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Failure characteristics and energy distributions of surrounding rock in hard
rock tunnels subjected to different three-dimensional stress conditions

Ming TAO!, Rui ZHAO!, Hua-tao ZHAOQ!, Yi-qing WANG', Wen-zhuo CAO?, Shao-feng WANG'

1. School of Resources and Safety Engineering, Central South University, Changsha 410083, China;
2. Royal School of Mines, Imperial College, London, United Kingdom

Received 4 April 2022; accepted 15 August 2022

Abstract: To study the failure characteristics of surrounding rock near an excavated tunnel under different
three-dimensional stress conditions, a TRW3000 rock true triaxial electro-hydraulic servo mutagenesis testing system
was used to conduct triaxial loading experiments on granite specimens with a circular hole. A high-definition
micro-camera system was used to record the failure process near the circular hole. The results show that spalling failure
occurs near the holed specimen under low-stress conditions, and rockburst appears around the holed specimen under
high-stress conditions. Increasing the horizontal stress can prevent the occurrence of rockburst. The evolution of strain
energy density (SED) in the surrounding rock of the holed specimen under different stress conditions was simulated.
The findings show that the distribution of SED around the circular hole decreases with an increase in horizontal stress.
The SED distributions around the circular hole are basically consistent with the damage distributions in the experiments,
namely, butterfly-shaped, ear-shaped, and ring-shaped.
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1 Introduction

Underground engineering failures gradually
increase as the number of underground
constructions, such as traffic tunnels, mines,
laboratories, and civil defense structures, increases.
These underground constructions are often
influenced by geo-stress, external disturbances, and
other factors in the underground space and
experience unconventional failures, such as spalling,
rockburst, excavation damaged zones, and zonal
disintegration [1—7]. Failure often causes casualties,
equipment damage, and delays, bringing significant
potential safety hazards to the construction of deep
hard rock projects [8—11]. Therefore, the failure of
surrounding rock and its influencing factors should
be investigated for underground engineering and

rock mechanics.

Several researchers have conducted a series
of investigations to study the failure characteristics
and stability of underground tunnels. MARTINI
et al [12] reported that spalling failure induced
V-shaped failure zones in surrounding rock. FENG
et al [13] demonstrated that the spalling failure was
parallel to the excavated surfaces of the tunnel and
was influenced by the tunnel’s shape and the
orientation of the principal stress. SI et al [14]
studied the spalling failure around D-shaped and
circular tunnels under three-dimensional stress
states and showed that an evident spalling failure
occurred at the sidewalls of the tunnels. Other
related studies on spalling failures near underground
tunnels are available [15—19].

Rockburst is another common damage that
occurs in the underground tunnels, which was firstly
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recorded in the early 1990s in the Witwatersrand
Gold Mine in South Africa [20]. Subsequently,
several investigations on rockburst have been
conducted. DYSKIN and GERMANOVICH [21]
studied the mechanism of rockburst caused by
crack propagation on the free surface of a tunnel
using a two-dimensional model. ORTLEPP and
STACEY [22] classified rockburst into strain
rockburst, buckling, face crush/pillar burst, shear
rupture, and fault-slip burst after many
investigations and considered strain rockburst to be
the most common rockburst in underground
tunnels. Furthermore, a few studies have shown that
rockburst is related to the coupling effect of geo-
stress and external dynamic disturbances [9,23—26].

Although spalling failure and rockburst are
two different phenomena
ground tunnels, they are strongly correlated [2]. DU
et al [27] verified that spalling cracks are the
precursors  to GONG et al [28]
determined that the mechanism of rockburst induced
by spalling is mainly embodied in promoting large
buckling deformation and weakening the rock’s
strength. The aforementioned studies focused on
revealing spalling failure, rockburst, and their
evolutionary process around an underground tunnel;
however, limited studies have been conducted on
the specific reasons for spalling, rockburst, and
their influencing factors. Therefore, experimental
tests should be conducted to investigate the
failure process and obtain the relationship
between the three-dimensional (3D) stress state of
the surrounding rock and the occurrence of spalling
and rockburst as well as the influence of stress on
the stability of underground tunnels.

In this study, the failure characteristics of
holed specimens under different stress conditions
were tested using a true triaxial testing machine.
Based on the experimental records, the evolution
process and failure mechanism of an underground
tunnel under 3D stress conditions, as well as the
relationships between the stress conditions and
failure modes of the surrounding rock, were first
analyzed. Subsequently, the distributions of energy
and their evolutionary process in the vicinity of a
circular tunnel under different stress states were
numerically studied using ABAQUS. The findings
of this study can provide a reference and basis for
supporting the design and prevention of disasters in
underground tunnels.

failure in under-

rockburst.

