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Abstract
The D-shaped cross section is a commonly used tunnel cross section in underground engineering. To simulate the failure 
process of a D-shaped hole under deep three-dimensional (3D) high-stress conditions, true-triaxial tests were conducted 
on cubic granite specimens with a through D-shaped hole, and the failure process of the hole sidewall was recorded in real 
time. Results show that the spalling failure process of the D-shaped hole sidewall can be divided into four periods: calm, fine 
particle ejection, crack generation and propagation, and rock slab gradually buckling and spalling. Afterwards, symmetrical 
V-shaped notches were formed on both sidewalls between the corner and arch springing. The spalling failure shows tensile 
failure characteristics. Under high vertical stress and constant horizontal axial stress, increasing the lateral stress reduces the 
severity of the spalling failure and the depth of the V-shaped notch. The initial failure vertical stress of the D-shaped hole 
sidewall is higher than that of circular hole sidewall, and the failure of D-shaped hole sidewall is mainly characterized by 
static failure. The failure of the circular hole sidewall is a more severe dynamic failure. When the vertical applied stress is 
the maximum principal stress, the position of the V-shaped notch tip is 0.20–0.25 h (h is the height of the D-shaped tunnel) 
from the tunnel floor, whereas that in the circular tunnel is 0.5 d (d is the diameter of the circular tunnel) from the tunnel 
floor. Specific support schemes should therefore be designed for tunnels with different cross sections according to the dam-
age location, depth of failure zone, and severity of failure.
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List of Symbols
d  Diameter of the circular tunnel
h  Height of the D-shaped tunnel

Greek Symbols
�
hmax

, �
hmin

  Maximum horizontal geostress and mini-
mum horizontal geostress

�v  Vertical geostress
�X , �Y , �Z  Horizontal axial stress, lateral stress, and 

vertical stress

Abbreviations
3D  Three-dimensional
CT  Computed tomography
ISRM  International Society for Rock Mechanics

1 Introduction

Many types of tunnel cross section shapes are used in 
underground engineering. The D-shaped cross section is 
one of the commonly used tunnel cross sections. Under the 
action of deep high-stress, spalling failure often occurs in 
tunnel surrounding rock (Dowding and Andersson 1986; 
Ortlepp and Stacey 1994; Martin et al. 1997; Martin 1997; 
Diederichs 2007; Gong et al. 2012; Jiang et al. 2017; Luo 
2020; Luo et al. 2020), which adversely affects the support-
ing structure of tunnels and threatens the safety of the under-
ground construction and equipment (Zhou et al. 2016; Feng 
et al. 2018). Spalling failure typically occurs approximately 
parallel to the maximum principal stress direction (Cai et al. 
1998, 2008; Jia et al. 2012).

To study the mechanism of rock spalling failure, many 
researchers have carried out studies on the spalling failure 
of rock materials (Pinto and Fonseca 2013; Qiu et al. 2014; 
Du et al. 2016; Li et al. 2017, 2018a; Wang et al. 2020). 
Pinto and Fonseca (2013) determined that the destruction 
process of granite and other rocks under uniaxial compres-
sive loading includes two periods: (1) the formation of 
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cracks due to transversal tensile stress and (2) failure either 
by buckling of a few slender pillars formed between cracks 
or by global deformation and simultaneous instability of a 
series of micro-pillars along inclined “sliding” planes. Qiu 
et al. (2014) studied the evolution and formation mechanism 
of slabbing and rockbursts in deep tunnels by true-triaxial 
loading–unloading tests and discussed the important role 
of severe rockburst induced by slabbing failure. Du et al. 
(2016) conducted true-triaxial unloading tests, and the 
results indicated that occurrence of slabbing and rockburst 
are closely related to the rock type and stress path. Li et al. 
(2017, 2018a) investigated the failure properties influenced 
by specimen height-to-width ratios and intermediate prin-
cipal stress in true triaxial unloading compression test and 
revealed that the rock unloading may induce slabbing. These 
studies are useful for investigating spalling failure.

Furthermore, spalling failure of tunnel or cavern sur-
rounding rock in underground engineering is affected by 
the stress state and the tunnel cross section shape. Some 
scholars have carried out a series of experimental studies and 
numerical simulations on spalling failure (Gay 1976; Cheon 
et al. 2006, 2011; Sagong et al. 2011; Hidalgo and Nordlund 
2012; He et al. 2012, 2014; Zhou et al. 2016; Gong et al. 
2018a, 2019a). Gay (1976) conducted uniaxial and biaxial 
compression tests using blocks of quartzite and sandstone 
containing holes of circular or rectangular cross sections. 
They observed that spalling occurred at the ends of the long 
axis of the hole and extension cracks formed in the center. 
Sagong et al. (2011) analyzed the rock fracture and joint 
sliding behaviors of jointed rock masses of a circular tunnel 
according to the biaxial compression tests and numerical 
simulation. Cheon et al. (2006, 2011) conducted true-triaxial 
physical model experiments on a cement mortar to simulate 
the spalling failure of circular tunnel sidewall and clearly 
observed a V-shaped notch by computed tomography (CT). 
Hidalgo and Nordlund (2012) presented a comparison of 
laboratory tests and numerical modeling results to evaluate 
spalling failure in hard rock and further demonstrated that 
the onset of cracking calculated from laboratory tests can be 
related to the in situ crack initiation strain. He et al. (2012, 
2014) conducted true-triaxial tests on 110 × 110 × 110  mm3 
sandstone specimens with a Φ50 mm cylindrical hole, pro-
posed a new classification of rockburst based on the rock-
burst testing devices and characteristics of the stress states. 
Gong et al. (2018a, 2019a) conducted spalling and rockburst 
simulation tests on Red Sandstone and granite cubic speci-
mens with a circular hole under 3D high-stress conditions. 
They observed the rockburst processes and development of 
a symmetrical V-shaped notch and studied the mechanism 
of rockburst induced by spalling. Zhou et al. (2016) per-
formed simulation tests on rock-like specimens of circular 
caverns with different diameters and D-shaped caverns with 
different sizes. The curvature radius of the excavation cross 

section influences the mechanism of the spalling failure of 
surrounding rock in two aspects: scale effect and structure 
effect. Numerical simulation results were used to analyze 
and verify the effect of the curvature radius of the excava-
tion cross section on the spalling failure. The above studies 
mainly focus on simulation tests of the circular cross section 
tunnel. There are few reports on the investigation of rock 
materials with D-shaped holes. In deep underground engi-
neering, the actual roadway or tunnel is in a 3D high-stress 
state. From the perspective of 3D stress state, the failure 
process and characteristics of D-shaped cross section tunnel 
are closer to the actual situation at large depth. Therefore, it 
is motivated to conduct experimental research on the failure 
process and mechanism of D-shaped cross section tunnel 
under true-triaxial high-stress conditions.

