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Affected by the bias stress, the mechanical properties of shallow buried bias tunnel construction are complex. The influence of
different construction methods on the stability of the portal section of the shallow buried bias tunnel has received significant
attention in past studies, but the microscopic mechanism of it has not been properly analyzed. In this study, the discrete element
method is used to simulate the construction steps of the three-step method and the single side heading method with and without
systematic bolt supports taking Qijiazhuang tunnel as the research object. The tunnel surrounding rock stress, vertical dis-
placement, and surface deformation results under different working conditions are analyzed, and the mechanism of systematic
bolt supports is analyzed from microscopic perspective. The results show that the single side heading method can gradually release
the load and deformation and better play the supporting capacity of lining; the existence of systematic bolt improves the shear
capacity of surrounding rock and enhances the arching effect, thus significantly reducing the vertical displacement of surrounding
rock and surface deformation. Finally, compared with the field monitoring data, it is recommended to adopt the single side

heading method with systematic bolt support for the construction of the portal section.

1. Introduction

With the rapid development of infrastructure construction
in China, more and more highway and railway tunnel
projects are being built. Due to the numerous mountains and
complex geological conditions in China, a large number of
tunnels inevitably pass through shallow buried, bias and
weak surrounding rock areas [1-5]. The presence of shallow
buried bias terrain will induce the bias stress. Meanwhile, the
surrounding rock of cave entrance is often broken, affected
by soft ground soil and seepage, and the topographic and
geological conditions are complicated. Therefore, fully un-
derstanding the influence of different excavation methods
and supporting schemes on the stability of surrounding rock
of the shallow buried bias tunnel has an important reference
for guaranteeing the stability of tunnel entrance and surface.

Model experiment and theoretical analysis are important
methods to study geotechnical problems [6-10]. Lei et al.
[4, 11, 12] studied the fracture mechanism of surrounding

rock of the shallow buried bias tunnel under different bias
angles by using model experiment and obtained the varia-
tion law of surrounding rock pressure of deep and shallow
buried side with bias angle and compared with the calcu-
lation method in the standard. Teng et al. [13] derived the
calculation formula of surrounding rock pressure of the
shallow buried bias tunnel with small spacing considering
the construction process and terrain slope by using theo-
retical analysis and the stress law of surrounding rock under
different bias angles, and buried depths were analyzed and
compared with the condition that ground surface was
horizontal.

With the rapid development of computer and numerical
simulation software, the numerical method has gradually
become an effective method to analyze geotechnical engi-
neering problems. Since the strong repeatability and the
ability to simulate various working conditions, numerical
simulation has been favored by many scholars [14-17].
Scholars at home and abroad used numerical methods to
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simulate the excavation of the shallow bias tunnel and
obtained the stress and deformation law of surrounding rock
[1-3, 18]. Some scholars also considered the support and
reinforcement conditions of real constructions in the nu-
merical simulation, obtaining the stress and deformation law
and evaluating the effect of field construction and rein-
forcement [5, 19-21]. Dong [19] analyzed the settlement
deformation of the tunnel by numerical simulation and
evaluated the effect of the existing supporting structure and
the effect of the back pressure backfilling reinforcement
measures. In addition to evaluating the effectiveness of
existing supporting structures, numerical simulation can
also be used to optimize construction methods for shallow
bias tunnels [22-25]. Zhao et al. [22] simulated the portal
section of the shallow buried bias tunnel by using ANSYS
software and obtained the construction schemes that meet
both the standards and the stability requirements. Nu-
merical simulation can also be used to reveal the stress
mechanism of the shallow buried bias tunnel. Yang et al. [26]
studied the failure mechanism and treatment measures of
the main support of the shallow buried bias tunnel.

