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'e process of crack propagation and tunnel failure is affected by the cross-sectional geometry of an underground tunnel. In
order to quantify the effect of section shape on the process of crack propagation in deep tunnels under high ground stress
conditions, a total of four physical models with two cross-sectional shapes and twelve stress levels were designed and several
large-scale physical model tests were conducted. 'e results indicated that, when the vertical stress is 4.94MPa, the length and
depth of the cracks generated in the rock surrounding the horseshoe tunnel are about eight times that around a circular tunnel.
'e position where the circumferential displacement of the horseshoe tunnel begins to be stable is about two, to two and a half,
times that around a circular tunnel. After the deep chamber was excavated, continuous spalling was found to occur at the foot of
the horseshoe tunnel and microcracks in the surrounding rock were initially generated from the foot of the side wall and then
developed upwards to form a conjugate sliding shape to the foot of the arch roof, where the cracks finally coalesced. Dis-
continuous spalling occurred at the midheight of the side wall of the circular tunnel after excavation, and microcracks in the
surrounding rock were initially generated from the midheight of the side wall and then extended concentrically to greater depth
in the rock mass surrounding the tunnel. Tensile failure mainly occurred on the surface of the side wall: shear failure mainly
appeared in the surrounding rock.

1. Introduction

'e process of crack propagation in the surrounding rock is
significant to the excavation and supports of an underground
mine. 'e process of crack propagation is essential to study the

failure mechanism of materials in different underground en-
vironments. Furthermore, coal mining has gradually developed
to increased depths: mines at depths of 1000m are not un-
common. 'erefore, a study of the process of tunnel stability
and cracking propagation of ultradeep mines is worthwhile [1].

Hindawi
Advances in Civil Engineering
Volume 2019, Article ID 3439543, 17 pages
https://doi.org/10.1155/2019/3439543

mailto:haoxianjie@cumtb.edu.cn
http://orcid.org/0000-0001-8621-4453
http://orcid.org/0000-0001-7163-5175
http://orcid.org/0000-0002-8175-831X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/3439543


'ere are many factors affecting the process of crack
propagation and tunnel failure, and the cross section of the
tunnel is one of the most important such factors. Presently,
common section shapes of the underground tunnel include
arched sections, circular sections, rectangular sections, and
trapezoidal sections. Among them, tunnels with arched
sections and circular sections are most widely used. Un-
derground tunnels with arched sections are mainly used for
haulage roadways in mining districts, rocky main roadways,
and gathering main roadways in coal mines. Underground
tunnels with circular sections are mainly applied in mines in
soft rock, or in those under high in situ stress, and those
subject to large deformations.

Many researchers have investigated the process of
tunnel stability and crack propagation of an underground
tunnel from the perspective of the cross-sectional shape of
the tunnel. Mobaraki and Vaghefi [2] carried out a nu-
merical study of the depth and cross-sectional shape of a
tunnel under surface explosive loading. 'e Kobe box
shape subway tunnel was used as an example in comparison
with semiellipse-, circular-, and horseshoe-shaped tunnels.
Lu et al. [3] analyzed the optimal shape of a tunnel that
satisfies the optimization criterion by using the conformal
mapping method for a plane elasticity complex function.
Based on FLAC3D, Meng et al. [4] simulated the excavation
of roadways with different cross sections, including rect-
angular, trapezoidal, straight wall arch, horseshoe, oval,
and circular shapes, and the deformation characteristics of
surrounding rock and the distribution of plastic zone of
surrounding rock were explored. 'e plastic zone distri-
bution and the differences between principal stress and the
deformation of the rock surrounding six typical roadway
types were simulated with FLAC5.0 [5]. Based on the UDEC
program, Ma et al. [6] carried out a series of numerical
simulations for roadways with five different cross sections
to analyze the energy release characteristics and distribu-
tion of stress and plastic zones in the surrounding rock and
reveal the influence of horizontal tectonic stress. Xu et al.
[7] proposed a rock burst energy release rate (RBERR)
criterion, and the evolution of rock damage and failure of
advancing excavation faces with different cross sections
were simulated: however, most of these studies into the
influence of section shape on tunnel stability are qualita-
tive, and there is a lack of quantitative analysis of the effects
of section shape.

It is useful to analyze the process of instability and crack
propagation of rock mass by large-scale physical model
testing [8, 9]. 'e process of crack propagation in the
surrounding rock and the process of tunnel deformation
and failure can be directly obtained through similarity
simulation experiment. Li et al. [10] conducted a 3D
physical model test to clarify the effect of the dipping
formation and bidirectional excavation on the tunnel de-
formation: crown settlement, floor heave, and radial dis-
placement of the equivalent sections in the physical model
were investigated. Kiani et al. [11] carried out a series of
centrifuge model tests on segmental tunnels subjected to
normal faulting and the physical modelling of a normal
fault, a segmental tunnel in a centrifuge, and the results of