2 Experimental

2.1 Specimen preparation

The specimens were grey-white porphyry
granite taken from the whole rock to ensure the
same physical properties and make the
experimental results comparable. To simulate 3D
stress in deep hard rock, the specimens were
machined into cubes of 100 mm X 100 mm X
100 mm in length, width, and height, respectively.
The surfaces were polished using a grinder, and the
processing accuracy strictly followed the standards
of the International Society for Rock Mechanics
and Rock Engineering (ISRM). The flatness of each
surface was controlled to be 0.05mm, and the
vertical deviation of adjacent surfaces was 0.25°. A
cylindrical hole with a diameter of d=25 mm was
prefabricated in the central part of the specimen, as
shown in Fig. 1. The uniaxial compressive strength
(UCS) of the intact rock specimen was 98 MPa, and
Poisson’s ratio was 0.25.

100 mm

<
Sy

100 mm

Fig. 1 Schematic diagram of cubic granite specimen used
in present study

2.2 Experimental equipment

The experiment was conducted on a TRW3000
rock true triaxial electro-hydraulic servo mutagenesis
testing system, as shown in Fig.2(a). The
maximum loads in the x, y, and z directions were
2000, 2000, and 3000 kN, respectively. The loading
rates in the x, y, and z directions were controlled
within 10—10000 N/s. The measurement ranges of
the displacement in the x, y, and z directions were
0—200, 0—-100, and 0—100 mm, respectively. The
measurement accuracy and resolution were higher
than 0.5% and 0.001 mm, respectively, in all three
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directions. During the loading process, a
high-definition (HD) micro-camera system, as
shown in Fig. 2(b), was used to record the failure
near the sidewalls of the hole in real time and to
synchronously transmit the experimental results to
the computer.

“Control terminal
T 0fMest system

Loading block

—
‘~-...

Y

HD camera

Fig. 2 TRW3000 rock true triaxial electro-hydraulic
servo mutagenesis test system (a) and loading diagram of
rock specimens (b)

2.3 Experimental methods and schemes

A cylindrical hole with a diameter of 25 mm
was machined on the loading block of the x-axis,
and an HD micro-camera was installed in the
circular hole. The axial direction of the hole
coincided with the loading direction of the x axis.
The serial numbers of the specimens are
summarised in Table 1, where the three words in the
specimen number represent the stresses in the x, y,
and z directions, respectively. To construct the 3D
stress state in the underground space, the stresses
are loaded along the x, y, and z axes, and the
corresponding stresses are listed in Table 1. The
symbols {t represent the stress variation in the z
direction when a through crack is formed in the
sidewalls of the hole.

The specimens were divided into four groups,
as listed in Table 1. The first group included 5-10-o:,

Table 1 Stress condition of surrounding rock corresponding
to specimen number

Group No. Specimen number o,/MPa ¢,/MPa ¢./MPa

5-10-0. 5 10 i
10-20-0 10 20 i
: 10-30-0; 10 30 gy
10-40-0 10 40 gy
10-20-0 10 20 gy
? 30-40-0; 30 40 gy
10-40-0 10 40 i
3 30-40-0. 30 40 i
50-40-0. 50 40 i
4 0-0-0; 0 0 i)

10-20-0:, 10-30-0-, and 10-40-0., which were used
to investigate the influence of the horizontal stress
difference on the failure characteristics of the
specimens. Based on the study by STEPHANSSON
et al [29], 5-10-0. and 10-20-0. can be considered to
correspond to the stress conditions around
shallowly buried tunnels (2 <400 m), and 10-30-0:
and 10-40-0. are the simulations of the stress
conditions around deep tunnels (4> 800 m). The
second group included 10-20-0. and 30-40-o.,
which were used to study the failure characteristics
of the specimen under the same horizontal stress
difference, including shallow and deep stress
conditions. The purpose of the third group was to
investigate the influence of the stress along the
axial direction of the hole on the failure
characteristics of the specimen under high-stress
conditions. The last group, 0-0-¢., was used to
obtain the UCS values of the holed specimens.
After the specimen was installed in the triaxial
test machine, the HD micro-camera system was
opened. The stresses applied by the x, y, and z axes
of the triaxial testing machine were preset to the
target values, namely, the serial number of the
specimen. The specimen was loaded by the x, y, and
z axes simultaneously, and the loading rate was
500 N/s (0.05 MPa/s). The stresses in the x and y
axes were firstly loaded to the target value using
stress control and remained constant. Then, the
stress along the z axis was continuously loaded to
600 kN (60 MPa), and the loading method was
changed to displacement control. The loading rate
was controlled to 0.15 mm/min and loading was
stopped once a penetrating crack occurred near the
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sidewalls of the hole. The triaxial strength of the
holed specimen increases with the increase of the
minimum and intermediate principal stresses, and
the increments gradually decrease as the minimum
and intermediate principal stresses exceed 30 MPa.