In this study, true-triaxial loading tests are conducted 
using a true-triaxial testing machine on 100 mm cubic gran-
ite specimens containing a through D-shaped hole under 
different initial stress states. During the tests, the spalling 
failure process of hole sidewall is monitored and recorded 
in real time by a wireless microcamera. The experimental 
results are analyzed in detail and the influence of the stress 
state on the spalling failure severity of the D-shaped hole 
sidewall is investigated.

2  Experimental Procedures

2.1  Specimen Preparation

The experimental material selected for this study was fine-
grained granite from Changtai County, Zhangzhou City, 
Fujian Province, China. The naked-eye observation pho-
tograph of the fine-grained granite material is shown in 
Fig. 1a. To determine the mineral composition and struc-
ture of the rock, thin section of a rock was studied with a 
petrographic microscope under single and orthogonal polar-
ized light, as shown in Fig. 1b and c (Gong et al. 2019b). 
The mineral composition of the rock is approximately 49% 
quartz, 43% plagioclase, 4% biotite, 3% hornblende, and 
1% opaque minerals. The rock is classified as fine-grained 
massive-structure granite.

To simulate the failure process of the rock surrounding 
D-shaped tunnel, the fine-grained granite material was pro-
cessed into four 100 mm cubic specimens with a through 
D-shaped hole, with a sidewall height 25 mm, width 50 mm, 
and arch height 25 mm, as shown in Fig. 2. The machin-
ing precision strictly followed the International Society 
for Rock Mechanics (ISRM) standards. The recommended 
standard tolerance is 0.0175 mm for the given dimensions 
of 100 mm × 100 mm × 100 mm, and the perpendicularity 
tolerance is 0.025 mm for each side as a datum plane (Feng 
et al. 2019). The basic physical and mechanical parameters 
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are listed in Table 1. The fine-grained granite material has 
strong rockburst proneness according to the residual elastic 
energy index (Gong et al. 2018b) and the peak strain energy 
storage index (Gong et al. 2019c).

2.2  True‑Triaxial Testing Machine

The tests were carried out using a true-triaxial testing 
machine, as shown in Fig. 3a and b. Detailed introduction 
of the experimental equipment is provided in Gong et al. 
(2018a, 2019a) and Li et al. (2018b). The combination of 
the microcamera and the X-direction loading block is shown 

in Fig. 3c. The failure process of the D-shaped hole sidewall 
was monitored in real time using a XM-JPG1-4S micro-
camera (Fig. 3d). The camera was mounted in a Φ50 mm 
cylindrical circular hole in the X-direction loading block.

2.3  Loading Scheme

The in situ stress state can be estimated according to Brown 
and Hoek (1978) and Stephansson et al. (1986). To simu-
late the spalling failure characteristics of D-shaped tunnel 
sidewall at depth of 1000 m, the values of the in situ stresses 
are used to apply at the specimen faces as an initial stress 
state. The results are �z = �v = 27 MPa , �hmax = 51 MPa , 
�hmin = 34 MPa , and the four combinations of the horizon-
tal stresses �hmax and �hmin are shown in Fig. 4. The stress 
values given in the paper from now on are referred to as 
nominal stress values applied on the specimen faces.

Figure 5 shows the loading path of the true-triaxial test. 
The cubic granite specimen was installed in the loading box, 
and the loads in three (X, Y, and Z) directions were increased 
to the initial stress state by load control at the loading rate 
of 1000 N/s. The loading method in the X-direction was 

2mm
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Bt
1mm
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Fig. 1  Granite material: a naked-eye observation, b single polarized light, and c orthogonal polarized light (the letters Q, Pl, Bt, and Hbl repre-
sent quartz, plagioclase, biotite, and hornblende, respectively) (Gong et al. 2019b)
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Fig. 2  Cubic granite specimens: a schematic illustration of the specimen size, b photograph of granite specimens

Table 1  Basic physical and mechanical parameters of the fine-grained 
granite material

Density 
(g·cm−3)

P-wave 
velocity 
(km/s)

Uniaxial 
compres-
sion 
strength 
(MPa)

Brazilian 
splitting 
strength 
(MPa)

Young’s 
modulus 
(GPa)

Rockburst 
proneness

2.766 4.9 261.6 6.5 57.9 Strong
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changed to displacement control and the displacement in the 
X-direction is kept constant (simulating generalized plane-
strain). Continue to apply load control in the Y-direction and 

keep Y-direction stress constant. The load in the Z-direc-
tion continued to increase at the same loading rate up to 
68.0 MPa (The process of stress adjustment is simulated by 

Fig. 3  Experimental equip-
ment: a true-triaxial testing 
machine, b cubic specimen 
loading chamber, c combination 
of microcamera and X-direction 
loading block, and d wireless 
microcamera
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X

(b)

X-direction loading block

XM-JPG1-4S type camera

(c) (d)
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Power supply
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(a)

Y
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Fig.4  3D initial stress diagrams 
under four stress conditions: 
a HZ-34-34, b HZ-34-51, c 
HZ-51-34, and d HZ-51-51
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increasing the vertical stress). The load was then increased 
stepwise in 2.0 MPa steps and with a hold time of approxi-
mately 1 min in between to ensure that the specimen does 
not suddenly instability. When serious spalling failure 
occurred on both sidewalls of the D-shaped hole, the load 

was maintained for a period of time, and then the loads in 
three directions were unloaded to 0 MPa using the displace-
ment rate of 20 mm/min.

3  Experimental Results

3.1  Stress Versus Time

The actual stress–time curves of the three directions 
under four 3D stress conditions are shown in Fig.  6. 
From Fig. 6, the stress in the X-direction produced slight 
fluctuation due to the change of loading method. The 
Z-direction stress under the four stress conditions were 
loaded to 166.0 MPa(HZ-34-34), 170.0 MPa(HZ-34-51), 
162.0 MPa(HZ-51-34), and 172.0 MPa(HZ-51-51), which 
were divided into 50, 52, 48, and 53 steps, respectively, 
starting from 68 MPa.