nine centrifuge tests were described. Li et al. [12] performed
a large-scale geomechanical model test based on Zhaolou
coal mine in China. 'e displacement and stress evolution
laws of surrounding rock supported by the pressure relief
anchor box beam system were elucidated. Lei et al. [13]
designed an experimental programme and simulated the
excavation of three asymmetrically loaded model tunnels
with different bias angles to reveal the failure mechanism of
both the lining and surrounding rock on shallow buried
tunnels under asymmetrical load. Jiang et al. [14] explored
the relationships among advancing direction, strata be-
haviors, and rock burst induction by establishing two
physical models. Sun et al. [15] conducted an experimental
study of the floor heave of roadway excavated in deep,
inclined strata. Chen et al. [16] reported a series of small-
scale physical tunnel model tests to represent the true
behavior of a real tunnel under extreme loading. Fang et al.
[17] demonstrated scale model tests in a 1 g gravitational
field on a tunnel excavation undercrossing the caved zone
of a goaf: settlement of the roof, floor of the caved zone, and
vault settlement of the tunnel during excavation were tested
and compared. 'e mechanical behavior of the rock strata
during mining was simulated on the basis of a 2D physical
model [18]. Huang et al. [19] explored the effect of a weak
interlayer on failure patterns in a rock mass around a
tunnel, both physical model tests and numerical analysis
were carried out to simulate tunnel excavation near an
interlayer. Li et al. [20] developed a new large-scale physical
simulation method to investigate the deformation and
failure modes of weak rocks surrounding a tunnel. Fu et al.
[21] proposed a statistical model for predicting the triaxial
compressive strength of transversely isotropic rocks sub-
jected to freeze-thaw cycling. Guo et al. [22] elaborated the
influence of blasting excavation of a new roadway on
neighboring, preexisting roadways of different cross sec-
tions by using a digital laser dynamic caustics experimental
system and conducting a simulation. Ma et al. [23] carried
out a series of three-dimensional centrifuge model tests
which were performed to examine the effects of side-by-
side twin tunneling at varying depths on an existing buried
pipeline in dry sand.

In conclusion, it can be seen that there is a lack of re-
search on the influence of section shape on deep tunnel
stability by means of large-scale physical model tests.

In conclusion, it can be seen that there is a lack of re-
search on the influence of section shape on deep tunnel
stability by means of large-scale physical model tests. With
increasing mining depth and the increasingly complex stress
environment, the effect of stress magnitude and loading rate
on the stability of tunnels with different cross-sectional
shapes is worthy of comparative study. So, it is a question
whether the positive effect of the cross-sectional shape on the
stability of the tunnel remains unchanged in different stress
environments or not. 'us, this research quantifies the ef-
fects of section shape on the process of crack propagation
and tunnel failure, by examining stress redistribution, dis-
placement, geometric characteristics (such as length and
depth) and their effects on the crack propagation, and de-
velopment of damage.
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In this paper, four physical models with two section
shapes and twelve stress levels were designed and several
large-scale physical model tests were carried out to quantify
the effect of cross section on the process of crack propagation
and tunnel failure of a deep tunnel under high ground stress
conditions. In Section 2, the ability of experimental in-
struments was introduced. In Section 3, the material pa-
rameters and composition of the model for similar
simulation experiments were determined and the test
scheme of two kinds of cross sections and 12 load magni-
tudes were proposed. In Section 4, the experimental results
of different cross sections and load magnitudes are in-
troduced, including the process of displacement, the size of
the damaged zone in the process of excavation, cracking
expansion process, and failure mechanism. Based on the
results of numerical and physical model simulation, the
effect of the loading path on the process of crack propagation
and tunnel failure of a deep tunnel with different cross-
sectional shapes are compared and analyzed in Section 5.

2. Physical Test Equipment

A simulation test system for failure process and mechanism
of surrounding rock in deep engineering was used in this
experiment. 'e system can be used to simulate three-
directional loading in high ground stress environments.
'e deviation of load concentration on the surface of the
measured model is less than 1%. 'e pressure applied to the
model can be kept stable for more than 48 hours. 'e deep
engineering geostress environment found with burial depths
of around 1000m can be simulated: it can be used to ex-
cavate the tunnel model in stages and perform anchorage
simulations under conditions maintaining high ground
stresses. 'e longitudinal load-bearing system (Figure 1)
contained in the main body was used to control tunnel axial
deformation. 'e hydraulic loading and control system are
composed of a high-precision static servo-hydraulic control
system (Figure 2). 'e dynamic load stabilization accuracy
is± 2%, and the static load stabilization accuracy is± 0.5%.
Visual operation can be implemented in the data acquisition
system (Figure 3). 'e radial strain and the circumferential
strain in the surrounding rock and the deformation process
of the model tunnel can thus be shown.

3. Physical Test Schedules

3.1. Similarity Principles. To study the failure process of
tunnels by using physical model tests, the physical models
must satisfy a set of similarity criterion, including geometric
similarity, physical and mechanical properties similarity,
boundary conditions, and initial state. According to simi-
larity theory and dimensional analysis, these similarity
conditions can be acquired by establishing the force balance
equation, geometric analysis, Hooke’s law, and boundary
conditions. 'e similarity between physical models and
prototypes is defined as follows:

Ki �
im

ip
. (1)

'e physical parameters of the model and prototype are
expressed by im and ip, respectively. 'e relevant physical
parameters are listed in Table 1.

