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In view of the large deformation of thin-layer soft rock in the No. 2 inclined shaft of the Muzhailing Tunnel, we performed an
experimental investigation on the mineral composition, physical characteristics, and uniaxial compressive strength of the
surrounding rock of the tunnel. +e characteristics of the large deformation of the surrounding rock of the tunnel were analyzed,
and the main factors influencing the deformation of the tunnel were revealed. +e influence of various factors on the large
deformation of the surrounding rock was analyzed using the 3DEC-Trigon discrete element numerical simulation method. +e
results show that (1) the deformation of the surrounding rock of the tunnel has remarkable asymmetry, the deformation of the
initial support of the tunnel is significant, and the buried depth of the area where the maximum deformation of the tunnel
exceeded 1m is greater than 500m; (2) the main factors influencing the deformation of a thin-layer slate tunnel include joint
inclination, buried depth, water absorption, and softening of the surrounding rock; and (3) the maximum deformation of the
surrounding rock is observed for a joint angle of 45°, at which the buried depth is directly proportional to the deformation and
failure of the tunnel. Furthermore, after the surrounding rock was softened by water absorption, the floor of the tunnel, the left
shoulder socket, and the right side of the tunnel are deformed greatly. +e results of this study will provide a theoretical basis for
the study of similar deformation control methods and supporting measures for tunnels excavated in thin-layer soft rock.

1. Introduction

+e Muzhailing Tunnel in China is a critical control project
along the Weiwu Expressway from Lanzhou to Haikou
(G75), a national expressway. Because of its special geo-
logical conditions including deep burial, high ground stress,
and a thin-layered slate structure, the tunnel deformation is
extremely serious and has restricted the opening of the
Weiwu Expressway. During the construction process, tunnel
deformation and collapse occur frequently because of dis-
turbance from excavation and the complex geological
structure, seriously affecting the safety of the tunnel project
[1–4]. +erefore, it is urgent to investigate the deformation
mechanism of the surrounding rock of the thin-layered slate

tunnel to provide an important theoretical basis for support
and control measures after future deformation of the sur-
rounding rock.

Many researchers have investigated the deformation of
deep-buried tunnels and have obtained useful findings
[5–8]. In 1999, Brox and Hagedorn [9] studied the defor-
mation characteristics of a tunnel crossing a fault along the
Anatolian Highway in Turkey. +e study revealed that
structural stresses, weak surrounding rock, and stress
concentrations after excavation were the main causes of the
deformation of the tunnel. In 2000, Hoek and Marinos [10]
identified through a study of rock and rock mass strength
that rock mass strength and ground stress were the key
factors affecting the stability of the surrounding rock of the
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tunnel. In 2005, Liu et al. [11] studied the damage char-
acteristics and causes of the large deformation of the
Muzhailing Tunnel and suggested that the deformation and
failure of the tunnel had serious, long-term and asymmetric
characteristics. +e deformation was found to be mainly
caused by the plastic flow and expansion of the excavated
unloaded surrounding rock under the combined action of
lithology, groundwater, and ground stress field.

Apart from experimental investigations, many studies have
numerically analyzed the deformation of deeply buried tunnels.
In 2006, Meguid and Rowe [12] studied the deformation and
stress distribution of the surrounding rock of a tunnel under
different stress conditions by means of a three-dimensional
numerical simulation method. Guo et al. [13] analyzed the
anisotropy of the strength and deformation of layered sur-
rounding rock through an experiment of basic mechanics and
studied the deformation and failure mechanism of the highly
stressed and steeply dipping layer of the Yangjiaping Tunnel by
numerical analysis. Yu [14] in 2017 studied the deformation
mechanism and control measures of the Shiziyuan Tunnel by
means of theoretical analysis and on-site measurement and
found that the main factors of the deformation were ground
stresses, mechanical characteristics of surrounding rocks, type
of tunnel-lining structure, and construction disturbance
(blasting). In 2018, Cao et al. [15] analyzed the deformation and
failure characteristics of the initial support of a typical weak
tunnel, Dongshan Tunnel, and obtained the factors influencing
the stability of surrounding rocks in the construction process.
Sun et al. [16] in 2019 studied the application of a constant
resistance large deformation anchor cable support system by
performing a field test and numerical simulation. +e results
showed that the anchor cable effectively controlled the large
deformation of the surrounding rock of the tunnel.

+e above studies have revealed many beneficial findings on
deep-buried soft-rock tunnels. However, there are few studies on
the deformation and failure mechanisms of the surrounding rock
in the complex engineering geological environment of the
Muzhailing deep-buried thin-layered slate tunnel. +e factors
affecting large deformations of the surrounding rock and the
degree of influence of each factor on the deformation of the
surrounding rock of the tunnel are not adequately understood.
+erefore, it is necessary to postulate relevant theories and
perform numerical analysis.