The existing simulation is mostly based on the contin-
uum mechanics method, and there are few studies on the
mesoscopic mechanism of the stability of the shallow buried
bias tunnel. The discrete element method (DEM) is an
important method to study the mechanical behavior of
discontinuous media from the perspective of mesoscopic
force chain [27, 28]. As a typical discontinuous media, it is
more appropriate to analyze the stability of surrounding
rock of shallow buried bias tunnel excavation from mi-
croscopic perspective using the discrete element method
(DEM) [29-37]. Therefore, the aim of this study is to use
DEM to study the law of surrounding rock stress, dis-
placement, and surface deformation under different support
methods during the excavation of the shallow buried bias
tunnel and analyze the microscopic mechanism of the
shallow buried bias tunnel, taking Qijiazhuang tunnel as
engineering background. The development law of cracks in
the surrounding rock caused by tunnel excavation, the
distribution characteristics of contact force, and the evo-
lution law of pressure arch are analyzed from microscopic
perspective. The optimal tunnel excavation method and
support measures are obtained by comparing with the field
monitoring data.

2. Project Overview

The Qijiazhuang tunnel is located in Qijiazhuang village,
Mentougou district, Beijing. The starting and ending mileage
of the left line is A1K70+075~A1K70 +369.14, with the
length of 294.14 m, whose maximum buried depth is 29 m.
For right line, starting and ending mileage is
AK70 +076.286~AK70 + 375, with the length of 298.714 m,
whose maximum buried depth is 41 m. The entrance and exit
of the tunnel are located in the slope of the foothills. The
tunnel portal, mileage A1K70 + 090~A1K70 + 195, is shallow
buried and bias section, where the angle of surface slope is
about 15~35". The tunnel axis is basically orthogonal to the
contour, and the bedrock is exposed above the entrance.
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FI1GURE 1: Schematic graph of section A1K70+ 115 of tunnel.

There are more than 60 cypress trees whose diameter is
greater than 30 cm on the ground surface of the tunnel. The
surface of slope is residual soils with the thickness of
0.5~2.0 m. Beneath the soil are strongly weathered andesites.
The bias tunnel and distribution of rock and soil layers are
shown in Figure 1, and the longitudinal section of tunnel is
shown in Figure 2.

The surrounding rock is highly and moderately
weathered, rock mass is broken, and joint fissure develops,
and small range of water gushing in surrounding rock of
tunnel entrance. According to criteria for surrounding rock
mass classification in standard for engineering classification
of rock mass (GB50218-2014) [38], the surrounding rock of
the Qijiazhuang tunnel is defined as IV-V levels. Figure 3
shows the silts and residual soil on the surface of mountain
slope.

Initial lining consists of section steel frame, system bolt
and sprayed concrete, and mat reinforcement. Among them,
the section steel frame adopts 122b steel with longitudinal
spacing of 50 cm; the system bolt adopts ¢25 bolt, whose
length is 4m, and hollow grouting is adopted. The longi-
tudinal spacing of the bolt is 50 cm, and the circumferential
spacing is 100 cm, using the plum-shaped arrangement; the
sprayed concrete uses C25 concrete with the thickness of
28 cm.

3. Numerical Model

3.1. Working Conditions. According to different excavation
methods (three-step method and single side heading
method) and different support methods (with and without
system bolt support), four work conditions are selected and
are shown in Table 1.

3.2. Discrete Element Model Determination. The numerical
model is established according to section A1K+115 of
tunnel, and the surrounding rock classification of the section
is V level. The buried depth of left and right tunnel is 12 and
19 m, respectively. The width of excavated section of left and
right tunnel is 44.71m, and the height of the section is
11.861 m. Based on elastoplasticity theory, the size of the
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FIGURE 2: Longitudinal profile diagram of the Qijiazhuang tunnel: (a) longitudinal profile diagram of left line; (b) longitudinal profile
diagram of right line.
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FIGURE 3: Geological features of surface residual soil and surrounding rock.

TaBLE 1: Scheme of numerical simulation for different excavations and reinforcements.