3.2. Size of the Experimental Model. Because of the size of
the tunnel being 3m, according to the similarity ratio, the
diameter of the model chamber is 200 mm. Considering
that when the model is five times the size of the tunnel, the
effect of the boundary conditions on the tunnel is such
that it reduced the effect of the boundary conditions on
the tunnel. 'erefore, the size of the physical model was
determined to be (length by width by thickness)
1,000 ×1,000 × 400mm. 'e axial direction perpendicular
to the roadway is the plane strain section. 'e geomet-
rical dimensions of the model and the tunnel of the
horseshoe tunnel and the circular tunnel are illustrated in
Figure 4.

3.3. Composition. According to several experiments, a kind
of low-grade cement mortar with the weight ratio of cement :
sand : water of 1 :14 :1.4 was selected as the simulated rock
material. 'e physical model was formed by ramming-type
compaction. All relevant physical parameters were selected
as listed in Table 2. 'e similarity ratio of each parameter is
the same as that in Table 1.

3.4. Measurement Techniques. 'e layout of monitoring
lines is an important aspect of monitoring the whole
process of tunnel failure. According to the field obser-
vation, the middle of the model tunnel is the most
damaged and the strain is the largest. 'erefore, 11
measurement points were arranged in the middle of the
left wall of the model tunnel. While building the physical
model, strain gauges and an electrical resistance grid
technique were placed in the rock surrounding the tunnel
to monitor the whole process of tunnel failure. Two strain
gauges were arranged at each measuring point (specifi-
cation: 2 ×15mm colloidal strain gauge). One of the strain
gauges measures the strain in the radial direction, and the
other measures the strain in the circumferential direction.
In order to monitor the strain at cracking process, the
spacing of the strain gauges arranged near the wall is small
(Figure 5). To monitor the process of crack propagation,
an electrical resistance grid technique was arranged at the
midheight of the side wall and the middle of the roof. 'e
length of the electrical resistance grid is 100mm. As
shown in Figure 6, the 21 contacts were placed on the
electrical resistance grid. 'e distance between each
contact point is 5 mm, and each contact was connected to
the lead wire through a 2mm × 3mm terminal. Each of the
two adjacent lead wires was connected to an LED. When a
crack was not generated, the electrical resistance grid was
not broken, and the LED was not short circuited. After
tunnel cracking was generated, the electrical resistance
grid was broken in the corresponding position(s) and the
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LED illuminates. 'erefore, the process of crack propa-
gation could be monitored by LED illumination
sequences.

3.5. Test Scheme. To investigate the effect of section shape
on the tunnel failure process, four groups of models, two
section shapes, and 12 load magnitudes were tested on T1,
T2, T3, and T4, respectively. Specific test schemes are
displayed in Table 3.'e stress radio of model tests is 1 : 20.
According to the calculation, when the loading of the
model exceeds 2.3MPa, the simulated depth has reached
1000m; therefore, the underground tunnel at this depth is
simulated herein.

4. Test Results: Tunnel Failure Process

4.1. Determination of Crack Propagation Patterns and Tunnel
Failure. During testing, the electrical resistance grid tech-
nique used in the physical model recorded the process of
crack propagation in the surrounding rock. Since the
physical model is a plane strain model, the process of dis-
placement and failure of each section is the same along the
length of the tunnel; therefore, photographs taken during
these experiments can also help us to judge the depth and
degree of tunnel failure. Combined with the data from the
electrical resistance grid technique and the results of the
camera footage, the process of crack propagation in the rock
surrounding the tunnel under different loading conditions
can be obtained.

'e Fast Lagrangian Analysis of Continua in 3 Di-
mensions (FLAC3D) was used for numerical simulation,
and the results were compared with the experimental results.
'e size of the three-dimensional numerical model of the
Horseshoe tunnel is shown in Figure 7. 'e size of the three-
dimensional numerical model of the circular tunnel is
demonstrated in Figure 8. 'e methods of mesh generation
for the fine division near the excavation tunnel and coarser
division at the boundary are adopted.'ere are 45,143 zones
and 38,509 grid points in the horseshoe tunnel mode. 'ere
are 32,246 zones and 33,801 grid points in the circular tunnel
mode. 'e Mohr–Coulomb constitutive model with a ten-
sion cutoff was employed with a finite difference approach.
'e mechanical parameters of this model are shown in the
second row of Table 2.

Here, an index called FAI (failure approach index) was
used to estimate the extent of failure of the rock mass [24].
According to the method provided by Feng et al. [25], the
depth of the through failure in the surrounding rock of the
tunnel was inverted, which proves that the use of FAI is
feasible. Field measurements and numerical simulations of
tunnel T1, when loaded to 6.30MPa, are shown in
Figure 9(a). It can be seen that under the current parameters,
the shape of the contour for FAI� 4 is similar to the shape of
the crack: when the stress on tunnel T2 reached 5.63MPa, as
shown in Figure 9(b), at FAI� 4, the longest distance

(a) (b) (c)

Figure 1: 'e main equipment used in the test system to monitor crack propagation and tunnel failure. (a) Key equipment. (b) Loading
system. (c) 'e bearing system.