+is study considers the No. 2 inclined shaft of the
Muzhailing Tunnel, investigating the deformation character-
istics of the thin-layered slate tunnel by statistically analyzing
the deformation of the tunnel under the original supporting
conditions. Combined with laboratory experiments, the main
factors affecting tunnel deformation are then analyzed. At the
same time, the effects of different joint inclinations of the
surrounding rock, buried depths, water absorption, and soft-
ening on the large deformation of the surrounding rock are
analyzed by the 3DEC-Tragon numerical simulation method.

2. Project Overview

+e Muzhailing Tunnel is located in the low and middle
mountainous area of the West Qinling Mountains (Fig-
ure 1). It is located at the junction of several plates, crosses

the Muzhailing Watershed between the Zhanghe River and
Taohe River and spans Zhangxian County and Minxian
County of Gansu Province. +e total length of the tunnel is
15.15 km, the maximum buried depth of the tunnel body is
629.1m, and the minimum buried depth is 8m.+e tunnel is
composed of three inclined shafts, of which the No. 2 in-
clined shaft is located in the Muzhailing Tunnel (middle
section, red framed position in Figure 1). +e starting and
ending pile numbers are (z) K216 + 380− (z) K220 + 300, and
the length of the Muzhailing Tunnel is 3920m. +e opening
of the No. 2 inclined shaft is located on the north side slope
of Luzagou. +e pile number in the main tunnel at its in-
tersection with the inclined shaft is K218 + 400. +e inter-
section angle with the main tunnel plane is 90°. For the
inclined shaft, the starting pile number is K0 + 000 and the
end pile number is K1 + 813m, with the length of the shaft
being 1813m.

2.1. Formation Lithology Characteristics. According to the
field investigation and exploration, the bank slope is covered
with quaternary slope gravel and the underlying bedrock is
the lower Permian slate. +e main components of the
surrounding rock are carbonaceous slate with local inter-
calations of sandstone, limestone, and shale. Quartzite is
sporadically distributed in the rock formations, and the slate
in this area is mainly grey-black. Joints are relatively de-
veloped, the rock mass is relatively broken, and the strength
markedly decreases under the action of water-rock coupling.
+e surrounding geological structure largely affects the
surrounding rock, and the whole area is essentially grade V
rock.

2.2. Hydrogeological Characteristics. +e distribution of
groundwater was relatively uneven and was strongly related
to the geological structure, lithology, and topography of the
region. As the area was strongly affected by geological ac-
tions in the past, the joints and fissures in the area were well
developed and the groundwater mainly was present in the
form of fissure water. According to the geological survey, the
valley area was relatively rich in water content and the water
collection capacity was strong, so the water pouring was
more serious when the tunnel passes through the area.
Besides fissure water, karst water and Quaternary loose rock
void water were encountered in this area.

2.3. Ground Stress Characteristics. According to previous
studies [17–19], hydraulic fracturing was used to measure
the ground stress at two measurement points:
AK214 + 738m and AK219 + 422.8m, at test depths of
492.00 and 499.00m, respectively. According to the test
results, the stress condition was such that the horizontal
maximum principal stress SH was greater than the hori-
zontal minimum principal stress Sh, which was greater than
the straight principal stress Sv. +e ground stress was mainly
tectonic stress.+e ratio of stress size to Rc in theMuzhailing
Tunnel area is shown in Table 1.
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According to the Standard for Engineering Classification
of Rock Mass (GB/50218-94), Rc/SH< 4 is extremely high
stress, 4<Rc/SH< 7 is high stress, and 7<Rc/SH is low stress.
Table 1 shows that the value of RC/SH in the Muzhailing
Tunnel is< 4, which is categorized as extremely high ground
stress. Moreover, the stratum rock mass is relatively broken
and the possibility of large deformation in the surrounding
rock of the tunnel is relatively high.

2.4. Properties of Rock Mass. +e surrounding rock incli-
nation angles and surrounding rock integrity of the No. 2
inclined shaft of the Muzhailing Tunnel in the large de-
formation area vary widely. +e dominant joint angle is
between 30° and 85°, and the thickness of the slate layer is
5–30 cm. To understand the mineral composition and
mechanical properties of the slate, an X-ray diffraction
experiment, a point-load experiment, and a uniaxial com-
pression experiment were performed.

2.4.1. Mineral Composition Analysis. Six positions (pile
number K1430/K1460/K1490/K1520/K1550/K1570) in the
No. 2 inclined shafts of the Muzhailing Tunnel were selected
as sampling points, and the selected carbonaceous slate
samples were quantitatively analyzed by using a TTR III
multifunctional X-ray diffractometer. +e mineral compo-
sition and relative content of rock and clay were obtained as
shown in Tables 2 and 3. A small difference was observed in

the mineral composition among the six groups, particularly
in the quartz and clay minerals, which mainly included illite,
chlorite, illite mixed layer, and kaolinite. +e montmoril-
lonite content was low, and the samples exhibited low water
absorption and expansion.