Work condition Excavation method Support method

1 Three-step method Initial support (without systematic bolt)
2 Three-step method Initial support (with systematic bolt)
3 Single side heading method Initial support (without systematic bolt)
4 Single side heading method Initial support (with systematic bolt)
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FIGURE 4: Numerical model: (a) three-step method; (b) single side heading method.

model should be 3~5 times as long as the span of the tunnel
to reduce the effect of boundary condition. As shown in
Figure 4, the width and height of the model are 130 m and
82.67 m, respectively. The tunnel is located at the central axis
of the model, the minimum point of the inverted arch is
38168 m away from the bottom of the model, and the
thickness of initial lining is 280 mm. Constraint of horizontal
displacement is applied on the left and right boundaries of
the model, and constraint of vertical displacement is applied
on the bottom of the model, and the top of the model is
freedom boundary condition. The system bolt and grout
reinforcement range are equivalent to rectangle with 4.5m
length and 0.75 m width.

According to the “Particle-Size Refinement” method, the
particles within the specified range are generated. The in-
terparticle contact model adopts the linear parallel bond
model, which is suitable for cemented materials such as rock.
Besides, in order to improve the calculating efficiency, the
radius of particles near the tunnel disperses from 0.035 to
0.255m, which is shown in domain enclosed by black curve
in Figure 4. While the radius of particles in other parts is
between 0.255 and 0.367 m, the total amount of particles in
the model is 162092. The initial stress of the model is ob-
tained by applying the gravity field with 10.0 gravity ac-
celeration. After equilibrium, the vertical stress at the
bottom midpoint is 1.38 MPa, which is close to the stress of
1.264 MPa at the lower boundary obtained by the elastic
theory. After excavation, parameters of initial lining are
applied.

3.3. Model Parameters. Based on the tunnel design in-
structions, engineering investigation report, and engineering
analogy, the macroscopic parameters of geomaterials could
be determined. The macroscopic parameters of surrounding
rock and strata are shown in Table 2.

According to the data provided by the engineering in-
vestigation report, the rock biaxial compression numerical
test is adopted. By adjusting and optimizing the microscopic
parameters continuously, the model parameters can be
obtained by selecting the results of test which are close to the

data of the report. The final micromechanical parameters of
each stratum are shown in Table 3. The Mohr-Coulomb
strength envelope of the moderately weathered rock is
shown in Figure 5. Notably, the simulated cohesion and
internal friction angle are in good agreement with the en-
gineering investigation results.

The macroscopic parameters of the initial support are
determined based on the equivalent calculation method. The
parameters of section steel frame and steel mesh in the initial
lining are converted to sprayed concrete, i.e.,
E . =E,+ (A, -E,)/A, where E;, and E, are the elastic
moduli of concrete before and after equivalent, respectively,
E, is the elastic modulus of steel, and A, and A, are the
section areas of concrete and section steel frame, respec-
tively. The systematic bolt is simulated by enhancing the
value of parameters of rock mass.

4. Simulation Results and Discussion

4.1. Stress Results. Figure 6 shows the contact force distri-
butions of the three-step method for each excavation stages
(without systematic bolt support) and final stage, and Fig-
ure 7 shows the contact force distributions for the final
excavation stage of the single side heading method. The
horizontal, vertical, and shear stress of the position can be
obtained by setting the measure circle. The stress within the
circle is calculated by 0;; = 1/V}. [ f ;, where ; is the branch
vector, defined as vector connecting center of particles, f; is
the contact force between particles, and V is the area of
measure circle.

The black and red points in Figures 6(b) and 7 represent
the positions of the first three highest horizontal and vertical
stress, respectively.

4.1.1. Three-Step Method. As shown in Figure 6(a), with the
depth enhancing, the contact force distribution of the initial
state increases uniformly, and the stress of the deep buried
side is greater than that of the shallow buried side [13]. The
stress redistribution of surrounding rock is caused by ex-
cavation of each section. The decrease of contact force in
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TaBLE 2: Macromechanical parameters for numerical simulation.