Figure 2: High-precision static servo-hydraulic control system.

Figure 3: Data acquisition and the actual system modelled.
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between the isoline and the side wall is found to match the
depth of cracks in the rock surrounding the tunnel.

erefore, the FAI� 4 contour can be regarded as the far-
thest through crack through the side wall of the tunnel.

As load is applied, the failure process was recorded by
using a high-de�nition camera and the electrical resistance
grid technique. Since the established geological model is a
plane strain model, the displacement generated in the model
tunnel can be regarded as a two-dimensional problem.

erefore, the length of cracks could be calculated. 
e
greatest displacement between the cracking and the side wall
of the tunnel could be measured with reference to the copied

crack image, which shows the crack depth under di�erent
loads. As a result, the process of macrocrack propagation is
shown in Figure 10.
e length and depth of cracking during
each stage of excavation or loading are listed in Table 4. 
e
corresponding depth and total crack length are summarized
in Table 4. 
e displacement characteristics of the side wall
of the deformation process under the initial and maximum
pressures are illustrated in Figure 11.

4.2. Process of Stress Redistribution. 
e numerical simu-
lation results of the process of the maximum principal

Table 1: 
e principle of determining physical model parameters.

Category of parameter Physical parameters Similarity ratio equations Remarks

Geometric parameters
Height, H KH � Hm/Hp It is determined by using the geometric parameters of

the �eld tunnel and the physical model, KH�KR� 1/
15

Span/radius, R KR � Rm/Rp
Density, ρ Kρ � Dm/Dρ

Gravity parameter Gravitational acceleration, g Kg � gm/gp For the same gravitational �eld, Kg � 1

Intensity parameter

Tensile strength, Rt KRt
� Rtm/Rtp

KRt
� KRc

� KC � KE � Kg × Kl × Kρ � 1/20
Kμ � Kφ � 1

Compressive strength, Rc KRc
� Rcm/Rcp

Cohesion, C KC � Cm/Cp
Internal friction angle, φ Kφ � φm/φp

Deformation parameters Poisson’s ratio, μ Kµ � μm/μp
Elasticity modulus, E KE � Em/Ep

1000

40
0

40
0

10
0

200

10
00

10
0

(a)

10
00

200

1000

40
0

40
0

(b)

Figure 4: Model used in physical model tests. (a) Horseshoe tunnel. (b) Circular tunnel.

Table 2: 
e principle of determining physical model parameters.

Parameters
Compressive
strength, Rc

(MPa)

Tensile
strength,
Rt (MPa)

Cohesion,
C (MPa)

Internal
friction

angle, φ (°)

Modulus of
elasticity, E

(GPa)

Poisson’s
ratio, μ

Density,
ρ

(kg/m3)
Prototype 40 2.7 2.0 50 20 0.25 2400
Similarity ratios 0.0528 0.0528 0.0528 1 0.0528 1 0.792

eoretical parameters of the
model 2.0 0.14 0.1 50 1.0 0.25 1800

Actual parameters of the model 2.28 0.3 0.8 54 0.63 0.25 1800
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stress distribution in the rock surrounding the deep
tunnel are shown in Figure 12. It shows that there is a
similar maximum principal stress distribution for the
horseshoe tunnel and the circular tunnel under high in
situ stresses. When the vertical stress is 6.30MPa, the
maximum principal stress distributed in the rock

surrounding the deep tunnel is compressive. For the rock
surrounding the tunnel, the compressive stress increases
to the in situ stress as the distance from the center of the
tunnel increases. 'erefore, the surrounding rock can be
mainly divided into a stress-decreasing zone, stress-
increasing zone, and an in situ stress zone accordingly.

315

Boundary of
the tunnel

Contact
terminal

100

5

Strain gauge

15

Electrical resistance
grid technique

(a)

Electrical resistance
grid technique

Contact
terminal

15

Strain gauge

5

315

Boundary of
the tunnel

100

(b)

Figure 5: Strain gauge layout and the electrical resistance grid technique in the model. (a) Horseshoe tunnel. (b) Circular tunnel.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Figure 6: A working result from the electrical resistance grid technique.

Table 3: 'e loading plan for physical experiments.

Number Section
shape Loading (MPa) Initial

load
Maximum
load (MPa) Loading method Excavation pattern

T1 Horseshoe

4.94
5.40
5.52
6.06
6.30

2.17RC 2.77RC

After excavation, the load is
applied to the maximum load step

by step, and the load is
maintained at 10min for each

stage

'e whole section of the tunnel is
excavated. Completed in four
steps. Each excavation is of
100mm. Speedy driving.