2.4.2. Effect of Water on the Strength of Slate. Because of the
fissured joints and severe weathering of the surrounding
rock of the No. 2 inclined shaft of theMuzhailing Tunnel, the
lithology is mainly carbonaceous slate with scattered
sandstones. +e rock samples were significantly affected by
the disturbance during sample acquisition, and the pro-
cessing of standard samples was found to be challenging.
+erefore, a field point load intensity meter was selected for
a rapid experimental analysis. During the selection of
specimens, the integrity of the selected rock should be en-
sured (avoiding rocks with cracks). A total of 82 specimens
of carbonaceous slate from K1740 to K1800 in the No. 2
inclined shaft were selected in the field, of which 41 spec-
imens were tested for uniaxial compressive strength in the
natural state, and the other 41 specimens were tested for
uniaxial compressive strength after 24 hours of water ab-
sorption. +e experimental results for the 82 specimens are
shown in Figure 2.

+e uniaxial compressive strength was estimated by the
point-load method, and the average uniaxial compressive
strength of the carbonaceous slate in the natural state was
found to be 29.6MPa. +e average uniaxial compressive
strength of the carbonaceous slate after water absorption for
24 hours was 12.7MPa. +e uniaxial compressive strength
after water absorption was reduced by 57% when compared
with the natural state.

2.4.3. Uniaxial Compressive Strength Test. Slate with visible
joints was processed into standard V50mm× 100mm
specimens. Specimens with 30°, 45°, and 60° bedding in-
clinations were tested for their uniaxial compressive strength
by using a 2000 kN capacity mono-triaxial test system. +is
test revealed the influence of different joint surface
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Figure 1: Location of the Muzhailing Tunnel and the no. 2 inclined shaft.

Table 1: Ratio of crustal stress to Rc in the Muzhailing Tunnel area.

No. Measuring depth SH (MPa) RC (MPa) RC/SH

1 250 11.37 20–30 1.76–2.64
2 270 12.14 20–30 1.65–2.47
3 300 11.37 20–30 1.76–2.64
4 320 14.93 20–30 1.34–2.01
5 365 14.84 20–30 1.35–2.02
6 370 17.98 20–30 1.11–1.67
7 397 16.28 20–30 1.23–1.84
8 427 18.76 20–30 1.07–1.60
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inclinations on the strength of slate rock samples, as shown
in Table 4.

According to the above results, the uniaxial compressive
strength and elastic modulus of the rock specimens were
relatively low when the joint surface of the three groups with
different joint inclination angles was 45° (that is, the angle
between the joint surface and the horizontal plane was 45°).
For inclination angles between 30° and 60°, the surrounding
rock essentially failed in shear.

3. Analysis of Deformation Characteristics of
the Surrounding Rock of the Tunnel

3.1. FailureCharacteristics of theTunnel. To further study the
large deformation characteristics of the surrounding rock
of the Muzhailing Tunnel, we used a three-dimensional
laser scanner and a total station together (Figure 3) to
monitor eight sections of the No. 2 inclined shaft of the
Muzhailing Tunnel, including XK0+ 060–XK0 + 250, XK0+

Table 2: Relative content of different minerals in the rock mass.

No.
Mineral content (%)

Quartz Potash feldspar Plagioclase Siderite Pyrite Dolomite Clay mineral
1 43.8 1.0 2.2 — — — 53.0
2 48.1 — — — — — 51.9
3 56.5 — 1.5 — — — 42.0
4 50.9 0.9 1.8 — — — 46.4
5 50.3 1.0 1.8 — — — 46.9
6 48.0 0.9 1.6 — 2.1 — 47.4

Table 3: Relative content of different minerals in the clay mass.

No.
Relative content of clay minerals (%) Mixed layer ratio

(%S)
S I/S I K C C/S Py I/S C/S

1 — 16 44 10 25 — 5 10 —
2 3 16 47 9 25 — — 5 —
3 2 12 46 8 32 — — 5 —
4 — 22 42 13 18 — 5 10 —
5 — 20 37 11 27 — 5 10 —
6 1 15 50 9 25 — — 5 —
Note. Ta: talc; Py: pyrophyllite; Se: serpentine; V: vermiculite; I/V: illite/vermiculite mixed layer; S: smectite; I/S: illite mixed layer; I: illite; K: kaolinite; C:
chlorite; C/S: chlorite mixed layer.
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Figure 2: Uniaxial compressive strength of carbonaceous slate in the Muzhailing No. 2 inclined shaft: (a) compressive strength of
carbonaceous slate in the natural state and (b) compressive strength of carbonaceous slate after water absorption.
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250–XK0+ 410, XK0 + 764–XK0+ 865, XK1 + 010–XK1+
115, XK1 + 330–XK1 + 380, XK1 + 525–XK1 + 564,
XK1 + 564–XK1+ 587, and XK1+ 622–XK1+ 666. +e re-
sults of the monitoring are shown in Table 2. Figure 4 shows
the initial support damage as photographed on-site.
According to Table 5 and Figure 4, the initial deformation
and cracking of the tunnel support were severe, the steel
frame was distorted, the deformation rate was high, and the
amount of deformation was large.