3.2  Spalling Failure Process of the Hole Sidewall

To observe and record the failure process of the hole side-
wall in real time, a wireless microcamera was used. The 

X-direction displacement 

control starting point 

Unloading

Loading

Starting point of 
Z-direction step loading

Keep the load

Z-direction step loading

t

yσ
xσ

σ

0

Fig. 5  Schematic of stress path (Gong et al. 2018a)

Fig. 6  Stress-time curves: a HZ-34-34, b HZ-34-51, c HZ-51-34, and d HZ-51-51
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spalling failure processes of the hole sidewall under four 
3D stress conditions are shown in Figs. 7, 8, 9, and10. The 
specimen HZ-34-34 is taken as an example to describe the 
failure process of the hole sidewall in detail (see Fig. 7). 
In the process of loading to the initial stress levels in X-, 
Y-, and Z-directions, there is no failure on the sidewalls of 
the hole. The vertical stress was then increased in steps and 
observations made are described below. Step 13 (92.0 MPa, 
1797.64 s, Fig. 7a): Fine particle ejection occurred at the 
right corner, and the particles ejected upward obliquely to 
the free surface. Step 21 (108.0 MPa, 2527.84 s, Fig. 7b): 
The right sidewall produced a fine rock fragment, but it 
remained vertical and did not dump. During the continuous 
loading process, slight fine particle ejection also appeared on 
the left and right sidewalls. Step 22 (110.0 MPa, 2603.28 s, 
Fig. 7c): A new crack occurred on the right sidewall, accom-
panied by a slight splitting sound. The crack developed 
from the corner along the sidewall to the arch springing 
(the arch springing is the junction of the sidewall and the 
roof). The development direction is approximately parallel 
to the vertical direction. With increasing vertical stress, the 
newly produced crack in Fig. 7c gradually expanded to form 
spalling structure and the rock slab gradually buckled from 
the corner to the state in Step 28 (122.0 MPa, 3113.48 s, 
Fig. 7d), in which a small angle is formed between the rock 
slab and the vertical sidewall. From Fig. 7d, new cracks 
were produced in the process of rock slab buckling. Step 

28 (122.2 MPa, 3171.08 s, Fig. 7e): A new crack occurred 
at the right sidewall accompanied by fine particle ejection 
at the location of crack initiation, which indicates that the 
high energy accumulated and stored in the sidewall of the 
hole mainly converts into the required fracture energy for 
crack initiation and the kinetic energy of particle ejection. 
Step 30 (126.0 MPa, 3329.88 s, Fig. 7f): The right sidewall 
produced the first spalling rock slab, but the rock slab was 
still in the upright state and there was no dumping. Step 33 
(131.7 MPa, 3518.16 s, Fig. 7g): A new crack was gener-
ated at the left sidewall. Step 33 (132.0 MPa, 3556.44 s, 
Fig. 7h): The cracks in Fig. 7d and g gradually expanded and 
penetrated, extending along the sidewall to the arch spring-
ing, and a new crack was produced near the penetrated large 
crack. With increasing σz, the cracks on both sidewalls in 
Fig. 7i–k expanded, and the rock slabs gradually buckled 
from the corner forming spalling structure. In Fig. 7k, the 
spalling failure developed along the lateral direction to the 
depth of the sidewalls, and the crack propagated in the inner 
layer and the rock slab gradually buckled to contact the exfo-
liated rock slab of the outer layer and produced interacting 
force, which led to the dumping of the outer rock slab. Step 
37 (140.0 MPa, 3935.52 s, Fig. 7l): The outermost rock slab 
of the left sidewall flaked, while multiple rock slabs of right 
sidewall from the outer to inner layer flaked simultaneously. 
Prior to this, the left and right sidewalls had only produced 
independent rock slab spalling. When the vertical stress is 
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Fine rock fragment exfoliation

(b) 2527.84 s (108.0 MPa)

New crack generation
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Fig. 7  Spalling failure process of specimen HZ-34-34
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Fig. 8  Spalling failure process of specimen HZ-34-51
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Fig. 9  Spalling failure process of specimen HZ-51-34
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high, a large amount of energy is accumulated in the hole 
sidewall, which leads to the spalling failure of multi-layer 
rock slabs along the lateral direction to the deep surrounding 
rock. Step 39 (143.8 MPa, 4055.68 s, Fig. 7m): A new crack 
was produced on the left sidewall, and it expanded from the 
corner to the arch springing. Step 44 (152.9 MPa, 4457.88 s, 
Fig. 7n): It can be observed that a new vertical and visible 
crack was produced on the right sidewall, which was accom-
panied by a small amount of particle ejection. In contrast 
to Fig. 7c–d and n, under the low vertical stress condition, 
and there was no ejection of particles when crack occurred, 
which indicates that the energy accumulated in the sidewall 
was small at the time. During loading to step 49 (164.0 MPa, 
4850.80 s, Fig. 7o), the cracks on the left and right sidewalls 
gradually expanded, the rock slabs gradually buckled to form 
spalling structure, and the middle and lower parts of the rock 
slabs were separated from the sidewall. Only the upper part 
of the rock slab near the arch springing was connected with 
the sidewall. This shows that the spalling failure process 
of the sidewall is relatively slow and the intensity is rela-
tively low. In Fig. 7o, a new crack was generated on the left 
sidewall near the camera, accompanied by a small amount 
of particle ejection and a crisp splitting sound. This crack 
gradually extended to the edge of the specimen during the 
increase in the vertical stress. In addition, the buckling rock 
slabs on both sidewalls flaked and slipped from the corner 
to the free surface, and the upper part was leaning on the 

sidewall. Until step 50 (166.0 MPa, 4981.68 s, Fig. 7p): The 
spalling failure of both sidewalls ran through the whole spec-
imen along the axis of the hole, and then the stresses in three 
directions were unloaded to 0 MPa after maintaining about 
60 s. According to the failure process of specimen HZ-34-34 
on both sidewalls, it can be observed that the spalling fail-
ure can occur at the stage of stress loading or during stress 
constant loading. The spalling failure is relatively slow, and 
it is a progressive failure process.   

The spalling failure processes of specimens HZ-34-51, 
HZ-51-34, and HZ-51-51 are similar to those of specimen 
HZ-34-34, as shown in Figs. 8, 9, and 10, respectively. 
In summary, in the spalling failure process on both side-
walls, fine particle ejection was generated at the corner. 
With increasing vertical stress, a crack was generated and 
propagated from the corner to the arch springing, which is 
approximately parallel to the sidewall. Then, the rock slab 
gradually buckled and finally flaked. Because the spalling 
failure process of the sidewall is relatively slow and takes 
a long time, during this process, particle ejection, crack 
generation, and crack propagation occurred in other posi-
tions of both sidewalls. Furthermore, the spalling failure 
gradually developed into the depth of both sidewalls and 
penetrated the entire specimen along the hole axial direc-
tion, and symmetrical V-shaped notches were formed on 
the left and right sidewalls of the hole.
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Fig. 10  Spalling failure process of specimen HZ-51-51
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3.3  Failure Characteristics of the Hole Sidewall