3 Results and discussion

3.1 Failure characteristics of holed specimens

under different stress conditions

The recordings indicated that the failure
characteristics of the holed specimen were
consistent when the specimens were loaded to the
stress conditions of shallowly buried tunnels. A
small number of rock fragments appeared on the
sidewalls of the specimens, as shown in Fig. 3(a).
In this case, the failure processes around shallowly
buried tunnels can be divided into four periods:
quiet, debris ejection, crack propagation, and rock
fragment exfoliation. During the quiet period, the
microfractures in the specimen are compacted, and
no evident failure is observed in the sidewalls of the
hole. During this period, strain energy begins to
accumulate in the rock specimen, particularly in the
vicinity of the circular hole. This period lasts for
approximately 15 min. The specimen failure enters
the debris ejection period as the maximum principal
stress increases, small debris is gradually ejected
from the right side of the hole, and the ejection
trajectory is a parabola. Part of the strain energy in
the surrounding rock is gradually released as the
debris is ejected from the circular hole. This period
lasts for 7—8 min. With an increase in the stress
environment, the velocity of debris ejection
increases, the volume of debris also increases, and
the entire process lasts for 4—5 min. Under the
action of compressive stress, tensile cracks
gradually appear in the damaged area caused by
particle ejection. After the crack propagation period,
there is a quiet period, which means that the
surrounding rock enters the stage of strain
accumulation again. During the rock fragment
exfoliation period, rock pieces near the cracks
caused by debris ejection gradually exfoliate from
the sidewalls, and a small number of rock fragments
begin to bulge from the inner wall, resulting in
spalling failure. As the maximum principal
stress continuously increases, the rock fragment
exfoliation extends from the middle parts to both
ends along the axial direction of the hole until a

through crack is formed near the inner wall of the
hole and loading is stopped. The size and number of
rock fragments are larger than those in the last
period, and the failure that occurs in the right
sidewall is always greater than that on the left side
during this process. The entire process, including
the short quiet period and rock fragment exfoliation
period, lasts for 6—7 min.

Severe failure occurs near both sidewalls of
the hole as high stress acts on the specimen, namely,
10-40-0-, as shown in Fig.3(b). This can be
regarded as the case for a tunnel in a deep area.
Their failure processes are similar; however, a
certain difference can be found in contrast to that in
the low-stress state. Specifically, the specimen
failure enters the crack propagation period rapidly
without evident debris ejection after the quiet
period, which means that there is no debris ejection
period in such a stress environment. Subsequently,
the rock fragment starts to bulge from the inner wall
after a brief quiet period and then gradually heaves
up until spalling, which is similar to the rock
fragment exfoliation period in the low-stress state.
This indicates that the release rate of strain energy
in the deep surrounding rock is faster and intenser
than that in the shallow surrounding rock. The
entire process lasts for 5—6 min. As the maximum
principal the failure of the
specimen becomes stronger; further, some small
rock debris is first ejected from the inner wall of the
circular hole, and then several large rock fragments
peel off rapidly from the sidewalls, which last for
2—3 min. This is because a large amount of elastic
strain energy is stored in the specimen and in the
vicinity of the hole in a high-stress environment,
which can lead to a rapid release of strain energy
and cause a violent rockburst around the hole if the
surrounding rock is damaged. Therefore, the
failure processes around the deep tunnel can be
divided into quiet, crack propagation, rock fragment
exfoliation, and rockburst periods.

The failure process of Specimen 50-40-0. is
similar to that of Specimen 10-40-¢:, with four
periods, including the quiet period, crack
propagation period, rock fragment exfoliation
period, and rockburst period, which can be seen
during loading processes, as shown in Fig. 3(c).
Initially, the specimen is quiet for approximately
30 min. Subsequently, tensile crack propagation
occurs near the sidewalls. After a quiet period, the

stress increases,
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Fig. 3 Failure process of specimen under different stress conditions: (a) 10-20-0:; (b) 10-40-0; (c) 50-40-0-



3492 Ming TAO, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3487-3502

rock fragments gradually peel off from the
sidewalls. With an increase in the maximum
principal stress, the spalling speed increases and the
failure area penetrates along the axial direction of
the hole. The spalling period lasts for 2—3 min, and
then rockburst occurs simultaneously on both
sidewalls of the hole. Several rock fragments are
suddenly and violently ejected toward the tunnel
surface, and the rock powder is ejected to form a
dust mist. The entire rockburst process lasts
for approximately 30s, and there is no evident
phenomenon after the stress is maintained for a
while and the loading is stopped. In contrast to
Specimen 10-40-a, the stability of the surrounding
rock mass and the strength of the holed specimen
increase significantly; however, the severity of the
surrounding rock failure is significantly enhanced.