3.2.DeformationCharacteristics ofSurroundingRock. On the
basis of the deformation of the surrounding rock of the No. 2
inclined shaft, the deformation of the surrounding rock of
the tunnel was classified according to the standard of tunnel
deformation.+e length of the tunnel was K1713m, which is
divided into four zones: basic stable zone (maximum de-
formation of less than 100mm), slight deformation zone
(maximum deformation of 100–250mm), larger deforma-
tion zone (maximum deformation of 250–1000mm), and
severe deformation zone (deformation of more than
1000mm). +rough the above analysis, 41% of the total
length of the tunnel was found to be in the large deformation
zone and the buried depth of the severe deformation zone
was more than 500m. +e length of the basic stable, slight

deformation, larger deformation, and severe deformation
zones were 407, 250, 717, and 338m, respectively.

+e deformation of the surrounding rock in the es-
sentially stable area was analyzed in this study. After the
initial support of the tunnel was completed, the deformation
of the surrounding rock increased sharply and the arch sank
by 200–600mm. Generally, the tunnel reached basic stability
within 14 to 18 days, while the deformation continued by
1–2mm per day. From the displacement distribution along
the entire section, the deformation of the tunnel in a given
section was asymmetric: the deformation on the left side of
the tunnel was significantly larger than that on the right side.
Figure 5 shows the typical deformation curve of the sur-
rounding rock.

From the field investigation, the laboratory experiments,
and the analysis of the field-monitoring data, we found that
the surrounding rock joints of the No. 2 inclined shaft of the
Muzhailing Tunnel were developed, the slate layer spacing
was 5–30 cm, and the structure largely influenced the
strength of the rock mass. +e mineral content of the slate
clay was approximately 50%, indicating that the rock
strength had a certain influence on the damage of the
surrounding rock and that water largely influenced the rock
strength. +e stress distribution of the surrounding rock
varied with an increase in buried depth. +e area around the

Table 4: Uniaxial compressive strength test results.

No. Compressive
strength σc (MPa)

Average value
(MPa)

Elastic modulus E
(GPa)

Average value
(GPa)

Poisson’s
atio μ

Average
value Type of failure

U30-1 89.1
74.3

11.7
11.9

0.1
0.1

Shear failure
U30-2 82.8 12.5 0.1 Shear failure
U30-3 51.0 11.5 0.02 Shear failure
U45-1 69.7

40.5
12.6

10.3
0.1

0.1
Shear failure

U45-2 30.2 10.8 0.54 Shear failure
U45-3 21.5 7.4 0.003 Shear failure
U60-1 63.0

63.0
11.9

12.3
0.1

0.08
Shear failure

U60-2 65.8 13.0 0.03 Shear failure
U60-3 60.3 12.1 0.1 Shear failure
Note. For U30-1, 30 denotes joint inclination and 1 denotes rock number.
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Figure 3: (a) Instrument formeasuring the displacement of the surrounding rock of the tunnel and (b) monitoring schematic diagram of the
displacement of the surrounding rock.
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Muzhailing Tunnel experienced extremely high ground
stress, and the deformation of the surrounding rock was
significant.

+erefore, three main factors influencing tunnel de-
formation were determined from the experimental study:
joint inclination angle variation of the surrounding rock,
attenuation of the strength of the surrounding rock owing to
water absorption, and the buried depth of the tunnel. To
further reveal the deformation and failure mechanism of the
surrounding rock of the Muzhailing Tunnel, a numerical
simulation was performed by considering these three

aspects: joint inclination angle, burial depth, and softening
caused by water absorption.

4. Numerical Analysis of the Deformation
Mechanism of the Thin-Layer Slate Tunnel

4.1.ModellingApproach. +e software 3 Dimension Distinct
Element Code (3DEC) is a three-dimensional discrete ele-
ment program that represents the discontinuous discrete
characteristics of a material. It can explain the interaction
between rock blocks and structural surfaces in rock masses,

(a) (b)

(c)

Figure 4: Damage characteristics of the surrounding rock of the tunnel: (a) severe drip of water in the middle steps on the left, (b) severe
deformation of the arch, and (c) large deformation of the local vault.

Table 5: Results of the monitoring of the initial support of the tunnel.