Materials Modulus of deformation E ~ Poisson’s ratio  Internal friction angle ~ Cohesion ¢~ Unit weight y
(GPa) U P () (MPa) (kN/m?)
Residual soil 2le-3 0.35 22 18e-3 18
Highly weathered rock 1.9 0.35 27 0.15 19.0
Moderately weathered rock 1.95 0.35 29 0.25 19.5
Slightly weathered rock 21 0.35 29 0.25 19.5
Initial lining 35 0.25 — — 25
Bolt and grouting 11.0 0.25 30 1.35 20
TaBLE 3: Micromechanical parameters for numerical simulation.
. Normal-to- Bond Bond . -
. . Effective . normal-to- Tensile . _ Friction
. Densityp Coeflicient of . shear effective _  Cohesion ¢
Materials 3 - modulus E . - shear strength o, angle
(kg/m”) friction p stiffness modulus E . . (Pa) —
(Pa) ok stiffness ratio (Pa) g ()
ratio K (Pa) —x
K
Residual soil 2000 0.4 50e-6 1 50e-6 1 80e-3 80e-3 32.5
Rock (highly 2300 0.6 1.0e-8 5.0 1.0e-9 5.0 9.0e-5  3.0e-5 3250
weathered)
Rock
(moderately 2350 0.6 2.0e-8 5.0 2.0e-9 5.0 9.0e-5 3.0e-5 325
weathered)
Rock (slightly 49 0.6 2.0¢-8 50 2.0e-9 5.0 9.0e-5  30e5 35
weathered)
Initial lining 2500 0.8 1.0e-8 5.0 20e-9 10 1.0e-25 1.0e-25 80
Bolt and 2400 0.8 1.0e-8 5.0 6.0¢-9 5.0 20e-6  8.0e-6 35
grouting
0.984, 0.964 MPa and 1.06, 1.05, 1.01 MPa, respectively.
8 - Except these points of 0.984 and 1.06 MPa of work condi-
286 tions 1 and 2 are located in mid-rock pillar, other points are
6 all located in the lower part of surrounding rock of right
£ . tunnel. Obviously, work condition 2 shows the greater stress
\2: ] concentration.
5 The simulation results show that larger stress concen-
0.25 1 trations more likely occur at the arch footing, side wall, and
o—"tt¥4—— mid-rock pillar in three-step method; the system bolt forms
0 5 10 15 20 25 30 35 40 45 50 a strong bearing structure around the tunnel excavation
o (MPa) section, transferring the load of upper rock and soil into

FIGURE 5: Strength envelope under biaxial compression (moder-
ately weathered rock).

lower surrounding rocks is observed due to the release of
pressure in excavation section. The rock above the tunnel
spontaneously forms the arch structure. The stress in the
range of bolt and grouting of work condition 2 are greater
due to the adoption of bolt support, as shown in Figure 6(b).

According to the monitoring results of measure circles,
the first three highest horizontal stress of work conditions 1
and 2 are 0479, 0421, 0.389 MPa and 0.535, 0.527,
0.476 MPa, respectively. Except the point of 0.476 MPa of
work condition 2 is located in arch shoulder of right tunnel,
other points are all located in arch footing. The first three
highest vertical stress of work conditions 1 and 2 are 1.03,

depth part, resulting in the stress concentration at the arch
footing, mid-rock pillar, and lining. In the actual con-
struction, the support at these positions should be
strengthened, and the right-side tunnel should be monitored
to ensure the stability of surrounding rock.

4.1.2. Single Side Heading Method. As shown in Figure 7,
similar with the result of the three-step method, the stress
redistributions are caused by the excavation of each drift
heading, and the decrease of contact force in lower sur-
rounding rocks is found due to release of pressure of ex-
cavated sections. The rock above the tunnel spontaneously
forms the arch structure, and the stress in the range of bolt
and grouting of work condition 4 are higher. The stress of the
deep buried side is greater than that of the shallow buried
side due to the influence of terrain bias.
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F1GURE 6: Distribution of contact forces of the three-step method: (a) distribution of contact forces for different excavation stages of the
three-step method (without systematic bolt support); (b) distribution of contact forces for the final excavation stage of the three-step

method: work condition 1 (A), work condition 2 (B).
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F1Gurke 7: Distribution of contact forces for final excavation stage of the single side heading method: (a) work condition 3: the single side
heading method without systematic bolt; (b) work condition 4: the single side heading method with systematic bolt.