Specimens 10-20-0; and 10-30-0;
considered as examples to display the failure
characteristics near the sidewalls of the hole after
spalling and rockburst, respectively. Figure 4 shows
that the V-shaped crack formed by rockburst under
high-stress conditions is deeper and wider than
that formed by spalling failure under low-stress
conditions. The through V-shaped crack is
perpendicular to the maximum principal stress (o),
which is consistent with actual engineering and
previous studies [28,30].

To better describe and reveal the failure
mechanism of rockburst in the surrounding rock, a
diagram sketch of the failure processes and
mechanisms is plotted in Fig. 5. In the quiet period,
microcracks in the rock surrounding the circular
hole expand along with the maximum principal
stress (0:) owing to the compressive stress
concentration that occurs on both sidewalls of the
hole, as shown in Fig. 5(a). During the crack
propagation period, the microcracks gradually
expand and coalesce with other microcracks to form
tensile cracks, and the rock fragment is ejected if
the crack extends to the middle part of the sidewalls,
as shown in Fig. 5(b). During the rock fragment
exfoliation period, internal cracks induce rock

were

fragments on the surface of the circular hole to spall.

The damaged area caused by spalling on the
sidewalls provides the conditions for more cracks to
penetrate the hole wall, which can further provide a
free surface for rockburst. During the rockburst
period, the elastic strain energy stored in the
surrounding rock, particularly in the undamaged

surrounding rock, is suddenly released with
an increase in the maximum principal stress.
The released strain energy is transformed into
dissipative energy of rock fragmentation and kinetic
energy of fragment ejection. Spalling failure is
closely related to the propagation and coalescence
of internal tension cracks, and tensile failure
dominates the entire rockburst process.

Fig. 4 V-shaped crack process of different specimens:
(a) 10-20-g:; (b) 10-30-0.

3.2 Influence of stress condition on failure of

surrounding rock

Generally, severity and failure characteristics
are largely dependent on the stress conditions of the
surrounding rock. As discussed in the previous
section, a large stress can induce more serious
damage to the surrounding rock and is more likely
to cause rockburst. In practice, the stress loaded on
an underground tunnel in the vertical direction
generally changes with the buried depth of the
tunnel, and the stress at a specific depth is regarded
as constant. The stress in the horizontal direction
changes frequently because of the influence of
tectonic stress. The stability and failure characteristics
of the surrounding rock under different horizontal
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stress conditions are investigated in this section,
and the failure processes of the holed specimens
subjected to a constant maximum principal stress
(0:=100 MPa) are presented in Fig. 6. Failure near
the circular hole decreases with an increase in the
horizontal principal stresses, including the principal
stresses in the x and y directions. In particular, no
evident failure occurs when the stress in the x
direction increases to be larger than 30 MPa, as
shown in Figs. 6(e) and (f). This indicates that
increasing the stress along the axial direction of
the hole can strengthen the stability to a certain
extent. In other words, a tunnel buried at a great
depth can increase the stability of the surrounding
rock, and the axial direction of the underground
tunnel in deep hard rock should be parallel to
the direction of the maximum horizontal

principal stress.

Furthermore, the horizontal principal stress
difference has a significant influence on the failure
characteristics of the specimen, as shown in Fig. 3
and Figs. 6(a—d), where low-stress (Figs. 6(a) and
(b)) and high-stress (Figs. 6(c) and (d)) conditions
are considered. The failure level of the surrounding
rock increases gradually as the horizontal principal
stress difference increases in the order of 5—10—
20—30 MPa, and the failure modes of the specimen
change from spalling to rockburst with the increase
in horizontal stresses. Additionally, a larger
horizontal stress difference can induce a deeper
V-shaped crack on both sidewalls of the circular
hole, as shown in Fig. 4. Therefore, the failure of
the rock surrounding the circular tunnel increases
with the increase in the horizontal stress difference.
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Fig. 6 Failure characteristics near sidewalls of specimens at 0:=100 MPa: (a) 5-10-100; (b) 10-20-100; (c) 10-30-100;