The overall and local damage of the fine-grained granite 
specimens after the experiment are shown in Fig. 11. To 
see the V-shaped notches formed on both sidewalls of the 
D-shaped hole more clearly, the photographing direction of 
the photographs in Fig. 11 is opposite to that of the video 
screenshot in Figs. 7, 8, 9, and 10. The specimens HZ-34-
34, HZ-34-51, HZ-51-34, and HZ-51-51 are not unstable, 
spalling failure occurred on both sidewalls of the hole, and 
the symmetrical V-shaped failure zone is formed on both 
sidewalls of the hole. From Fig. 11, the rock slab spalling 
occurred on the outer sidewall of the failure zone. The cracks 
in the inner layer of the failure zone can be clearly observed; 
they are approximately parallel to the sidewall (the vertical 
direction). Therefore, the spalling failure is characterized 
by tensile failure. The sidewalls of specimens HZ-34-34 
(Fig. 11a), HZ-34-51 (Fig. 11b), HZ-51-34 (Fig. 11c), and 
HZ-51-51 (Fig. 11d) formed V-shaped failure zones. From 
Fig. 11a, c, and d, the rock slabs produced leaned on the 
sidewall of the hole. In Fig. 11b, the rock slabs on the right 
sidewall fell to the floor and the rock slab on the left side 
wall buckled at the floor but the upper part did not separate 
from the sidewall. In summary, the rock slabs formed by 
the spalling failure of the sidewall mainly show buckling at 
the lower part. When the upper part is completely separated 
from the sidewall, the rock slabs slip gradually toward the 
free surface. Therefore, the spalling failure of the hole side-
wall is a progressive process.

Figure 12 shows the shape of the failure zones on both 
sidewalls after the slabs were generated by the sidewalls. 
It can be seen from Fig. 12 that the shape of the final 
failure zone under different stress states is similar for all 
specimens and forms a V-shape. From shallow to deep, 
the failure zone gradually evolves into a V-shaped notch. 
The V-shaped notch with deep middle and shallow sides 
basically penetrates the specimen along the axis direction 
and is formed on both sidewalls. The V-shaped notch is 
located between the corner and the arch springing, and 
the V-shaped notches on left and right sidewalls are sym-
metrical with respect to the vertical centerline. The char-
acteristics of the rock slabs produced on the hole sidewall, 
as shown in Fig. 13, are further investigated. From the 
photographs of the rock slabs in the X–Y plane in Fig. 13a, 
the two typical rock slabs were divided into three layers 
by two cracks in the middle. From Fig. 13b, the rock slabs 
on the left in the X–Y plane were divided into five layers 
by four cracks, and the adjacent rock slab was divided 
into two layers by one crack. The two slabs in Fig. 13c 
were divided into three layers by two cracks. Similarly, 
the two slabs in Fig. 13d were divided into two layers by 
one crack. These results show that the slabs exhibit a layer 
splitting phenomenon. Although different rock slabs are 

divided into multiple layers by cracks, each layer of the 
slabs is not completely separated. The rock slabs are thick 
in the middle and thin at the edge, and the surface of the 
rock slabs are smooth. There is no rock powder produced 
on the surface of the rock slabs, as shown in the partial 
enlarged view of the rock slabs in Fig. 13. This further 
shows that the spalling failure of both sidewalls exhibits 
tensile failure characteristics.

4  Discussions

4.1  Comparison of the Experiments 
and Engineering

The spalling failure of deep tunnel or cavern surrounding 
rock in actual underground engineering is shown in Fig. 14. 
Figure 14a shows the spalling failure of a D-shaped tunnel 
at a depth of 1000 m in Linglong gold mine, approximately 
parallel to the right sidewall. Rock spalling failures of the 
deep tunnel in Jinping Underground Laboratory, China, are 
shown in Fig. 14b and c. The cracks in the surrounding rock 
of the tunnel are parallel to the maximum principal stress, 
which is characterized by tensile failure (Bobet and Ein-
stein 1998; Haimson 2007; Si and Gong 2020; Qiu et al. 
2020). Comparing Fig. 11 with Fig. 14, the failure mode of 
the in situ tunnel sidewall during the test is consistent with 
observations from deep tunnels in underground engineering, 
i.e., the sidewall of the D-shaped tunnel produced spalling 
failure, and it has tensile failure characteristics. This shows 
the rationality of the simulation tests.

According to the test results under different stress condi-
tions, it has been found that the locations of initial failure 
were on the corner of the D-shaped hole during the step 
loading of vertical stress, and the failure location is not 
affected by the horizontal stress state. This indicates that the 
corner of the D-shaped hole has a high stress concentration 
coefficient and is the most likely location of failure. When 
the D-shaped tunnel is adopted in underground engineer-
ing, the corner of the D-shaped hole should be strength-
ened and supported to increase the bearing capacity and 
reduce the failure risk of the surrounding rock. For exam-
ple, under the original support design scheme of the deep 
D-shaped roadway in Maluping Mine, Guizhou Province, 
China (see Fig. 15a), failure occurred at the corner of the 
roadway (see Fig. 15b). Compared with the original sup-
port design scheme, the newly designed support plan (see 
Fig. 15c) added energy absorption anchors at the corner, 
which played a better supporting role and limited the failure 
of the corner. Therefore, supporting the corner of D-shaped 
roadway has an important role in maintaining the stability 
of the surrounding rock.
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Fig. 11  Failure of the overall specimen and the left and right sidewalls of the tunnel: a HZ-34-34, b HZ-34-51, c HZ-51-34, and d HZ-51-51
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4.2  Evolution Process of Spalling Failure

In the test, after the stresses in the X-, Y-, and Z-directions 
were loaded to the set stress state, the vertical stress was 
increased after maintaining for a period of time. During 

steploading of vertical stress (simulating the stress adjust-
ment in actual engineering), the failure of the D-shaped 
hole sidewall occurred. Rockburst statistics from on-site 
failures show that most rockbursts occur during the later 
stress adjustment process. Jiang et al. (2010) reported the 

(a) Overall appearance Left sidewall Right sidewall

(b)

(c)

(d)

Fig. 12  Morphological characteristics of the failure zone of sidewalls in a D-shaped hole: a HZ-34-34, b HZ-34-51, c HZ-51-34, and d HZ-51-
51
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delay between excavation and rockburst of Jinping II Hydro-
power Station, as shown in Fig. 16. The results show that 
most rockbursts happen within a few hours of the excava-
tion ended, and the rest typically within 20 h. Rockbursts 
have occurred a long time after the excavation unloading 
process, when the surrounding rock was in the process of 
slow stress adjustment. Therefore, the surrounding rock 
undergoes spalling or rockburst after a long period of stress 

adjustment. In the tests, the times from the initial in situ 
stress to the initial failure of the hole sidewall under the four 
stress conditions are shown in Table 2. From Table 2,  Td 
is 1463.92 s (HZ-34-34), 2107.52 s (HZ-34-51), 2077.91 s 
(HZ-51-34), and 2179.32 s (HZ-51-51), respectively. This 
indicates that the spalling failure of the hole sidewall has 
undergone after a long time of stress adjustment. In Table 2, 
when σx is 34.0 MPa or 51.0 MPa and σy increases from 34.0 

(a) X
Z

X
Y

1 mm

(b) 1 mm

(d) 1 mm

(c) 1 mm

Fig. 13  Rock slabs caused by spalling failure of sidewall and their local enlargement images: a HZ-34-34, b HZ-34-51, c HZ-51-34, and d 
HZ-51-51
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to 51.0 MPa, the initial failure stress of the D-shaped hole 
sidewall increases. The smaller σy is, the more easily failure 
of the D-shaped hole sidewall occurs. Therefore, increas-
ing σy can reduce the possibility of surrounding rock failure 
when σx is constant.