T2 Circular

4.94
5.43
5.50
5.56
5.84

2.17RC 2.56RC

Number Section
shape

Pressure stability
time (min)

Initial
load

Maximum
load (MPa)

T3 Horseshoe 8
18 2.47RC 2.47RC

T4 Circular
4
23
240

2.35RC 2.35RC

Rc is the uniaxial compressive strength of model material, 2.28MPa.
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Compared with the side wall and the roof of the tunnel,
the stress reduction e�ect of the tunnel �oor is more
obvious.

In this paper, the position at which the stress in the
surrounding rock exceeds 5% of the in situ stress is seen as
the boundary of the in situ stress zone. For the horseshoe
tunnel T1, the in situ stress zone in the side wall is located at
1.5 times the diameter of the tunnel away from the tunnel
boundary when the stress is 6.30MPa. For circular tunnel
T2, the in situ stress zone in the side wall is located at 1.4
times the diameter of the tunnel away from the tunnel
boundary when the stress is 6.30MPa. In the stress-
increasing zone of the surrounding rock mass, the stress
concentration factors of the two tunnels with di�erent cross
sections are both about 2.06. For tunnel T1, the maximum
principal stress in the side wall is located at 61mm (0.31R)
away from the boundary of tunnel. While for tunnel T2, the
maximum principal stress in the side wall is located at
35mm (0.18R) away from the boundary of tunnel. 
e
comparison suggests that the range of the mining disturbed

zone of the tunnel T2 is smaller than that of the tunnel T1.

e stress concentration factor of the tunnel T1 at the foot of
the side wall is more obvious than that of the tunnel T2. 
is
could explain the fact that, in the physical model experiment,
the tunnel T1 was �rst damaged at the foot of the side wall
under high in situ stresses (Figure 13), while the tunnel T2
su�ered V-shaped damage at the midheight of the side wall.


e tensile stress distributed in the surrounding rock of
the deep tunnel in high in situ stress conditions can be
visualized from the minimum principal stress contour map
obtained from numerical simulation (Figure 14). When the
vertical stress is 6.30MPa, the tensile stress distributed in the
rock surrounding the horseshoe tunnel T1 reaches 2.5MPa.
Under the same stress, there is no obvious tensile stress
distribution in the rock surrounding tunnel T2, and only the
minimum principal stress in part of the roof and �oor of the
tunnel is zero. 
is phenomenon shows that a small part of
rock surrounding the circular tunnel T2 was damaged by
tension. 
erefore, combined with the redistribution of the
maximum principal stress and the minimum principal
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Figure 7: Numerical grid used to model the horseshoe tunnel.
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Figure 8: Numerical grid used to model the circular tunnel.
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Figure 9: 'e result of the agreement between the contour line FAI� 4 and the process of crack depth. 'e results of experimental and
numerical simulation of (a) T1 under 6.30MPa and (b) T2 under 5.84MPa.
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Figure 10: 'e process of macrocrack propagation around a tunnel during excavation, loading, and stabilization.
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stress, the range of the mining disturbed zone and tensile
failure zone of the circular tunnel T2 is smaller than that of
the horseshoe tunnel T1.

4.3. Progress of Cracking Depth and Extent

4.3.1. Depth of Crack Propagation. 'e initial stress on the
horseshoe tunnel T1 and the circular tunnel T2 is 4.94MPa;
however, after excavation, the rock surrounding the two
tunnels with different cross sections underwent different
processes of crack propagation. 'e process of cracking
propagation can be seen in Figure 10 and Table 3. When the
tunnel T1 was excavated to a depth of 300mm, cracks began
to occur in the surrounding rock. At this time, the average
crack depth on the left and right side walls is 26.05mm
(0.13R), and the average crack length is 193.5mm.When the
tunnel T1 was excavated to a depth of 400mm, the average
crack depth of the left and right side walls is 41.85mm
(0.21R), and the average crack length is 459.0mm.When the
tunnel T2 was excavated to a depth of 300mm under the
same stress, there were no cracks formed in the surrounding
rock. When the tunnel T2 was excavated to a depth of
400mm, the average crack depth in the left and right side
walls is 5.3mm (0.03R), and the average crack length is
50.9mm. 'e comparison results demonstrate that the
length and depth of cracks generated in the rock sur-
rounding the horseshoe tunnel T1 are about eight times

those in the circular tunnel T2 under the same stress.
'erefore, when the tunnel was excavated and loaded under
the same stress, the cracks generated in the horseshoe tunnel
are longer and deeper than those in a circular tunnel.

4.3.2. Degree of Failure. Figure 15 shows progressive
damage to the interior wall of the tunnel model after ex-
cavation in physical model tests. When tunnels with dif-
ferent sections were excavated under the same initial stress,
in addition to the different processes governing the length
and depth of cracks in the surrounding rock, the position of
the point of failure on the inner wall also differed. It can be
seen, from Figure 15, that the position of spalling failure of
tunnel T1 is mainly concentrated at the foot of the side wall,
while that in T2 is mainly concentrated at the midheight of
the side wall, proving that the section of the underground
tunnel influenced the position of failure therein: not only
that, but the degree of damage to the interior walls of the two
tunnels also varied with cross-sectional shape. Continuous
spalling occurred at the foot of the horseshoe tunnel T1.
Discontinuous spalling occurred at the midheight of the side
wall of tunnel T2. 'e spalling depth of tunnel T1 was much
larger than that of tunnel T2. As a result, when the tunnels
with different cross-sectional shapes were excavated and
loaded under the same stress, the damage to the inner wall of
the horseshoe tunnel was more severe than that of the
circular tunnel.