Monitoring section
Buried
depth
(m)

Surrounding rock lithology
Cumulative
sinking
(mm)

Cumulative
convergence
value (mm)

Maximum deformation
convergence rate (mm/d)

XK0+ 060–XK0+ 250 35–137 Fault fracture zone, strong compression,
and torsion of the surrounding rock 120–180 150–430 —

XK0+ 060–XK0+ 250 137–215 Fault fracture zone, strong compression,
and torsion of the surrounding rock 230–327 300–580 —

XK0+ 764–XK0+ 865 280–290 Interlayer of the sandy slate and
carbonaceous slate 250–427 320–600 —

XK1+ 010–XK1+ 115 309–352 Carbonaceous slate 500–750 650–1550 560
XK1+ 330–XK1+ 380 447–474 +in-layer carbonaceous slate 240–513 637–1224 174
XK1+ 525–XK1+ 564 568–597 +in-layer carbonaceous slate 240–565 637–3145 831
XK1+ 564–XK1+ 587 590–597 +in-layer slate 291–467 657–1205 57

XK1+ 622–XK1+ 666 548–569 +in-layer slate with stranded water
flowing out 140–458 127–2936 814
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and it effectively simulates the realistic failure phenomenon
of a rock mass. Cui et al. [20] used the discrete element
3DEC software to study the influence of the inclination of
layered surrounding rock on the deformation of a tunnel.
+eir results demonstrated that the deformation of the
surrounding rock of the tunnel primarily manifested in the
form of block sliding and bending of the layered rock layer.
Bahrani and Hadjigeorgiou [21] used the 3DEC joint con-
stitutive model to study the deformation characteristics of
layered rock mass in a roadway under the action of the
supporting body. Hou [22] used the 3DEC numerical
analysis software to analyze the deformation and failure
characteristics of a roadway tunnel supported by an anchor
mesh and obtained the stress distribution characteristics,
displacement characteristics, and plastic zone distribution
characteristics of the surrounding rock.

To determine the characteristics of prominent dominant
joints and coexistence of multiple joint forms in the No. 2
inclined shaft of the Muzhailing Tunnel, a simulation
method using equivalent ubiquitous joints of dominant joint
groups was proposed in this study, as shown in Figure 6.
Considering the computational cost, we did not individually
simulate all joints in the numerical model and we gener-
alized the distribution of surrounding rock joints as shown
in Figure 6(b). +e joints were grouped into dominant joint
groups (Figure 6(c)) and other joints. Locally, other joints
(except for superior joints) had anisotropic characteristics,
while macroscopically they were regarded as isotropic.
+erefore, the 3DEC-Trigon method was used to simulate
the rock mass as continuous media equivalence. +e sim-
ulation considered the representative elementary volume
(REV) characteristics of the rock mass and the transfor-
mation of rock-to-rock mass parameters in the process of
equivalence [23, 24]. Compared with other methods, this

method can better adapt to the actual characteristics of the
surrounding rock of the Muzhailing Tunnel.

4.2. Determination of Numerical Simulation Parameters.
According to the principle of joint parameter selection [25],
joints were modelled as uniformly distributed. +e me-
chanical properties of the rock were obtained from equations
(1) to (4), and the edge length of the irregular blocks was
selected as Δzmin � 0.8.

K �
E

3(1 − 2μ)
, (1)

G �
E

2(1 + μ)
, (2)

Kn � 10
K +(3/4)G

Δzmin
 , (3)

Ks � 0.4Kn, (4)
where K is the bulk modulus, G is the shear modulus, Kn is
the normal stiffness of the contact model parameters, and Ks
is the shear stiffness.

According to the geological strength index (GSI) rock
classification standard [26–30], for the mechanical prop-
erties as obtained from equations (1) to (4), the numerical
inversion analysis was used during the simulation process.
Accordingly, the strengths of carbonaceous slate in the
natural state and under the saturated condition were ob-
tained as shown in Tables 6 and 7. On the basis of multiple
numerical analyses, the REV with a stable structural plane
combination was found to be 8× 8×16m. +e results of the
numerical test on the uniaxial compressive strength of the
rock mass are shown in Figure 7.

B

A

C

(a)

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
0

50
100
150
200
250
300
350
400
450
500
550
600

Tu
nn

el
 co

nv
er

ge
nc

e (
m

m
)

Time (day)

Convergence curve of measurement
point A at 615m section
Convergence curve of measurement
point B at 615m section
Convergence curve of measurement
point C at 615m section

(b)

Figure 5: (a) Distribution of tunnel-displacement monitoring points and (b) tunnel-displacement monitoring curve.
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After several inversion analyses combined with field
measured deformation data of the surrounding rock, the
dominant joint parameters selected were jkn� 2e9, jks� 1e9,
jcoh� 1e5, jfr� 25, and jten� 5e4.

4.3. Establishment of the Numerical Model. A tunnel exca-
vation model was established as shown in Figure 8. +e
model includes the tunnel section, uniform joints, and
dominant joints. +e ground stress was obtained from
the field investigation as discussed in Section 2.3.
+e size of the model was 60m × 30m × 60m
(length ×width × height). +e reverse arch at the bottom
of the tunnel was filled with concrete. Fixed constraints
were imposed at the bottom of the model, and other
boundary conditions were subjected to stress constraints
based on the ground stress.