By observing the failure process of the D-shaped hole 
sidewalls under different 3D stress conditions, the spalling 
failure process is determined to proceed as shown in Fig. 17. 
The process can be divided into four periods over increas-
ing vertical stress �z ( �1 ): (1) calm period, (2) fine particle 
ejection period, (3) crack generation and propagation period, 
and (4) rock slab gradually buckling and spalling period. 

The characteristics of these four periods are explained in 
detail as follows.

(1) Calm period: There is no damage on the hole sidewall, 
and strain energy is stored and accumulated. In addition, 
micro-cracks are initiated and propagated in the surround-
ing rock, and this lays a foundation for spalling failure. The 
schematic of this period is shown in Fig. 17a.

(2) Fine particle ejection period: With increasing verti-
cal stress, the accumulated energy in the surrounding rock 
gradually increases, until the vertical stress exceeds the 
bearing capacity of the surrounding rock and causes failure. 
This period is the initial failure period of the sidewall. Fine 

Fig. 14  Photograph of spalling 
failure of a D-shaped tunnel 
in underground engineering: a 
spalling failure of the D-shaped 
tunnel at a depth of 1000 m in 
Linglong gold mine, China, 
b-c rock spalling failure in the 
deep tunnels of the China Jin-
ping Underground Laboratory 
(Feng et al. 2018)

(b) (c)

σ1

Spalling failure

(a)

Fig. 15  Comparison of support scheme for deep roadway design in Maluping Mine: a original support design plan, b the corner failure, and c 
newly designed support plan
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particle ejection occurs at the corner (see Fig. 17b), mainly 
because the corner is a high-stress concentration zone, which 
is prone to failure. With increasing vertical stress, the corner 
produces multiple particle ejections that develop along the 
axis direction of the hole.

(3) Crack generation and propagation period: Cracks are 
generated on the D-shaped hole sidewall and propagated 
from the corner to the arch springing with increasing vertical 
stress, and the crack propagation direction is approximately 
parallel to the sidewall, as shown in Fig. 17c. In addition, 
when the vertical stress is high, the high elastic strain energy 
accumulates in the hole sidewall; therefore, cracks propa-
gate on both sidewalls accompanied by particle ejection, as 
shown in Figs. 7o, 8o, 9o, and 10n.

(4) Rock slab gradually buckling and spalling period: 
After the cracks on the sidewalls extend to the arch spring-
ing, the rock slab gradually expands from the corner to the 
free surface under the action of the vertical stress. Finally, 
the rock slab flakes from the hole sidewall. The schematic 
of this period is shown in Fig. 17d. It can be seen from 
Figs. 7, 8, 9, and 10 that rock slab buckling is a slow process. 
Therefore, this period takes a long time. During this period, 
particle ejection, crack generation, and propagation continue 
to occur at other positions of both sidewalls.

During the spalling failure of the D-shaped hole side-
walls, two or more of the above four periods occurred 

simultaneously in different positions of the sidewall under 
the condition of high vertical stress, i.e., crack generation 
and propagation occurred at one location, at the same time 
rock slab gradually buckling and spalling occurred at another 
location, as shown in Fig. 7e, h, i, o, and p. Finally, the 
spalling failure gradually developed to the depth and formed 
symmetrical V-shaped failure zones on both sidewalls. Dif-
ferent periods occurred simultaneously in different positions 
of the sidewall, this shows that the failures of the D-shaped 
hole sidewalls is characterized by spatial distribution.

4.3  Influence of Stress State on Spalling Failure

The failure of deep rock is closely related to the stress state, 
and the severity of the surrounding rock failure of a tunnel 
or cavern is affected by the stress state. Gong et al. (2018a, 
2019a) investigated how the rockburst severity of a circular 
cavern is affected by the stress state. To study the influence 
of the stress state on the severity of the spalling failure, the 
depth and location of the failure zone, four simulation exper-
iments under different initial stress states were carried out.

The depth and location of the failure zone on both side-
walls under different stress conditions were measured, and 
the measurement results are summarized in Table 3. From 
Table 3, when σx = 34.0 MPa and σy is increased from 34.0 
to 51.0 MPa, the average depth of the failure zone of the 
left and right sidewalls is reduced from 7.91 to 6.49 mm, a 
decrease of 1.42 mm. Similarly, when σx is 51 MPa, the aver-
age depth is reduced from 7.76 to 7.40 mm, a decrease of 
0.36 mm. It can be concluded that when the horizontal axial 
stress is constant, the higher the lateral stress, the shallower 
the failure zone on both sidewalls of the D-shaped tunnel. 
When the horizontal axial stress is low and the lateral stress 
increases by17.0 MPa from 34.0 to 51.0 MPa, the depth of 
the failure zone decreases more obviously, i.e., the decreased 
value of σx = 34 MPa is higher than that of σx = 51.0 MPa 
(1.42 mm > 0.36 mm). Comparing the positions of the tips 
of the V-shaped notches under different stress conditions, 
when the maximum principal stress is the vertical direction, 
10.21 mm is the minimum data; 12.18 mm is the maximum 
data, as shown in Table 3. Therefore, the range of distance 
between the tip of V-shaped notch and the floor of D-shaped 

Fig. 16  Diagram of rockburst time character (Jiang et al. 2010)

Table 2  Difference time 
between initial failure stress and 
initial vertical in situ stress

Note: σvi is initial vertical in situ stress;  T1 is the time taken to load to the initial in situ stress; σzi is initial 
failure stress in the Z-direction;  T2 is the time taken to load to the initial failure stress;  Td is the difference 
time between  T2 and  T1

Specimen no. σx (MPa) σy (MPa) σvi (MPa) T1 (s) σzi (MPa) T2 (s) Td (s)

HZ-34-34 34.0 34.0 27.0 333.72 92.0 1797.64 1463.92
HZ-34-51 34.0 51.0 27.0 502.56 108.0 2610.08 2107.52
HZ-51-34 51.0 34.0 27.0 510.05 108.0 2587.96 2077.91
HZ-51-51 51.0 51.0 27.0 503.28 116.0 2682.60 2179.32
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hole is 10.21–12.18 mm, which is 0.20–0.25 times the total 
tunnel height h (the distance from floor to roof). There is 
small variation in the position of the V-shaped notches; 
therefore, the horizontal stress has little effect on their posi-
tions. In addition, the failure zone under different stress con-
ditions extends from the corner to the arch springing, and 
the stress state has no effect on the height of the V-shaped 
failure zone.

