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Abstract

To study the distribution of relaxed surrounding rock pressure on the shallow bias neighborhood tunnels under the combined action 

of horizontal and vertical earthquake force, finite element software was used for failure mode analysis. Moreover, with the pseudo-

static method, the calculation formula for the relaxed pressure on the shallow bias neighborhood tunnels was derived and used 

to analyze the variation of the rupture angle of these tunnels under the action of the seismic force. The study shows that: shallow 

bias neighborhood tunnels basically follow a “W” failure pattern under the combined action of horizontal and vertical seismic force, 

and the failure scope of the surrounding rock is controlled by four rupture angles. Rupture angles β2 and β3 between the deep and 

shallow tunnels of the shallow bias neighborhood tunnels are not affected by the surface slope. For tunnels with the same grade of 

the surrounding rock, the greater the seismic intensity, the smaller the value of β2, and the greater the value of β3. While at the same 

seismic intensity, the higher the grade of the surrounding rock, the smaller the β2 and β3. Ruptures angles β1 and β4 are influenced 

by the surface slope, seismic intensity and surrounding rock grades. A steeper surface slope leads to a smaller β1 and a greater β4; β1 

increase and β4 decrease with increasing seismic intensity; while, β1 and β4 both show a decreasing trend with an increasing rock grade.
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1 Introduction
A bias tunnel is under a biased load (asymmetric force). 
The development in highway tunnel construction demands 
the excavation of tunnels through mountain areas. The 
rugged landscape in those areas leads to the inevitable 
existence and rapid development of bias tunnels [1, 2]. 
Due to their special form of load, bias tunnels are clearly 
distinguished from common tunnels in design and sup-
port [3–5]. For this reason, Yang et al. [6] conducted 
researches on the theoretical calculation of the rock pres-
sure acting on three shallow tunnels subjected to unsym-
metrical loads. Yang and Wang [7] analyzed the stress 
dilatancy of shallow tunnels subjected to unsymmetri-
cal pressure. Lei et al. [8] investigated the failure mech-
anisms and lining stress characteristics of shallow bur-
ied tunnels under unsymmetrical loading. Liu et al. [9] 

examined the cracking mechanism of tunnel lining under 
bias pressure by experimental and numerical methods. 
The list goes on. 

However, active crustal movement and reservoir filling 
has led to earthquake disasters from time to time [10–13]. 
People's demand for durability and safety of bias tunnels 
can no longer be satisfied merely through static analy-
sis [14]. As a result, seismic design for these tunnels has 
become increasingly prominent. Sánchez-Merino et al. [15] 
researched the simple longitudinal seismic response of tun-
nel linings subject to surface wave. Wang et al. [16] inves-
tigated the seismic energy response and damage evolution 
of tunnel lining structures. Gomes [17] studied the effect of 
stress disturbance induced by construction on the seismic 
response of shallow bored tunnels. 
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By reviewing relevant literature, it is known that previ-
ous researches on the seismic solution of tunnels focus on 
the effect of horizontal seismic force [18–20]. The same 
is true with existing specifications [21, 22]. However, in 
practice, the earthquake acceleration is a variable of great 
uncertainty in direction [23–25]. For example, a terrible 
earthquake struck Wenchuan County, Sichuan Province 
in 2008. Numerous buildings are damaged, in which the 
vertical seismic force also played a role [26]. Meanwhile, 
there has been a lack of systematic research in the area of 
bias neighborhood tunnels, which are more complicated 
than bias single tunnels. 

Given the above, shallow bias neighborhood tunnels are 
studied considering the combined effect of horizontal and 
vertical seismic forces. With the pseudo-static method and 
the latest research results both in China and abroad, an 
analytical solution to the relaxed surrounding rock pres-
sure of shallow bias neighborhood tunnels under seismic 
force action is derived. This solution is used for the analy-
sis of the rupture angle of these tunnels. 