According to the monitoring results of measure circles,
the first three maximal horizontal stress of work conditions 3
and 4 are 0.52, 0.417, 0.41 MPa and 0.603, 0.565, 0.534 MPa,
respectively. Except these points of 0.417 and 0.603 MPa
located in arch shoulder of right tunnel, all other points
located in the arch footing of right tunnel. The first three
maximal vertical stress of work conditions 3 and 4 are 1.31,

1.15, 1.05 MPa and 1.19, 1.10, 1.02 MPa, respectively. Except
these points of 1.05 and 1.02 MPa located in the right-side
surrounding rock of right tunnel, all other points located in
the left side wall of right tunnel. It is obvious that arch
footing, arch shoulder, and side wall of right tunnel are the
points of bearing greater stress, which is a disadvantage to
the stability of the tunnel.
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In the single side heading method, the positions of
maximal stress are lining of right tunnel, which indicates
that the single side heading method can give full play of
bearing capacity of lining and alleviate surrounding rock
stress concentration. Systematic bolt decreased the magni-
tude of vertical stress, but caused the increase of horizontal
stress. Thus, the support at arch footing, arch shoulder, and
side wall should be enhanced, and the monitoring frequency
of mid-rock pillar should also be enhanced to guarantee
stability of surrounding rock.

4.2. Displacement Results. Figure 8 shows the layout of
surface and surrounding rock displacement measuring
points. The displacement contours of different excavation
stages of the three-step method and single side heading
method without systematic bolt support are presented in
Figures 9(a) and 10(a), respectively. Vertical displacement
data measured by displacement measure circle are listed in
Table 4.

4.2.1. Three-Step Method. Figure 9 shows that the vertical
displacement of surrounding rock gradually increased with
the excavation of tunnel. The position of maximal vertical
deformation is the vault of right tunnel, and large heave
occurred in the bottom of left and right tunnel. Notably, the
vertical displacement is unsymmetrical due to the influence
of terrain bias.

For work condition 1, considering the shallow buried
depth of left-upper part of right tunnel, the arching effect
[39] is limited, which leads to the large vertical displacement
of surrounding rock of left-upper part of right tunnel. After
excavation of all sections, the vault subsidence of right and
left tunnel is stabilized at 22.4 and 14.6 mm, respectively. The
maximum vertical displacement occurs in the first step
excavation stage of right tunnel, which is 14.5mm, ac-
counting for 64.7% of the total subsidence. Notably, the
three-step method without applying systematic bolt has
large vault subsidence, and large proportion of the vault
subsidence was caused by the first step excavation.

Due to the use of bolt and grouting support, the bearing
capacity of outer surrounding rock of tunnel section in work
condition 2 is enhanced. Thus, the magnitude of vertical
displacement is primarily depended on the surrounding
rock stress, leading larger displacement in deep buried side.
After the excavation of all sections, the vault subsidence of
right and left tunnel is stabilized at 14.8 and 6.77 mm, re-
spectively. Among them, the maximum subsidence occurred
in the first step excavation stage of right tunnel, 11.6 mm,
accounting for 78.4% of the total subsidence, followed by the
second step excavation stage of right tunnel, 2.9 mm, ac-
counting for 19.6% of the total subsidence. The magnitude of
displacement of work condition 2 is less than that of work
condition 1 due to the use of systematic bolt support.

4.2.2. Single Side Heading Method. Figure 10 shows that the
vertical displacement of tunnel is concentrated at the vault,

€D

o Surface subsidence (simulation)
v Surface subsidence (monitoring)
e vertical displacement (simulation)
# vertical displacement (monitoring)

FIGURE 8: Layout of measuring points.

and vertical displacement of deep buried side is larger than
that of shallow buried side due to the terrain bias.