4.4.Effectof Joint Inclinationon theDeformationof theTunnel.
Using the numerical model presented in Section 4.3, we
estimated the ground stress when the buried depth was
500m. +e vertical stress was 12.5MPa, the maximum
horizontal stress was 21MPa, and the minimum horizontal
stress was 12.5MPa. +is simulation did not consider the
tunnel support. By changing the dominant joint angle, we
analyzed the deformation characteristics, stress distribution,
and plastic zone expansion of the surrounding rock under
different joint inclination angles.

4.4.1. Variation in the Surrounding Rock Displacement under
Different Joint Inclinations. As shown in Figure 9, bending
deformation and block slip deformation were caused by
tunnel excavation, with bending deformation being the pri-
mary deformation encountered by the tunnel. +e maximum
bending deformation occurred at the left shoulder socket of the
tunnel. +e bending deformation was mainly due to an in-
crease in the deflection of the plate-like surrounding rock
under the action of the ground stresses, and the slip defor-
mation was mainly the result of the shear slip of the structural
surface. +e deformation of the tunnel was influenced by the
presence of joints and was consequently asymmetric. Among
the joint inclination angles of 30°, 45°, and 60°, themost evident
asymmetry was observed for a joint inclination angle of 45°. As
shown in Figure 9, the displacement distribution is in the form
of asymmetric butterfly displacement.

+e maximum value of bending deformation corre-
sponding to the 30° joint inclination was 0.7m, and the
displacement and deformation essentially stopped when the
calculation reached 8000 steps. A separation layer developed
at a depth of approximately 3.5m in the surrounding rock,
and sliding failure occurred in the surrounding rock of the
tunnel. +e maximum value of bending deformation corre-
sponding to the 45° joint inclination was 1.2m, and the
displacement deformation essentially stopped after 10000
steps. A separation layer developed at a depth of approxi-
mately 7m in the surrounding rock, the mass spalling caused
by tunnel slip failure gradually increased, and the deforma-
tion of the surrounding rock of the tunnel presented strong

(a) (b)

(c) (d)

Figure 6: Modelling method of equivalent joints with dominant joints: (a) photo of the tunnel face, (b) generalization of the joint
distribution, (c) dominant joints, and (d) equivalent joints.

8 Advances in Civil Engineering



Table 6: Strength of the carbonaceous slate rock mass.

Lithology
Rock

GSI
Constant Rock mass

σci (MPa) Ei (GPa) m i mb s a σcmass (MPa) Erm (GPa)

Carbonaceous slate in the natural state 29.5 7.6 40 19 1.091 0.000335 0.511 7.4 0.6
Carbonaceous slate in the saturated state 11.7 2.8 37 5 0.249 0.000225 0.514 3.0 0.1
Note. Erm: rock mass modulus; σcmass: uniaxial compressive strength of the rock mass; Ei: deformation modulus of the intact rock; σci: uniaxial compressive
strength of the intact rock.

Table 7: Mechanical properties of the carbonaceous slate.

Lithology
Rock mass parameters Structural plane parameters

Density (kg/m3) K
(GPa)

G
(GPa)

Cb

(MPa) φb σb
t

(MPa)
Kn

(GPa)
ks

(GPa)
Cj

(MPa) φj σj
t

(MPa)

Carbonaceous slate in the
natural state 2500 0.44 0.25 1.7 22 0.6 30.21 12.08 3.75 29 3.45

Carbonaceous slate in the
saturated state 2500 0.24 0.092 0.94 20 0.3 11.17 4.45 2.91 20 1.66

Note. φ: internal friction angle; σt: tensile strength; C: cohesion.

Natural
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Saturated
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(b)

Figure 7: Numerical test on the uniaxial compressive strength of the rock mass.

8.5m

12.3m

Uniform joint

Dominant joint

Figure 8: Numerical computation model.
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asymmetry. +e maximum bending deformation corre-
sponding to the 60° joint inclination was 0.8m, and the
displacement deformation essentially stopped when the cal-
culation reached 9000 steps. A separation layer developed at a
depth of approximately 4m in the surrounding rock.

4.4.2. Trend in the Maximum Principal Stress Expansion.
+eoriginal stress field is rearranged after the excavation of a
tunnel. +e distribution of the maximum principal stress is

an important basis for judging the stability of the geo-
technical engineering, and it is an important index for
understanding the range of influence of the excavation. As
shown in Figure 10, the maximum principal stress trans-
ferred to a greater depth into the surrounding rock with the
deformation of the surrounding rock, and the range of
influence increased. After the tunnel deformation became
stable, the maximum principal stress was concentrated in the
vault and the bottom plate of the tunnel, and the maximum
principal stress of the vault reached 32MPa (showing a stress

30° inclination 45° inclination 60° inclination

Step 2000

Step 4000

Step 6000

Step 8000

Step 10000

Displacement magnitude
1.1000E + 00

1.9000E – 01
9.5000E – 02
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9.5000E – 01
8.5500E – 01

6.6500E – 01
5.7000E – 01
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3.8000E – 01
2.8500E – 01

7.6000E – 01

Figure 9: Distribution of surrounding rock displacement under different joint inclinations.
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concentration coefficient of 1.8). +e maximum major
principal stress of the vault occurred at 11m from the tunnel
wall. At increasing depth of the surrounding rock, the major
principal stress decreased. At a distance of 16m from the
tunnel wall, the major principal stress transitioned to the
original rock stress state, indicating that the range of in-
fluence of tunnel excavation was up to 16m.