Table 4: 'e depth and total length of cracks during tunnel excavation, loading, and stabilization.

Initial
stress 'e occurrence of cracks during excavation 'e occurrence of cracks during loading and stabilization

T1 4.94MPa

Excavation
depth (mm)

Left
depth
(mm)

Left
length
(mm)

Right
depth
(mm)

Right
length
(mm)

Stress (MPa)
Left
depth
(mm)

Left
length
(mm)

Right
depth
(mm)

Right
length
(mm)

100 — — — — 5.4 57.6 600.3 52 569.7
200 — — — — 5.52 69.2 731.8 67 711
300 24 206 28.1 181 6.06 91 932.1 83 950.9
400 42.7 469.5 41 448.5 6.3 92 980.8 97 1011

T2 4.94MPa

Excavation
depth (mm)

Left
depth
(mm)

Left
length
(mm)

Right
depth
(mm)

Right
length
(mm)

Load (MPa)
Left
depth
(mm)

Left
length
(mm)

Right
depth
(mm)

Right
length
(mm)

100 — — — — 5.43 13.4 168.9 15.5 232.1
200 — — — — 5.50 18.2 211.7 22.9 300.9
300 — — — — 5.56 24.5 298.3 23.7 346.5
400 3.4 43.8 7.2 58.8 5.84 39.5 550.4 44.3 616.4

T3 5.63MPa

Excavation
depth (mm)

Left
depth
(mm)

Left
length
(mm)

Right
depth
(mm)

Right
length
(mm)

Time of
stabilization

(min)

Left
depth
(mm)

Left
length
(mm)

Right
depth
(mm)

Right
length
(mm)

100 — — — — 8 65.6 633.3 63 660
200 — — — — 18 74.7 685.5 78 810.7
300 28.5 192 20.9 202.7
400 64.7 590.2 58.5 621.6

T4 5.36MPa

Excavation
depth (mm)

Left
depth
(mm)

Left
length
(mm)

Right
depth
(mm)

Right
length
(mm)

Time of
stabilization

(min)

Left
depth
(mm)

Left
length
(mm)

Right
depth
(mm)

Right
length
(mm)

100 — — — — 4 39.31 351.6 44.76 252.3
200 — — — — 23 40.67 467.0 44.76 347.2
300 10.2 41.3 9.5 40.9 240 40.67 501.6 44.76 390.0
400 23.6 178.2 23.5 168.8
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Combined with the distribution of FAI contours around
tunnels T1 and T2, as obtained by numerical simulation
(Figure 9) and the process of crack propagation in the
physical model test (Figure 10), the evolution of crack
propagation in the surrounding rock can be deduced. 'e
contour line with the maximum value of FAI in the side wall
of the horseshoe tunnel was initially generated from the foot
of the side wall and then developed upwards in a conjugate
sliding shape to the foot of the arch roof, where the crack
finally coalesced. 'e contour line with the maximum value
of FAI in the side wall of the circular tunnel initially gen-
erated from the midheight of the side wall, and then ex-
tended concentrically to the deep part of the rock
surrounding the tunnel. 'e area enclosed by the FAI
contour in tunnel T1 is much larger than that in tunnel T2,

indicating a larger damage zone; therefore, there was a larger
and deeper failure zone for a horseshoe tunnel under high in
situ stress than that seen around a circular tunnel.

4.4. Progress of Displacement. When the tunnels are exca-
vated under the same stress, the progress of displacement in
the surrounding rock varied with the cross section of the
tunnel: by comparing Figures 11(a) and 11(b), there are
significant differences between a horseshoe tunnel and a
circular tunnel in respect of the radial strain and circum-
ferential strain generated in the surrounding rock. On the
one hand, the shape and trend of the radial strain curves for
tunnels T1 and T2 were similar. 'e axial strains in the rock
surrounding T1 and T2 decreased rapidly with increasing
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Figure 11: 'e strain in the surrounding rock mass during loading. (a) Ring strain at initial load. (b) Radial strain at initial load. (c) Ring
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Figure 12: Numerical simulation results of the maximum principal stress in the rock surrounding deep tunnels. (a) Horseshoe tunnel. (b)
Circular tunnel.
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Figure 13: Destruction of the interior wall of tunnels with di�erent cross sections under the maximum load in the physical model test. (a)
Horseshoe tunnel T3: failure at the foot of the wall during pressure stabilization. (b) Circular tunnel T4: failure at the midheight of the side
wall during pressure stabilization.
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Figure 14: Numerical simulation results of the minimum principal stress in the rock surrounding the deep tunnel. (a)
e horseshoe tunnel.
(b) 
e circular tunnel.
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distance from the side wall boundary and both curves can be
�tted by power function y� axb, where b is a negative value
which can re�ect the rate of change of the curve. According
to the �tting curve in Figure 16, the absolute value of b for
the radial strain curve of tunnel T1 is smaller than that of
tunnel T2. 
is indicates that, when the radial strain in T2
tended to be stable, the distance corresponding to the side
wall was closer than that in tunnel T1 which proves that the
rock surrounding the circular tunnel was less a�ected by
mining disturbance than in the horseshoe tunnel. It can be
seen from Table 4 that the position where the radial dis-
placement of tunnel T2 began to be stable was about 65mm
(0.33R) from the side wall. 
e position where the radial
displacement of tunnel T1 started to be stable was about
110mm (0.55R) from the side wall, which was 1.69 times the
distance in tunnel T2.