(d) 10-40-100; (e) 30-40-100; () 50-40-100

This is because increasing the horizontal stress
difference can promote the accumulation of elastic
strain energy in the surrounding rock within the
scope of a certain stress and decrease the deviation
stress. In general, the decreased deviation stress can
further weaken the shear stress concentration in the
surrounding rock and enhance the accumulation of
strain energy in the vicinity of the underground
tunnel if the maximum principal stress is loaded
along the direction perpendicular to the tunnel axis
and middle principal stress to accumulate more
energy for serious rock failure. Similarly,
decreasing the horizontal stress difference by
increasing the stress along the tunnel axis can
increase the stability of the surrounding rock, as
shown in Figs. 6(e) and (f). In this case, a large
amount of elastic strain energy is accumulated in
the surrounding rock, which can lead to a violent
rockburst near the tunnel wall if the maximum
principal stress increases to meet the requirement of
rock failure, as shown in Fig. 3(c).

3.3 Stress of hole sidewalls

Based on Kirsch theory, the tangential stress g
near the sidewall of a circular hole can be
calculated using the following formula [31]:

o, +0, 2 o, —0, 4
5, =2 L 1438 |cos(20)
0 2 2 4

r 2
©)
where @ is the angle with the horizontal phane, R is
the tunnel radius,  is the coordinate radius, and o,
is the horizontal stress in the y direction.
When =R, the tangential stress oy near the
hole wall is

6, =[1-2c0s(20)]a, +[1+2c0s(280)]o,  (2)

The tangential stress oy near the middle
sidewalls (6=0° and 6=180°) of the hole is
calculated when the first through crack occurs, and
the results are presented in Table 2, where o9 is the
stress at the beginning of failure. The initial failure
stress increases with the increase of the horizontal
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stress, which is consistent with the conclusion
obtained in the previous section; increasing the
horizontal stress can enhance the stability of the
tunnel. Furthermore, the calculated tangential stress
under different stress conditions is larger than the
average laboratory UCS value (98 MPa), that is, the
ratio of the tangential stress at the initial failure of
the specimen to the laboratory UCS is greater than
1. Combined with the findings in Fig. 4, a larger
horizontal stress can induce a stronger rockburst
in the surrounding rock if the stress increases
sufficiently to damage the tunnel.

The normalized mean stress (om) and
normalized deviatoric stress (o4) can be calculated
as [32]:

o, +o, 3
O'm —T ( )
oy :ﬁ (4)
20

C

where o is the USC of the holed rock specimen.

Table 2 Stresses on both sidewalls of hole

. o/ o,/ 020/ 0./ ool
Specimen 00/0;
MPa MPa MPa MPa MPa

5-10-0. 5 10 52 105 146 1.21
10-20-0. 10 20 56 110 148 1.22
10-30-0: 10 30 63 131 159 131
10-40-0. 10 40 68 136 164 1.36
30-40-0. 30 40 97 163 200 1.65
50-40-0. 50 40 103 180 269 2.74
0-0-0. 0 0 - 60 - -

Utilizing Egs. (3) and (4), om and o4 at the
beginning of failure (71), 70% of the maximum
stress in the z direction (72), and the maximum
stress in the z direction (73) under different stress
states were calculated, and the results are presented
in Table 3. The obtained results are consistent with
the findings in Section 3.2. Furthermore, based on
Ref. [32], the relationship between the failure mode
of the unsupported circular tunnel and the far-field
stress state in this experiment is shown in Fig. 7,
where type I is ear-shaped, type Il is ring-shaped,
and type Il is butterfly-shaped. Failures around
the circular tunnel are mainly ear-shaped and
butterfly-shaped, and the initial failure is always
distributed near the sidewalls of the circular hole,

that is, the position perpendicular to the maximum
principal stress. As the maximum principal stress
increases, the failure gradually extends in the other
directions of the hole and a butterfly-shaped failure
is formed. In addition, the butterfly-shaped failure
of Specimens 5-10-0:, 10-20-0., and 50-40-0. is
earlier than that of Specimens 10-30-0:, 10-40-0,
and 30-40-0, indicating that Specimens 5-10-0-,

Table 3 Calculated results of three failure states of
sidewall under different stress conditions