Comparing the data in Figures 9 and 10 and Table 4, it
can be found that the vault subsidence laws of the three-step
method and the single side heading method are significantly
different. Taking work conditions 1 and 3, for example, after
excavation of left and right tunnels and removement of the
temporary supports, the vault subsidence of right and left
tunnel of work condition 3 is 14.4 and 10.9 mm, respectively.
The maximum vertical displacement occurs in the rightt-up
drift heading construction stage of right tunnel, which is
7.56 mm, accounting for 52.6% of the total subsidence. The
vault subsidence and subsidence of arch waist generated by
the three-step method is about 1.56 and 2.86 times as large as
those of the single side heading method. It can be concluded
that the single side heading method can gradually release the
load and deformation, which is beneficial to make the
support and control the magnitude of deformation.

It can also be noted that the ratio of vault subsidence of
right-up drift heading excavation is maximum in all work
conditions about the single side heading method. Therefore,
the excavation of upper drift heading close to deep buried
side is the key procedure that affects stability of the shallow
buried bias tunnel, in constructions with the single side
heading method. In this sense, for the real construction, the
support should be applied in time and the monitoring
frequency should be enhanced to prevent large deformation
of surrounding rocks and ensure the safety of construction.

The results of vertical displacement in the vault of right
tunnel, left arch waist of left tunnel, and arch waist of right
tunnel are shown in Figure 11.

According to Table 4 and Figure 11, it can be concluded
that the rule of displacement of different work conditions is
basically consistent and the magnitude of displacement of
the deep buried side is greater than that of the shallow buried
side due to the terrain bias. There are sudden changes in the
displacement curve of the left tunnel, which is caused by the
excavation of the left tunnel, causing the disturbance of the
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F1GURE 9: Distribution of vertical displacement of the three-step method: (a) displacement contours of different excavation stages of the
three-step method (without systematic bolt); (b) distribution of vertical displacement for final excavation stage of the three-step method:

work condition 1 (A), work condition 2 (B).

surrounding rock. The subsidence of tunnel vault and arch
waist without systematic bolt support is 1.26~1.51 and
0.95~1.53 times greater than cases with systematic bolt.
Notably, systematic bolt can reduce vault subsidence of the
shallow buried bias tunnel but has deficiency in reducing
deformation of side wall, which may even cause the de-
formation of side wall occurring earlier.

Thus, the entrance section of the tunnel is preferred to
use the single side heading method with systematic bolt in
real construction to guarantee the stability of surrounding
rock and decrease surface settlement. In sections far from the
opening, the three-step method with bolt support is sug-
gested to reduce cost and improve efliciency, since the in-
tegrity of surrounding rock will be increased and the terrain
bias will recede due to the increase of thickness of overlaying
soil. It is also noticed that the support at arch footing, arch
shoulder, side wall, and mid-rock pillar should be enhanced,
and lining should be closed as soon as possible, and the
monitoring frequency of mid-rock pillar should be enhanced
to guarantee stability of surrounding rock.

4.2.3. Surface Deformation Results. Vertical and horizontal
displacements of ground surface of different work condi-
tions are shown in Figures 12 and 13, respectively.

It can be observed from Figure 12 that the surface
settlement is in the shape of “W.” The surface settlement
presents evidently unsymmetrical characteristic, which is
larger at the deep buried side due to terrain bias and uneven
distribution of rock and soil strata. The positions of maxi-
mum settlement for all cases are all located above the right
tunnel, and some ground heave occurs on the toe of slope.
The maximal surface settlement of the three-step method
without systematic bolt and the single side heading method
without systematic bolt is 17.5mm and 10.5mm, respec-
tively. The maximal surface settlement of the three-step
method with systematic bolt and the single side heading
method with systematic bolt is 11.1 mm and 7.81 mm, re-
spectively. Notably, the single side heading method has a
good effect on controlling surface subsidence, and the
system bolt support can effectively reduce surface
subsidence.
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FiGure 10: Distribution of vertical displacement of the single side heading method: (a) displacement contours of different excavation stages
of the single side heading method (without systematic bolt); (b) distribution of vertical displacement for final excavation stage of the single

side heading method: work condition 3 (A), work condition 4 (B).