On the other hand, there is a signi�cant di�erence in
shape and extremum for the circumferential strain curves
of tunnels T1 and T2 owing to their di�erent sections.
Figure 11(b) shows that the absolute value of the cir-
cumferential strain of the side wall of the horseshoe tunnel
T1 �rst increased and then decreased; however, the cir-
cumferential strain curve for circular tunnel T2 �uctuated
around a certain value and the �uctuation range of curve
T2 gradually decreased with increasing distance from the
side wall. In addition, the distance between the position
where the circumferential displacement of the sur-
rounding rock began to be stable and the side wall was
di�erent for tunnels of di�erent shapes. When the stress
was 4.94MPa, the position where the circumferential
displacement of tunnel T2 begins to be stable was about
125mm (0.63R) away from the side wall. 
e circular
displacement of the tunnel T1 still decreased slowly at
245mm (1.225 R) to 315mm (1.575 R) from the side wall.

erefore, whether it was for radial strain or circumfer-
ential strain, the position where it tended to be stable in the
circular tunnel was closer to the side wall than that in the
horseshoe tunnel.

It can be seen from Figure 17 that, for the circumferential
displacement of surrounding rock in the side wall of a deep
tunnel, the conclusion obtained by numerical simulation
was consistent with data from physical model tests. As the
shape of the circular tunnel was symmetrical about the
diametral axis, circumferential displacement in the rock
surrounding the side wall was symmetrical along the

horizontal line under vertical, and horizontal, load. 
ere-
fore, the circumferential strain along the monitoring line in
the physical model test �uctuated around zero, and the
further from the side wall, the smaller the �uctuations. 
e
�uctuations in circumferential strain gradually decreased
with increasing distance from the side wall.

4.5. Mode of Failure. Figure 18 illustrates the distribution of
plastic zones in the surrounding rock after the excavation of
tunnels T1 and T2. It can be seen from Figures 12 and 18 that
the distribution of the plastic zone is related to the re-
distribution process of maximum principal stress in the
surrounding rock. 
e surrounding rock in the stress-
decreasing zone was subjected to plastic failure. 
e plas-
tic zone in the surrounding rock in a horseshoe tunnel and
circular tunnel mainly occurred in the side wall. Tensile
failure mainly occurred on the surface of the side wall. 
e
shear failure mainly appeared in the surrounding rock. 
e
area of tensile failure in the surrounding rock of a horseshoe
tunnel was much larger than that around a circular tunnel.
From the distribution of the plastic zone, it can be proved
that the position of the deepest extent of damage of the
horseshoe tunnel is at the ¼ height of the side wall, and the

(a) (b)

Figure 15: Destruction the interior wall of tunnels with di�erent cross-sectional shapes after excavation in the physical model test. (a) 
e
horseshoe tunnel. (b) 
e circular tunnel.
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position of deepest damage to the circular tunnel is at the
midheight of the side wall.

5. Discussion

For an underground tunnel, tunnel failure is a�ected by
many factors, such as excavation near the tunnel and
mining of the ore body. Under the disturbance of mining
stress, the stress around the underground tunnel is bound
to be redistributed. 
e changes in stress in the rock
surrounding an underground chamber can be expressed by
the loading path. 
e proposed loading path is of signi�-
cance when quantifying the variation in stress and pre-
dicting the mechanical behavior of materials in di�erent
stress �elds.


e increase of load will weaken the positive e�ect of the
cross-sectional shape on the stability of tunnel, although the
cross-sectional shape is still the most dominant factor af-
fecting the stability of tunnel. By comparing the develop-
ment of the average depth and average length of cracks in the
surrounding rock of tunnels T1 and T2 (Figure 19), it can be

found the depth and length of cracking process in both the
horseshoe tunnel and the circular tunnel increased con-
tinuously with increasing stress. When the stress was
5.50MPa, the rate of growth of crack depth and length in the
side walls of the two tunnels reached their maximum. When
the stress exceeded 5.50MPa, there was no signi�cant de-
crease, as was seen around tunnel T1, in the rate of growth of
crack length and depth in tunnel T2. 
is is because, as the
stress increased, the in�uence of the cross-sectional shape of
a deep tunnel on its stability gradually decreased. As a result,
the crack propagation around a circular tunnel tended to
that of the horseshoe tunnel. 
erefore, when the stress
exceeded 5.50MPa, the e�ect of the stress on tunnel stability
was enhanced, and the e�ect of the section shape thereon
decreased: however, it is undeniable that the length and
depth of the cracks generated in the circular tunnel were
lower than those in the horseshoe tunnel. When the circular
tunnel was loaded to the maximum of 5.84MPa, the crack
length was 0.7 times that of the horseshoe tunnel under the
same stress, and the crack depth was 0.5 times that of the
straight-wall-top-arch tunnel under the same stress.