Specimen Stage o./MPa o 0d

v 52.0 0.256 0.174 0.19 I
5-10-0: 1> 73.5 0345 0.262 0.14 I
75 1050 0.475 0.393 0.095 I

i 56.0 0.314 0.149 0.36 I
10-20-0. 1> 77.0 0.401 0.236 0.26 I
75 110.0 0.573 0.372 0.18 I
T 63.0 0384 0.136 047 I

10-30-0. 7> 91.7 0.503 0.255 0.33 I
75 131.0 0.665 0.417 0.23 I
i 68.0 0.456 0.116 0.59 I
10-40-0. 1> 952 0.559 0.228 0.42 I
73 136.0 0.727 0.397 0.29 I
1 97.0 0.5661 0.236 0.41 I
30-40-0. 7o 114.1 0.638 0.306 0.35 I
75 163.0 0.839 0.508 0.25 11
7v 108.0 0.612 0.281 0.37 I
50-40-0. 1> 133.0 0.715 0.384 0.30 I
75 190.0 0.950 0.620 0.21 I

— 5100,
10-20-0. o
10-30-0, &>
087 o 10-40-0, Q&\/
— 30-40-0. X\g

<
4;

O.. X}@HI

e
o
T

Normalized deviatoric stress

Elasti\c‘x\L . .
0 0.5 1.0 L5 2.0
Normalized mean stress
Fig. 7 Relationship between failure modes and far-field

stress state for unsupported circular opening [32]
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10-20-0z, and 50-40-0. are more prone to shear
failure. In other words, shallow-buried and
extremely deep tunnels are more prone to shear
failure than medium-buried tunnels. This is because
the deviation stresses in the shallow-buried and
extremely deep areas are larger than those in the
medium-buried areas owing to the difference in in
situ stress.

4 Numerical simulation

In the previous sections, the failure
characteristics and stress distributions around
circular holes under different stress conditions were
obtained by real triaxial experiments. However, the
energy distributions and variations during the
loading process could not be obtained from the
experimental data. Therefore, in the following
sections, numerical simulation was used to further
study the energy distributions in the surrounding
rock under 3D stress.

4.1 Description and verification of material
model

To verify the feasibility of the parameters
obtained from experiments in
characterizing the properties of rock material, the
uniaxial compression test of the holed specimens
used in the experiments was numerically
reproduced based on the explicit program
ABAQUS. A numerical model of the same size
(100 mm x 100 mm x 100 mm) as the experiment
was established using ABAQUS. A fine grid of
elements was used to increase the accuracy of the
results in the vicinity of the circular hole, and the
grid size increased with the increase in the distance
from the hole surface. To maintain consistency with
laboratory tests, the physic-mechanical parameters
used in numerical simulations were those of the
granite specimens as follows: density (p) 2650 kg/m®,
Young’s modulus () 31.5 GPa, Poisson’s ratio (v)
0.25, UCS 98 MPa, cohesion (c) 33.46 MPa, and
friction angle (¢) 36°. The uniaxial compressive
strength of holed Specimen 0-0-o. was 60 MPa.

The strength characteristics of the rock
specimens simulated using the Mohr—
Coulomb softening model. The strain-softening
parameters of the model are listed in Table 4. The
same loading method used in the experiments was
adopted for the numerical simulations. The failure

numerically

were

Table 4 Strain-softening parameters of model

Cohesion yield stress/MPa Plastic shear strain

35.46 0

33.00 0.0035
30.00 0.0080
25.00 0.0170
20.00 0.0280
15.00 0.0410
10.00 0.0580
5.00 0.0800
0.01 0.1100

modes and strain—stress curves of the holed
specimens obtained in the uniaxial compression
experiment and numerical simulation are shown
in Fig. 8. The results obtained in the numerical
simulations are consistent with the experimental
results, including Young’s modulus, yield strength,
peak strength, and failure modes. This indicates that
the Mohr—Coulomb model can be used to simulate
the failure characteristics of holed specimens. The
strains corresponding to the peak stress obtained in
experiments are larger than those obtained in
numerical simulations. In general, a real rock
specimen contains many natural microfractures,
which are compacted under an external force.
However, the numerical model comprises elastic
finite elements; its deformation changes linearly
with external force, and there is no pore compaction.
Thus, the deformation of the real rock specimen is
greater than that of the numerical specimen.

4.2 Distribution of energy around circular hole

under different stress conditions

In this section, the distribution of energy
around the circular holes under different stress
states was numerically investigated to reveal the
failure mechanism of the surrounding rocks. To
maintain consistency with the experimental process,
displacement constraints were applied to the
boundary of the specimen opposite to the loading
face. The stress was loaded on the specimen faces
from the x, y, and z directions in two steps. The first
step was to initialize the stress conditions and create
the model in the initial stress state. Then, the
horizontal stress was maintained constant, and the
stress in the z direction was increased until the
model was damaged. Using the same loading



process, triaxial

compression experiments of
Specimens 10-20-0:, 10-40-0:, and 50-40-0. were
simulated successively.