TaBLE 4: Micromechanical parameters for numerical simulation.

Work conditi Left tunnel Right tunnel
otk condition Vault Left side wall Right side wall Vault Left side wall Right side wall
1 14.6 3.12 11.05 22.4 9.69 9.84
2 6.77 2.19 5.02 14.8 7.36 9.69
3 10.9 1.94 5.12 14.4 3.38 6.95
4 4.82 1.27 3.19 11.4 3.55 6.65

In Figure 13, horizontal displacement of ground surface
moves right at left side of left tunnel and symmetrical axis
between left and right tunnels, while moves left at other sites.
The maximal horizontal surface displacement is located in
the slope top of right-up side of right tunnel. It can be found
that the systematic bolt support decreases the horizontal
surface displacement.

5. Microscopic Results and Discussion

5.1. Analysis of Fracture of Surrounding Rocks. Figure 14
shows the fracture development of surrounding rocks of the
three-step method. According to Figure 14, the number of
fractures of work condition 1 is the largest, where the cracks
of arch waist of right tunnel extend 12 m upwards and 12m

downwards. The influence distance of crack to the depth of
surrounding rock is about 5.5m. Systematic bolt support
effectively reduces the number of cracks, and the number of
fractures in work condition 2 decreased by 28.15% compared
with that in work condition 1. Meanwhile, the number of
cracks is also influenced by excavation methods. The crack
development law of the single side heading method is
similar, while the number of cracks is less than the three-step
method.

5.2. Analysis of Pressure Arching Effect. Excavation of tunnel
broke the equilibrium state of surrounding rock. In order to
resist nonuniform deformation, the tangential stress inside
the rock mass increases, and the stress path is deflected.
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FiGure 11: Deformation of surrounding rock with different construction methods: (a) vault subsidence of right tunnel; (b) left side wall
subsidence of left tunnel; (c) left side wall subsidence of right tunnel; (d) right side wall subsidence of right tunnel.

Thus, a special bearing structure formed, called pressure
arch. The development state of pressure arch can be reflected
by the arching coefficient k [40]:

k=20"%0 , 1)

Tgo

where 04 and oy, are the tangential stress of surrounding
rock after and before excavation, respectively. k < 0 indicates
that the tangential stress is lower than original rock stress
and the position is located outside the pressure arch; while
k>0 represents that the position is located in the pressure
arch; when k = 0, the position is the inner boundary and
outer boundary of pressure arch.

The layout of measure points of pressure arch is shown in
Figure 15. The inner and outer boundaries of pressure arch
under different support methods are calculated by linear
interpolation of arching coefficient calculated by (1). The

shape of pressure arch after tunnel excavation is shown in
Figure 16.

As shown in Figure 16, the inner boundary of the
pressure arch is far from the tunnel section in work con-
dition 1, and the inner boundary of the pressure arch co-
incide with the lining of tunnel, indicating that there are
unstable surrounding rocks under the arch. The arching
effect is promoted by systematic bolt support; thus, the
stability of tunnel is improved.

5.3. Analysis of Systematic Bolt Mechanism. Using FISH
programming language to count the magnitude of contact
force in each direction in the range of bolt and grouting area,
the result of microscopic contact force is shown in Figure 17.
The position of the line segment in the figure represents the
magnitude of the contact force in each direction.
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FiGure 13: Horizontal surface displacement with different construction methods.

As shown in Figure 17, there are some differences in
distributions of contact force of surrounding rock at bolt and
grout region of different work conditions:

(1) The contact force in the initial state is in a “peanut-

like” distribution. After excavation, the contact force
in work conditions without bolt support increased,
and its distribution is basically consistent with that of
initial state. Under the work condition with bolt
support, the contact force increased sharply and the
distribution changes obviously.

