条件下，围岩破坏经历了平静期、颗粒弹射、块片弹射及岩片屈曲和剥落 4 个阶段。在较

高轴向应力(70 和 80 MPa)条件下，围岩破坏的第 4 阶段中出现了剧烈块片喷射现象。随着轴向应力的增大，围岩

破坏剧烈程度增大，但初始破坏竖向应力先增大后减小。基于不同轴向应力条件下巷道的破坏特征，建议巷道沿

着中等水平轴向应力方向布置。 

关键词：轴向应力；破坏特征；真三轴试验；拱形巷道；V 型槽；声发射；岩爆 
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