Figure 18 shows the failure severity of the D-shaped 
hole sidewall under four stress states when the vertical 
stress reached 140.0 MPa, 150.0 MPa, and 160.0 MPa, 

respectively. When σz = 140.0 MPa, spalling failure occurred 
on both sidewalls of specimen HZ-34-34, and the right 
sidewall basically penetrated the whole specimen along 
the hole axis direction (Fig. 18a1). There was slight fail-
ure on both sidewalls of specimens HZ-34-51 (Fig. 18b1), 
HZ-51-34, (Fig. 18c1) and HZ-51-51 (Fig. 18d1), and the 
severity of the spalling failure was less than that of speci-
men HZ-34-34. The comparable results show that when 
the vertical stress is maintained at a high stress level, i.e., 
σz = 140.0 MPa, the lower the lateral stress, the more seri-
ous the spalling failure on both sidewalls of the D-shaped 

Fig.17  Schematic of the evolu-
tion of spalling failure in a 
D-shaped tunnel with increasing 
vertical stress �z ( �1 ): a calm 
period, b fine particle ejection 
period, c crack generation and 
propagation period, and d rock 
slab gradually buckling and 
exfoliation period Micro-cracks

(a)

σ1

σ1 σ1

σ1

Particle ejection

(b)

σ1

σ1

Crack generation and propagation

(c)

σ1

σ1

Rock slab buckling

(d)

V-shaped failure zone

Rock slab exfoliation

Table 3  Depth and location of 
the failure zone of sidewalls 
under different initial stress 
 conditionsa

a The location of the failure zone is the vertical distance between the tip of the V-shaped failure zone and 
the floor

Specimen no. σx (MPa) σy (MPa) Depth (mm) Location (mm)

Left Right Average Left Right Average

HZ-34-34 34.0 34.0 7.86 7.96 7.91 10.21 12.00 11.11
HZ-34-51 34.0 51.0 6.93 6.04 6.49 11.07 10.47 10.77
HZ-51-34 51.0 34.0 7.65 7.86 7.76 10.61 10.55 10.58
HZ-51-51 51.0 51.0 7.28 7.51 7.40 11.30 12.18 11.74
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hole. When σz = 150.0 MPa, serious spalling failure occurred 
on both sidewalls of specimen HZ-34-34, as shown in 
Fig. 18a2. From Fig. 18b2, the failure on both sidewalls of 
specimen HZ-34-51 was very slight. Obvious spalling fail-
ure occurred on the left and right sidewalls of specimens 
HZ-51-34 (Fig. 18c2) and HZ-51-51 (Fig. 18d2), and the 
severity of spalling failure is basically similar; there is no 
obvious difference. Therefore, the same conclusion as for 
σz = 140.0 MPa can be obtained, which proves the repeat-
ability of the above test result. When σz = 160.0 MPa, more 
severe spalling failure occurred on the left and right side-
walls of specimen HZ-34-34, as shown in Fig. 18a3. It can be 
observed that the failure extent of the left sidewall is approx-
imately two-thirds of the specimen axial length, while the 
failure of the right sidewall penetrated the specimen along 
the axial direction. Figure 18b3 shows that the failure on both 
sidewalls of specimen HZ-34-51 was very slight. By com-
paring Fig. 18a3 and  b3, it can be concluded that the spalling 
failure severity of the D-shaped hole sidewall is significantly 
reduced when σy is increased from 34.0 to 51.0 MPa, with 
σx = 34.0 MPa. From Fig. 18c3, the spalling failure zone on 
the left sidewall is approximately half the axial length of the 

specimen, and the spalling failure extended from the corner 
to the arch springing. Serious spalling failure occurred on 
the right sidewall, penetrating the specimen along the axis 
direction of the hole, and the cracks propagated to the arch 
springing. In Fig. 18d3, the spalling failure zone on the left 
sidewall is also approximately half the axial length of the 
specimen. The spalling failure zone on the right sidewall is 
approximately two-thirds of the axial length of the specimen. 
Comparing Fig. 18c3 and  d3, the spalling failure severity of 
the D-shaped hole sidewall is reduced when σy is increased 
from 34.0 to 51.0 MPa, with σx = 51.0 MPa. However, the 
reduction in the degree of spalling failure is much less than 
that for σx = 34.0 MPa. In summary, when the vertical stress 
is maintained at a high stress level and the horizontal axial 
stress remains unchanged, increasing the lateral stress can 
reduce the severity of the spalling failure of the D-shaped 
tunnel sidewall. The lower the horizontal axial stress is, the 
more obvious the reduction in the degree of the spalling 
failure of the surrounding rock is when the lateral stress 
increases by 17.0 MPa from 34.0 to 51.0 MPa. Therefore, 
when the horizontal axial stress is constant, the severity of 
the spalling failure can be reduced by strengthening support 

(a)

(b)

(c)

(d)

σz = 140 MPa σz = 150 MPa σz = 160 MPa

(a2)(a1)

(b1) (b2) (b3)

(c2)(c1) (c3)

(d1) (d2) (d3)

(a3)

Fig. 18  Severity of spalling failure in a D-shaped tunnel under four stress states: a HZ-34-34, b HZ-34-51, c HZ-51-34, and d HZ-51-51
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to increase the lateral stress. The lower the horizontal axial 
stress, the more beneficial it is to reduce the severity of 
spalling damage. This has certain guiding significance for 
the design of D-shaped tunnel or cavern.

4.4  Influence of Tunnel Cross Section Shape 
on Surrounding Rock Failure

The geometry of the tunnel cross section, as an important 
parameter of structural design, has a significant impact on 
the safety and cost of tunnel engineering. Choosing a rea-
sonable tunnel cross section is beneficial to reduce the like-
lihood of failure of tunnel surrounding rock and improve 
the stability of surrounding rock, which will increase the 
service life of the tunnel and save economic costs (Naka-
mura et al. 2003; Ren et al. 2005). In underground engi-
neering design, D-shaped and circular cross section tunnels 
are often selected. To investigate the advantages and disad-
vantages of these two shapes, the test results of cubic gran-
ite specimens with D-shaped hole in this study were com-
pared with those from experiments using cubic specimens 
(100 mm × 100 mm × 100 mm) with a Φ50 mm cylindrical 
hole from Gong et al. (2019a) and Si et al. (2018).