(2) Among all work conditions, large contact force

occurred in direction 60°and 300°, due to the terrain

bias. In work conditions with bolt support, contact
force in direction of 0° and 180° increased, and the
distribution of contact force is more rounded, which
indicates the surrounding rock stress is more uni-
form in all directions.

(3) The reasons why the distribution of contact force

changes are as follows: the mechanical parameters of
bolt reinforcement region increased by systematic
bolt and grouting support and the arching effect is
improved by the extrusion reinforcement effect of
bolt support (Figure 16(b)). Thus, the contact force
distribution changed, leading to variation of stress
concentration region.
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FIGURe 14: Distribution of crack in surrounding rock with different construction methods: (a) work condition 1: the three-step method
without systematic bolt; (b) work condition 2: the three-step method with systematic bolt.
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FIGURE 16: Pressure arch distribution diagram: (a) work condition 1: the three-step method without systematic bolt; (b) work condition
2: three-step method with systematic bolt.
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Ficure 17: Contact force results of bolt reinforcement area.
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F1GURE 18: Variation curve of accumulated settlement of the vault
of right tunnel.

Therefore, the existence of systematic bolt lead to the
formation of active bearing structure at the nearby sur-
rounding rock, which enhanced the bearing capacity of
surrounding rocks and improved its ability of sustain upper
loading and resist nonuniform deformations.

6. Field Monitoring

The displacement of surrounding rock and ground surface
are measured during construction of portal part of the
tunnel, and the data of displacement of portal part are
analyzed [41]. Comparison of measured and simulated vault
settlement curves for left and right tunnels is shown in
Figures 18 and 19, respectively. Comparison of surface
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F1GURE 19: Variation curve of accumulated settlement of the vault
of left tunnel.
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settlements between field monitoring and simulation results
is shown in Figure 20.

As shown in Figures 18 and 19, the vault subsidence
curves obtained by numerical simulation and field moni-
toring are consistent, which grow in “steps” pattern. The
vault subsidence of right tunnel increases rapidly at the first
step excavation stage and be stable about the 50th day. The
vault subsidence fluctuates about the 90th day due to the
influence of second step construction. The simulation results
matched the monitoring data. The vault subsidence of left
tunnel increases rapidly at the first 20 days, and the sim-
ulation results agreed with the monitoring data well after the
displacement being stable.
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Figure 20 shows that the numerical simulation results
matched the field monitoring data, and the data of field
monitoring are larger.

7. Conclusions

Numerical simulations were carried out towards Qijiazhuang
tunnel by using the discrete element method. The rule of stress,
vertical displacement of surrounding rock, surface displace-
ment, microscopic fractures, and contact force were analyzed
in detail. Then, the field monitoring data were compared and
analyzed. The following conclusions can be drawn.

(1) Due to the terrain bias, stress concentration, de-
formation of surrounding rock, and surface dis-
placement of deep buried side are larger than those
of shallow buried side, despite the difference of the
excavation method and support method

(2) The single side heading method can gradually release
the load and deformation, which is beneficial to make
the support and control the magnitude of deformation.
The single side heading method should be adopted as
far as possible in the shallow buried bias tunnel.

(3) The vault subsidence and subsidence of arch waist
without systematic bolt are 1.26-1.51 times and
0.95-1.53 times as large as those with systematic bolt.
Systematic bolt can reduce the vertical displacement
of surrounding rock and the displacement of ground
surface greatly. The system bolt support method can
be used in the shallow buried bias tunnel to ensure
safety in construction. The shape of pressure arch
indicates that the existence of systematic bolt in-
creases the shear capacity of surrounding rock; thus,
the ability of bearing nonuniform load and defor-
mation of surrounding rock is improved.

(4) The results of numerical simulation match the data
of field monitoring well. The entrance section of the
tunnel preferred to use the single side heading
method with systematic bolt in real construction. In
sections far from the opening, the three-step method
with bolt support is suggested because of the rela-
tively lower cost and higher efficiency. Meanwhile,
monitoring frequency and support should be en-
hanced of key positions that influence the stability of
the tunnel.
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