4.5. Impact of Different Buried Depth Conditions on the
Surrounding Rock of the Tunnel. +e above analysis shows
that the deformation of the surrounding rock is most evident
when the joint inclination angle is 45° under the same buried
depth. +erefore, this section considers the dominant joint
with a 45° inclination angle as the structural condition to
study the variation in the stress, strain, and plastic zone of
the surrounding rock caused by tunnel excavation under
different buried depths.

Combined with the site-tunnel buried depth conditions,
three tunnel excavation depths H were selected: 250, 330,
and 500m. +e displacement distribution of the sur-
rounding rock after tunnel excavation under the three
buried depth conditions is shown in Figure 11. +e simu-
lation results show that (1) the deformation of the sur-
rounding rock of the tunnel under the influence of the
dominant joint is asymmetric under different buried depth
conditions, showing that the left side deformation is larger
than the right side, the maximum deformation position is
located at the left shoulder socket of the tunnel, and the
maximum deformation amount and deformation range of
the tunnel gradually expand with an increase in buried depth
and (2) for H� 250m, the tunnel does not have obvious
damage, the tunnel section shape is essentially good, and the
maximum displacement is 350mm. When H� 330m, the
left shoulder socket of the tunnel appears to have a detached
layer, the surrounding rock of the tunnel has bending
damage, and the maximum displacement is 520mm. When
H� 500m, thin-plate bending and damage occurred at the
left side and the left shoulder fossa of the tunnel, and the
maximum deformation is 1100mm.

+e distribution characteristics of the plastic zone of the
surrounding rock excavated by tunnels with different depths
are shown in Figure 12. +e simulation results show the
following. (1) +e distribution of the plastic zone is cross-
shaped, with vertical dominant joints and parallel dominant
joints in the direction of the cross axis. As the burial depth
increases, the plastic zone expands gradually and the plastic
zone of the surrounding rock mass has shear failure. Pri-
marily, the shear displacement direction is closely related to
the direction of the joint surface. (2) When H� 250m, the
tunnel roof and left shoulder form two shear failure zones
and the vertical joints in these zones are in the form of a
strip. +e width of the shear band gradually decreases with
increasing depth in the surrounding rock, and a “V” shear
failure zone forms at the bottom of the tunnel, with the
boundary of the “V” opening intersecting the bottom corner
of the tunnel. (3) WhenH� 350m, the top of the tunnel and
the left shoulder failure zone intersect, and the two shear
zones gradually combine through the shear action, forming

an “M” plastic zone. +e bottom shear zone gradually
transitions to the “W” shape under the action of in situ
stress. Both ends of the “W” shape intersect the tunnel
bottom angle and expand upward along the side, gradually
closing up with the upper “M”-type plastic zone. (4) When
H� 500m, the plastic zone inherits the trend when
H� 350m, the two plastic zones at the top and the shoulder
form a large-scale penetration, and the bottom “W” plastic
zone completely closes with the upper “M” model. Even-
tually, a larger “¤” plastic zone forms.

+e maximum principal stress distribution of the sur-
rounding rock under different buried depths is shown in
Figure 13. +e simulation results demonstrate the following.
(1)+emaximum principal stress increases with the increase
in buried depth, and the distribution law changes with
buried depth. (2) When H� 250m, a stress concentration is
present at the bottom angle of both sides of the tunnel and
the upper and lower parts of the tunnel, and the maximum
principal stress is 16MPa. When H� 350m, the maximum
principal stress is 19MPa. (3) When H� 500m, the stress of
the surrounding rock is concentrated at 1 to 1.5 times the
hole diameter from the top and bottom plate, the width of
the stress-concentrated area is approximately the same as the
hole diameter, and the maximum principal stress is 32MPa.

4.6. Effect of Softening of the Surrounding Rock on the
Deformation of the Tunnel. During the construction of the
No. 2 inclined shaft of the Muzhailing Tunnel, water gushing
from the fissure was often encountered, and the deformation
of the tunnel was found to be more significant in areas where
water gushing was large. According to Section 2.4.2, the
uniaxial strength of carbonaceous slate after water absorp-
tion was 0.4 times the uniaxial strength in the natural state,
and the rock strength significantly decreased. +erefore, it is
necessary to analyze the influence of water absorption and
softening on the deformation of the tunnel. Combined with
the difficulty of on-site engineering operations, the influence
of water absorption and softening of surrounding rock on
the surrounding rock of the tunnel was analyzed under
working conditions of a tunnel burial depth of 500m and a
dominant joint angle of 45°.