The initial failure stresses in the Z-direction (σzi) of the 
D-shaped holes and the circular holes under different stress 
conditions are listed in Table 4. The comparison of the initial 
failure stresses between the D-shaped holes and the circular 
holes is shown in Fig. 19. The initial failure stress of the 
D-shaped hole sidewall is significantly higher than that of 
the circular hole sidewall, which indicates that the stability 
limit of the D-shaped tunnel is higher than that of the circu-
lar tunnel. Therefore, the D-shaped tunnel should be applied 
to improve the bearing capacity of the surrounding rock in 
deep underground engineering. When the vertical stress 
is 140.0 MPa, the failure of the D-shaped and the circular 
hole sidewalls are shown in Fig. 20. From Fig. 20a, slight 
failure occurred in both sidewalls of the D-shaped hole, and 
no spalling structure was formed. However, for the circu-
lar tunnel cross section, a large number of rock fragments 

were quickly ejected, and both sidewalls experienced strong 
rockburst (see Fig. 20b). Comparing Fig. 20a and b, it is 
apparent that the D-shaped tunnel has better stability under 
the same 3D stress state. During the spalling failure pro-
cess of the D-shaped hole sidewall, the rock slabs have no 
initial velocity when they are separated from the sidewall, 
and most of the rock fragments slide from the corner to the 
free surface, where the upper side of the rock slab leans on 
the sidewall. Therefore, the spalling failure of the sidewall 
is mainly characterized by static failure, while the rockburst 
of the sidewall of the circular hole is more severe, exhibit-
ing dynamic failure. The main reason for this phenomenon 
is related to the size of the rock fragments and the energy 
accumulated by the surrounding rock. Figure 21 shows the 
rock fragments in the D-shaped hole and the circular hole. It 
can be seen that the rock fragments in the D-shaped hole are 
large and thick, showing slender plate shape, while the rock 
slabs in the circular hole are relatively small. Exfoliation of 
rock slab needs to consume high strain energy to transform 
into fracture surface energy, and the kinetic energy of rock 
slabs in the D-shaped hole is very small or even nonexist-
ent. Therefore, it presents as static failure. In addition, from 
Fig. 21, the rock slabs produced by the two hole cross sec-
tions have similarities, that is, they are thick in the middle 
and thin at the edge.   

The failure mode of the D-shaped hole is shown in 
Fig. 22a. Symmetrical V-shaped notches formed on both 
sidewalls. Similar to the D-shaped hole, an approximately 
symmetrical V-shaped notch is formed on both sidewalls 
of the circular hole, as shown in Fig.  22b. Comparing 
Fig. 22a and b, the V-shaped notches on both sidewalls of 
the D-shaped hole have a larger opening angle and width. 
Therefore, under a low-stress condition, the D-shaped cross 
section tunnel can be used to improve the stability of the sur-
rounding rock. When the maximum principal stress (vertical 

Table 4  Initial failure stress of D-shaped and circular holes under dif-
ferent stress conditions

Speci-
men 
no.

Horizontal stress 
(MPa)

σzi (MPa)

σx (MPa) σy (MPa) D-shaped hole Circular hole 
(Gong et al. 
2019a)

1 34.0 34.0 92.0 41.6
2 34.0 51.0 108.0 83.8
3 51.0 34.0 108.0 71.9
4 51.0 51.0 116.0 82.2

Fig. 19  Comparison of initial failure stress in the Z-direction (σzi) 
between D-shaped hole and circular hole
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Fig. 20  Failure situations of sidewalls for D-shaped and circular holes: a D-shaped hole, b circular hole (Si et al. 2018)
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Fig. 21  Comparison of rock fragments damaged by surrounding rock of D-shaped and circular holes: a HZ-34-34 and HK-34–34, b HZ-34-51 
and HK-34-51, c HZ-51-34 and HK-51-34, and d HZ-51-51 and HK-51-51
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stress) is high, the D-shaped tunnel suffers from serious 
spalling failure, and the failure range is wider than in the 
circular tunnel. From Fig. 22, the positions of the V-shaped 
notches are different. As described in Sect. 4.3, the posi-
tion of the V-shaped notch tip is 0.20–0.25 h from the floor. 
However, the position of the V-shaped notch tip is 0.5 d (d 
is the diameter of the circular tunnel) from the floor in the 
circular tunnel. According to the position of the V-shaped 
notch, for the D-shaped cross section tunnel, the support 
should be strengthened on both sidewalls at the distance of 
0.20–0.25 h from the floor to prevent the spalling failure of 
the surrounding rock. Because the depth of the failure zone 
is the largest, the bolt or cable used in the support should 
be longer than in other locations to have a better support-
ing effect. For the circular cross section tunnel, the support 
should be strengthened on both sidewalls at the distance of 
0.5 d from the floor. Therefore, for tunnels with different 
cross sections, specific support design plans should be made 
according to the location and depth of the failure zone of the 
surrounding rock.

4.5  The Influence of Scale Effect

The scale effect is actually a common issue in the experi-
mental studies of rock mechanical properties in the lab. In 
actual engineering, the tunnel size is generally large (in 
meters), so there is a problem of scale effect when rock 
specimens with small holes (generally tens of millimeters) 
are used to simulate the actual tunnel. When studying the 
specimen containing a hole, the specimen size should be 
3–5 (or more) times the hole diameter. However, due to 
the limitation of test conditions, it is difficult to use hard 
rock materials to build tunnel models with the same size 
as the actual tunnels when carrying out tunnel test simula-
tions indoors. Therefore, in the laboratory test simulation of 

the tunnel, researchers mainly use the small scale hard rock 
model with holes. He et al. (2012, 2014) conducted simu-
lation tests of rockbursts on 110 mm × 110 mm × 110 mm 
sandstone specimens contained a Φ50 mm cylindrical hole 
under true-triaxial stress conditions, and during this inves-
tigation of the rockburst process, a broken band on the right 
sidewall of the circular hole was ultimately obtained. Gong 
et al. (2018a, 2019a) conducted rockburst simulation tests 
on Red Sandstone and fine-grained granite cubic speci-
mens (100 mm × 100 mm × 100 mm) with 50 mm cylindri-
cal holes under 3D high stress conditions, in which rock-
burst processes and symmetrical V-shaped notches were 
observed. Hu et al. (2019) carried out biaxial compression 
test on 200 mm × 200 mm × 200 mm sandstone specimens 
contained a Φ78 mm cylindrical hole, and obtained that 
tensile cracks occupied most of the total micro-cracks, 
and tensile splitting dominated the failure process during 
the rockburst process. Kusui and Villaescusa (2016, 2018) 
carried out two-dimensional loading tests on sandstone 
specimens (400 mm × 400 mm × 200 mm) with a Φ200 mm 
cylindrical hole, and observed spalling failure and rockburst 
of the hole sidewall. For the above studies, small scale speci-
mens were used to conduct simulation tests, and the ratio 
of the specimen size to the hole diameter was 2.2 (He et al. 
2012, 2014), 2.0 (Gong et al. 2018a, 2019a), 2.56 (Hu et al. 
2019), and 2.0 (Kusui and Villaescusa 2016, 2018), respec-
tively. Although scale effect existed, they all achieved the 
effect of simulating rockburst or spalling, and some useful 
conclusions were obtained. Wu et al. (2020) discussed the 
scale effect, and thought that although the scale of the cubic 
specimens was small, the test results can help us to under-
stand and recognize the failure process of the sidewalls of 
holes in deep underground engineering. In this study, similar 
idea is adopted in the experimental tests considering the 
available testing conditions.