To evaluate the energy around the circular hole
during loading processes, the energy distribution
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characteristics in the surrounding rock of the

circular holes in the initial stage, elastic stage, and
plastic stage, namely, Stages A4, B, and C, are
presented in Fig. 9. The initial stage indicates that
the specimen is only loaded with principal stresses

+7.8510
431925003
$0.000e+00

Fig. 8 Comparison of experimental and numerical results: (a) Strain—stress curves; (b) Failure modes obtained in

experiment; (¢) Failure modes obtained in simulation
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Fig. 9 Distribution of strain energy density (SED) around hole under different stress conditions: (a) 10-20-o:;
(b) 10-40-0z; (c) 50-40-0-
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in the x and y directions, and the distribution of
SED in the surrounding rock is used to express the
energy distributions around the circular hole. Figure
9 shows that the SED is mainly distributed near the
top and bottom parts of the circular hole in a
butterfly shape in the initial stage, and the
maximum SED values of Specimens 10-20-o,
10-40-0;, and 50-40-¢. are 0.0419, 0.175, and
0.197 mJ/mm?, respectively. The larger principal
stress in the x and y directions can induce a greater
SED in the initial stage, and a high SED is mainly
distributed near the inner wall of the circular hole.
As the distance to the hole wall increases, the SED
value decreases gradually, while the distribution
areas show an evident increase. As the principal
stress in the z direction is loaded on the sample and
increases, the SED near the hole wall increases
gradually, and the distribution of the high SED
around the circular hole migrates from the top and
bottom parts to its sidewalls. The maximum and
minimum SED values are always distributed at both
sidewalls and in the longitudinal direction of the
hole, respectively. In contrast to the failure
characteristics of the surrounding rock obtained
from the experiments, the failure of the surrounding
rock always occurs at positions with high SED,
which is mainly caused by compressive stress
concentration. The maximum SED values of
Specimen 10-20-¢:, 10-40-0., and 50-40-0. at
failure are 0.584, 0.552, and 0.568 mJ/mm?,
respectively. Evidently, the SED value of specimen
10-20-0: at failure is larger than the others because
the higher the initial stress of the specimens is, the
more evident the damage to the surrounding rock
around the circular hole at failure is, and thus, the
smaller the residual strain energy in the surrounding
rock is.

4.3 Influence of horizontal stress on distribution
of SED near hole

As shown in Fig. 9, the distribution shape of
SED in different stages is related to the horizontal
stress conditions, that is, the stress in the x and y
directions. To investigate the influence of horizontal
stresses on the distribution of SED around the
circular hole, the stress in the direction of the
maximum principal stress (z direction) was
maintained at 100 MPa, and the stresses in the x and
y directions were changed to check the distribution
of SED around the circular hole under different

stress ratio coefficients. The specific simulation
schemes are presented in Table 5, where K; and K>
are the stress ratios in the z direction to the x and y
directions, respectively.

Table S Simulation scheme showing influence of side
pressure coefficient

Specimen  0./MPa o¢,/MPa o/MPa Ki(=0:/0x)
30-50-100 100 50 30 33
50-50-100 100 50 50 2.0
100-50-100 100 50 100 1.0
Specimen ¢/ MPa ¢,/MPa o,/MPa Ki(=o./c))
10-30-100 100 30 10 33
10-50-100 100 50 10 2.0
10-100-100 100 100 10 1.0

Figure 10 shows the distribution characteristics
of SED in the surrounding rock with different stress
ratio coefficients, K; and K>. An evident SED
concentration area is formed in the surrounding
rock, in particular, the sidewalls of the hole under
different K;, and the maximum and minimum SED
values always occur at the sidewalls, top, and
bottom parts of the hole, which is similar to that in
Fig. 9. This means that the failure of the
surrounding rock, including spalling and rockburst,
is the release process of the compressive strain
energy. In addition, the distribution characteristics
of the SED around the hole under different K;
values are similar, shown as an ear shape. However,
the SED value of the surrounding rock decreases
slightly with decreasing K. As the stress ratio
coefficient K, increases, the SED around the hole
decreases, and their distribution characteristics
change from butterfly-shaped to ring-shaped. In
contrast to the cases under different K;, the
decreasing K> has a greater influence on the SED
distribution around the circular hole. Therefore, the
large stress within the cross-section of an
underground tunnel can pose a greater threat to its
stability than the stress along the axial direction of
the tunnel, which is consistent with the results
obtained by LI et al [33] and SI et al [14]. In
addition, increasing the stress in the x direction can
decrease the SED in the surrounding rock and
strengthen its stability accordingly. This is because
increasing the stress in the x direction can restrict
the deformation of the surrounding rock near the
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Fig. 10 Distribution of SED in surrounding rock of holed specimens with different K; and K>

tunnel wall if the stresses are loaded along the
cross-section of the tunnel, and the small difference
in the stresses within the cross-section of the tunnel
(0, and o;) can decrease the shear deformation in the
surrounding rock.