By reducing the strength of surrounding rock to 40% of
the strength before water absorption, we compared the
deformation field, plastic zone, and stress field distribution
characteristics of the surrounding rock before and after
water absorption (Figure 14). (1) +e characteristics of the
deformation distribution of the surrounding rock before and
after water absorption change greatly. +e deformation of
the tunnel before water absorption is mainly distributed in
the left shoulder socket with a maximum deformation of
1200mm. +e left shoulder socket tends to be unstable,
while the deformation of other parts is small and there is no
instability. After water absorption and softening, the de-
formation of the surrounding rock at the left shoulder socket
is the largest, with a maximum of 1900mm, while the tunnel
floor and the right side also have large deformation, and the
deformation range of the surrounding rock extends to a
greater depth. +e hole has a symmetrical “C” shape, which
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indicates that the decrease of the surrounding rock strength
after the water absorption softening helps control the de-
formation of the tunnel, while the dominant joints have an
effect on the deformation direction. (2) +e plastic zone of
the surrounding rock is also evidently expanded after water
absorption softening, which is affected by the decrease in the
strength of the surrounding rock. Furthermore, the upper
plastic zone completely joins and the dominant joints still
affect the distribution characteristics of the plastic zone. +e

radius of the plastic zone after water absorption softening
can reach 14.5m, which is approximately 4.2m more than
before water absorption, indicating that the distribution
range is mainly controlled by the strength of the sur-
rounding rock. (3)+e stress distribution of the surrounding
rock also changes greatly before and after water absorption
softening. +e maximum principal stresses before and after
water absorption are concentrated in the deep surrounding
rock at the top and bottom of the tunnel, the maximum

(a) (b) (C)

Displacement magnitude
1.1000E + 00

1.9000E – 01
9.5000E – 02
0.0000E + 00

1.0450E + 00
9.5000E – 01
8.5500E – 01
6.6500E – 01
5.7000E – 01
4.7500E – 01
3.8000E – 01
2.8500E – 01

7.6000E – 01

Figure 11: Displacement characteristics of the surrounding rock under different buried depths: (a) H� 250m, (b) H� 350m, and (c)
H� 500m.
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Figure 10: Distribution of maximum principal stress corresponding to a 45° inclination of joints: (a) step 2000 and (b) step 6000.
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Figure 12: Distribution characteristics of the plastic zone at different depths: (a) H� 250m, (b) H� 350m, and (c) H� 500m.
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Figure 13: Distribution of maximum principal stress under different burial depths: (a) H� 250m, (b) H� 350m, and (c) H� 500m.
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Figure 14: Continued.
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principal stress concentration area after water absorption
moves to 0.5 times the diameter of the hole to a greater
depth, and the maximum principal stress value decreases by
approximately 4MPa after water absorption softening.

5. Conclusions

In view of the large deformation of the surrounding rock
during the construction of the No. 2 inclined shaft of the
Muzhailing Tunnel, the deformation characteristics and
influence of the surrounding rock of the tunnel under the
original supporting form were analyzed. +e following
conclusions are drawn:

(1) +e initial support of the No. 2 inclined shaft of the
Muzhailing Tunnel was seriously damaged, and the
deformation of the surrounding rock of the tunnel
was asymmetric. +e deformation on the left side
was significantly larger than that on the right side,
and the area with a deformation greater than 0.25m
accounted for 41% of the total length of the tunnel. In
addition, when the buried depth was more than
500m, serious deformation of the surrounding rock
exceeding 1m was observed.

(2) According to the field investigation, the laboratory
experiment, and the field-monitoring data analysis,
the surrounding rock of the No. 2 inclined shaft of
the Muzhailing Tunnel was relatively broken, the
lithology was mainly carbonaceous slate, the joints
and fractures were well developed, and the area was
subjected to extremely high stress. +e uniaxial
compressive strength after 24 hours of water ab-
sorption was markedly lower than that of carbona-
ceous slate in the natural condition. +e uniaxial
compressive strength and elastic modulus of the rock
with a 45° joint inclination were relatively low when

compared with inclinations of 30° and 60°.+erefore,
the main factors affecting the deformation of the
thin-layer rock of the Muzhailing Tunnel included
the joint inclination angle, buried depth of the
tunnel, and softening of the surrounding rock due to
water absorption.

(3) +rough the numerical simulation results, it can be
concluded that under the same buried depth, the
deformation of surrounding rock was maximum for
a 45° joint inclination. At the 45° joint inclination, the
deformation and failure of the tunnel was intensified
with an increase in burial depth. When the burial
depth was 500m, thin-plate bending and damage
occurred at the left side and the left shoulder fossa of
the tunnel; after the surrounding rock was softened
by water absorption, the floor of the tunnel, the left
shoulder socket, and the right side of the tunnel
deformed greatly and the deformation range of the
surrounding rocks extended to a greater depth.
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