Maximum principal
stress direction

V-shaped notch

(a)

0.2-0.25 h

h

Maximum principal
stress direction

V-shaped notch

(b)

0.5 d

0.5 d

Fig. 22  Failure modes of sidewalls of D-shaped and circular holes: a D-shaped hole, b circular hole (Si et al. 2018)
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In this study, the test results are as listed in Table 4. The 
stress conditions for initial spalling failure of D-shaped holes 
are σzi/σc ≈ 0.35 ~ 0.44. However, a large number of studies 
have demonstrated that the field strength of the rock mass 
is approximately half of the laboratory uniaxial compres-
sive strength (Stacey 1981; Pelli et al. 1991; Myrvang 1991; 
Martin 1995). Therefore, when the test results are applied to 
the field, the stress condition (σzi/σc ≈ 0.35 ~ 0.44) should be 
changed to σ1/σc ≈ 0.175 ~ 0.22 (σ1 is the far-field maximum 
stress in the field). Some scholars have conducted in situ 
observation of spalling failure in underground tunnels or 
caverns. For example, Ortlepp et al. (1976) compiled expe-
rience from tunnels in brittle rocks in South African gold 
mines and suggested that the stability of these tunnels could 
be assessed using the ratio of the far-field maximum stress 
(σ1) to the laboratory uniaxial compressive strength (σc), and 
indicated that spalling failure occurs when σ1/σc > 0.2. Hoek 
and Brown (1980) conducted field observations of under-
ground mines in South Africa and pointed out that spalling 
failure can be observed when σ1/σc = 0.2. In the southwest 
of China, spalling failure occurred during the excavation 
of the large underground powerhouse at a hydropower sta-
tion under construction (σ1 = 25 ~ 30 MPa, σ3 = 13 ~ 15 MPa, 
σc = 135 MPa, σ1/σc = 0.19 ~ 0.22) (Liu et al. 2017). From 
the above analysis, it can be found that both results can be 
considered basically consistent. Therefore, the converted 
test results (σ1/σc ≈ 0.175 ~ 0.22) can be applied to roughly 
assess the spalling failure of the on-site tunnels.

Although the scale effect may affect the deformation 
of the hole, the test results are basically consistent with 
the in situ spalling failure of D-shaped tunnel (Sect. 4.1). 
Therefore, the research can help us to understand the failure 
process of D-shaped tunnel in underground engineering, 
progressive evolution process and mechanism of spalling, 
and can provide reference and guidance for the design (opti-
mization of cross section shape and excavation direction) 
and spalling prevention of hard rock tunnels. In the future, 
once the capacities of the true-triaxial testing machines meet 
the requirements of testing the large-scale specimens, larger 
rock specimens can be used in the tests so as to minimize the 
scale effect and better observe the spalling failure process 
of the specimen.

5  Conclusions

In this study, the spalling failure process and mechanism in 
D-shaped cross section tunnel were investigated by conduct-
ing true-triaxial loading tests on cubic granite specimens 
with a through D-shaped hole. The spalling failure process 
was monitored and recorded in real time using a wireless 
microcamera. By analyzing the experimental results, the fol-
lowing primary conclusions can be obtained:

(1) During the test, the whole specimens remained stable, 
and only the sidewall experienced spalling failure. The 
spalling failure exhibits tensile failure characteristics, 
and it is approximately parallel to the tunnel sidewall or 
maximum principal stress, which is consistent with the 
spalling failure in situ observed in underground engi-
neering.

(2) The spalling failure process of the D-shaped hole side-
wall can be divided into four periods: calm period, fine 
particle ejection period, crack generation and propa-
gation period, and rock slab gradually buckling and 
spalling period. The spalling failure process of the side-
wall is relatively slow and takes a long time; during this 
process, other locations on both sidewalls experience 
particle ejection, crack generation, and crack propaga-
tion. After layer-by-layer rock slab spalling, symmetri-
cal V-shaped notches form on the left and right side-
walls, and the scope of the V-shaped notches is from 
the corner to the arch springing of the D-shaped hole.

(3) The stress state in the horizontal directions (axial 
and lateral) has a significant effect on the severity of 
spalling failure of the D-shaped hole sidewall for a 
given vertical stress. When the vertical stress is main-
tained at a high stress level and the horizontal axial 
stress is constant, increasing the lateral stress can 
reduce the severity of the spalling failure of the hole 
sidewall. The higher the lateral stress is, the shallower 
the depth of the V-shaped notch is. When the horizon-
tal axial stress is low, the lateral stress increases by 
17.0 MPa from 34.0 to 51.0 MPa, and the depth of the 
V-shaped notch decreases more obviously. In addition, 
the range of the V-shaped notch is not affected by the 
horizontal stress state (horizontal axial stress and lat-
eral stress).

(4) Comparing the sidewall failure of the D-shaped and 
circular holes, the initial failure stress of the D-shaped 
hole sidewall is significantly higher than that of the 
circular hole sidewall. Therefore, the D-shaped tun-
nel should be applied to improve the stability of the 
surrounding rock in deep underground engineering. In 
addition, rock slabs in the D-shaped hole are large and 
thick with slender plate shape, whereas the rock slabs 
in the circular hole are relatively small. The rock slabs 
also have some similarities, that is, they are thick in the 
middle and thin at the edge. The rock slab produced by 
the D-shaped hole sidewall has no initial velocity and 
represents static failure. However, rockburst occurred 
in the circular hole, with a strong dynamic characteris-
tic.

(5) For tunnels of different geometries, the positions of the 
V-shaped notches are different. When the maximum 
principal stress is parallel to the vertical direction, for 
the D-shaped cross section tunnel, the position of the 
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V-shaped notch tip is 0.20–0.25 h above the floor; for 
the circular cross section tunnel, the position of the 
V-shaped notch tip is 0.5 d above the tunnel floor. 
Therefore, for tunnels with different cross sections, 
specific support design plans should be made accord-
ing to the location and depth of the failure zone of the 
surrounding rock.
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