X (m)

–9
–8
–7

–6

–5

1 0
9
8
7

654

3
2

1

0

–1

–2
–3

–4

Y 
(m

)

–0.4 –0.2 0 0.2 0.4

–0.2

0

0.2

(a)

–9
–8
–7
–6

–5

–4

–3
–2

–1

0

1
2

3

4

5

6
7
8
9

X (m)
–0.4 –0.2 0 0.2 0.4

–0.2

0

0.2

Y 
(m

)

(b)

Figure 17: Numerical simulation results of the circumferential displacement in the rock surrounding the deep tunnel. (a) 
e horseshoe
tunnel. (b) 
e circular tunnel.
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Figure 18: 
e distribution of the plastic zone in the surrounding rock after excavation. (a) 
e horseshoe tunnel. (b) 
e circular tunnel.
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Figure 19: 
e length and depth of crack for three load paths. (a) Left depth. (b) Right depth. (c) Left length. (d) Right length. (e) Average
depth. (f ) Average length.
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'e failure effect and bearing capacity of the tunnel are
affected by the loading rate. 'e failure of the inner wall of
the four tunnel models under the maximum load in physical
model tests is shown in Figure 20. 'e damage process to
deep tunnels at different loading rates can be found by
comparing the mechanical responses of tunnel models with
different loading schemes. When the loading rate is low, the
stress applied to the physical model was mainly borne by the
surrounding rock at greater deep and further from the
tunnel. With the gradual increase in applied stress, the
damage developed from the side wall to depth in the sur-
rounding rock. When the loading rate was high, the failure
of the model material mainly occurred in the surrounding
rock adjacent to the side wall: the higher the loading rate, the
more severe the damage to the surface of the inner wall of the
tunnel. As can be seen from Figure 19, when the loading rate
was low, the deformation of the surrounding rock of the
tunnel was larger. For instance, the convergence between the
left side wall and the right side wall of tunnel T1 was greater
than that of tunnel T3 and the convergence between the roof
and floor of tunnel T2 was greater than that of tunnel T4. In
short, different damage effects will occur in tunnels under
different loading rates. When the loading rate is low, small
deformations occur in the tunnel, but the depth and degree
of the damage are severe.When the loading rate is high, large
deformations occur in the tunnel and severe damage occurs
on the surface.

6. Conclusions

In this paper, the process of crack propagation and tunnel
failure in a deep tunnel under high ground stress conditions,
as affected by the cross-sectional shape of tunnel, was

quantified by carrying out several large-scale physical model
tests: four physical models with two section shapes and
twelve stress levels were tested.

(1) 'e failure depth generated in the rock surrounding
the horseshoe tunnel is about several times that of
the circular tunnel under the same stress. Under
compressive load, continuous spalling occurred at
the foot of the horseshoe tunnel and discontinuous
spalling occurred at the midheight of the side wall of
the circular tunnel.

(2) Microcracks in the rock surrounding a horseshoe
tunnel develops upwards in a conjugate sliding shape
to the foot of the arch roof, finally the cracks co-
alesced. For the circular tunnel, microcracks in the
surrounding rock extend concentrically to greater
depth in the rock surrounding the tunnel.

(3) Under a vertical compressive load, tensile failure
mainly occurs on the surface of the side wall and
shear failure mainly occurs in the surrounding
rock. 'e position of deepest damage of the
horseshoe tunnel is at the ¼ height of the side wall
and that is at the midheight of the side wall for
circular tunnel.

(4) 'e effect of the cross-sectional shape on process of
cracking propagation was decreased with increasing
load. But even when the circular tunnel is loaded to
the maximum applied stress, there are fewer cracks
occurring in surrounding rock of circle tunnel than
that of horseshoe tunnel.

It should be noted that we do not, in this work, consider
the influence of heterogeneity. Some experimental tests will

(a) (b)

(c) (d)

Figure 20: Model tunnels after load-testing. (a) Tunnel T1. (b) Tunnel T2. (c) Tunnel T3. (d) Tunnel T4.
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be carried out to study the influence of heterogeneity on the
stability of the tunnel in future work.

Abbreviations

H: Height
R: Radius or span
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im: Parameter i of tunnel model
Hm: Height of tunnel model
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Rcm: Compressive strength of tunnel model
Rtm: Tensile strength of tunnel model
Cm: Cohesion of tunnel model
Φm: Internal friction angle of tunnel model
Em: Modulus of elasticity of tunnel model
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ρm: Density of tunnel model
ip: Parameter i of the tunnel prototype
Hp: Height of tunnel prototype
Rp: Radius of span of tunnel prototype
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