5 Discussion

The numerical simulation results demonstrate
that the distribution characteristic of SED around
circular holes is influenced by the horizontal
stresses, including the stress perpendicular to the
cross-section of the tunnel and the stress within the
cross-section. The latter has a greater influence on
the distribution characteristics of SED, deformation,
and failure around the tunnel. In general, the serious
deformation and SED are mainly distributed
near the position perpendicular to the maximum
principal stress. The relationship between the stress
ratio coefficient and the failure around the circular
hole is shown in Fig. 11, where o; is the maximum
principal stress. The grey V-shaped area is considered
to be the compressive stress concentration area
around the circular hole. From this point, lateral
deformation will occur in the surrounding rock
owing to Passion’s effect on the rock material when
the compressive stress is concentrated near the
sidewalls of the tunnel, which can further evoke
tensile failure of the sidewalls along the radial

direction of the tunnel. In general, the compressive
stress concentration around a circular tunnel is
greater than the tensile stress concentration.
Therefore, along the radial direction of the tunnel,
the surrounding rock in the compressive stress
concentration areas is more prone to tensile failure
than that in the tensile stress concentration area,
as presented in Fig.3 and Fig.5. The stress
concentration and SED gradually decrease with
increasing distance from the sidewalls, which can
also be used to explain the V-shaped failure
emerging in the tunnel sidewalls. From the
perspective of energy, a large amount of
compressive strain energy is accumulated in the
compressive stress concentration areas of the tunnel,
and the maximum SED is generally distributed
on the tunnel surface, as presented in Fig. 9 and
Fig. 10. In this case, the failure that occurs in the
compressive stress concentration areas can induce a
rapid release of strain energy, and the failure of the
surrounding rock shows an evident rockburst, as
presented in Fig. 3.

The maximum SED in the surrounding rock
decreases with the increase in horizontal stress,
including the stress in the x and y directions, and the
variation of stresses in the cross-section of circular
tunnels has a greater influence on the distribution of
SED around the tunnel than that perpendicular to
the cross-section, as shown in Fig. 10. Thus, it can
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Fig. 11 Failure characteristics of surrounding rock with different side pressure coefficients

be concluded that the energy accumulation in the
surrounding rock can be restrained by increasing
the horizontal stress, which is consistent with the
experimental results in Section 3.2. In addition, as
the horizontal stress increases, the rockburst near
the sidewalls first increases and then decreases, as
shown in Fig. 4. Based on the results presented
in Fig. 11, the increasing horizontal stresses
restrain the deformation of the surrounding rock,
particularly in the vicinity of the tunnel wall. In
addition, plastic deformation occurs in rock
specimens when the stress state is greater than the
yield stress, which can further decrease the strain
energy in the surrounding rock and intensity of the
surrounding rock failure. Moreover, the SED
distribution around the circular tunnel changes
from butterfly-shaped to ear-shaped and then to
ring-shaped with variations in the side pressure
coefficients.

6 Conclusions

(1) The spalling processes can be divided
into four periods: quiet, debris ejection, crack
propagation, and rock fragment exfoliation.
Spalling failure occurs in a tunnel under low-stress
conditions, whereas rockburst occurs near the
tunnel under high-stress conditions, and its failure
processes include the quiet period, debris ejection
period, rock fragment exfoliation period, and
rockburst period.

(2) When the maximum principal stress (o) is
fixed, increasing the horizontal stresses (o, and o))

reduces the degree of damage to the surrounding
rock. However, when the maximum principal stress
continues to increase and is greater than the yield
stress of the surrounding rock, the intensity of the
rockburst is reduced, and the high horizontal
stresses can provide energy for the rockburst.
Reducing the horizontal stress difference can reduce
the rockburst intensity.

(3) High and low SED are always distributed
near the sidewalls of the circular tunnel and along
the direction of the maximum principal stress.
Tunnels under low-stress conditions can form a
larger SED distribution area in the surrounding rock
at failure than those under high-stress conditions.
Distributions of SED around circular tunnels will
decrease with increasing stress perpendicular to the
cross-section of the tunnel and stress within the
cross-section.
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