2 Failure Mode Analysis
Surrounding rock pressure is the main load on the tunnel 
structure. According to the geological conditions and the 
structural features of the tunnel, surrounding rock pres-
sure consists of relaxed pressure and deformation pres-
sure [27]. According to incomplete statistics, shallow bias 
tunnels are usually built in steep mountain areas. Due to 
the poor geological conditions there, the surrounding rock 
of these tunnels is easily weathered. In the event of an 
earthquake, the weathered rock will invoke relaxed pres-
sure, which requires close attention. At present, specifica-
tions and researches on the effect of horizontal and verti-
cal seismic force together on shallow bias neighborhood 
tunnels are limited both at home and abroad. 

To establish a calculation model for the structural load 
of shallow bias neighborhood tunnels subject to horizon-
tal and vertical earthquake force, the loose zone and fail-
ure mode of the surrounding rock under earthquake forces 
shall be clearly defined. Through field investigation and 

acquired data (on the terrain, landform, and hydrogeologi-
cal conditions) regarding some of the existing shallow bias 
neighborhood tunnels, a numerical model is established 
using finite element software. Based on this model, the 
distribution of the deformation and plastic zone of sur-
rounding rock in limit equilibrium state under horizon-
tal and vertical seismic load is analyzed with the Strength 
Reduction Finite Element Method. 

To demonstrate the basic distribution pattern, the sur-
rounding rock is treated as a homogeneous body, which is 
irrespective of the joint fissure and material type of the rock 
mass. The research is conducted under the most unfavor-
able conditions. That is, the seismic load is applied with-
out secondary lining after the excavation is completed. The 
model features a viscous-spring artificial boundary, and 
the input seismic wave is an artificial seismic wave after a 
similar conversion. 

Numerical analysis is made after the seismic wave of 
intensities VI, VII, and VIII (which are the most com-
mon) are applied to tunnels with different surface slopes 
and surrounding rock grades. The results show that the 
expansion of the plastic zone surrounding the tunnel fol-
lows a certain pattern. That is, the outer sidewall of the 
deep tunnel and the shallow tunnel is where stress is most 
concentrated. The plastic failure process begins here. 
It expands out and upward at a certain dip angle until it 
reaches the ground surface. Plastic zones also exist in the 
inner sidewall of the deep and shallow tunnels. Similarly, 

Fig. 1 The plastic strain of shallow bias neighborhood tunnel affected 
by the earthquake

Table 1 The physical and mechanical parameters of the model

Volume weight
γ (kN/m3)

Elastic modulus  
E (GPa)

Poisson ratio
μ

Cohesive
c (MPa)

Internal friction angle 
θ (°)

Surrounding rock 22 1.4 0.36 0.15 21.0

Reinforcement 
ring 23 1.6 0.33 0.25 21.0

Primary support 27 26.8 0.19
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they expand upward at a certain dip angle and meet near 
the rock pillar in the middle. The whole plastic zone forms 
a connected shear plane in a "W" shape, as shown in Fig. 1 
(The corresponding seismic wave intensity is VI, and the 
input model parameters are shown in Table 1). Meanwhile, 
at the upper part of the "W", where the rock mass is lim-
ited by the rupture angles of the tunnel, the surrounding 
rock has become loose and damaged. 

Based on the analysis above, when horizontal and verti-
cal seismic forces are applied simultaneously, the basic fail-
ure mode of the surrounding rock of shallow bias neighbor-
hood tunnels can be concluded as follows: rupture planes 
develop in the outer sidewall of the deep and shallow tun-
nels and extend to the slope surface; sliding rupture planes 
develop in the sidewall between the left and right tunnels, 
extend obliquely upward and intersect near the middle rock 
pillar, following the shape of "W". The failure zone of the 
surrounding rock depends on the rupture angle at both 
sides of the tunnel. Based on this failure mode, a calcula-
tion model for the structural load of shallow bias neighbor-
hood tunnels when subject to seismic load is established to 
ensure tunnel stability in the event of an earthquake. 

3 Pseudo-static Method
There are a variety of ways in structural design and cal-
culation of underground space. These ways fall into three 
categories: static method, pseudo-static method, and 
dynamic response analysis method [28]. Among them, the 
static method is over-simplistic, not accurate enough, and 
thus rarely used. Dynamic response analysis features high 
accuracy. However, it requires sophisticated expertise and 
skills. In addition, it is not easy to operate and evaluate the 
results. Therefore, designers tend to use the pseudo-static 
method for calculation, except for extremely significant 
projects or complicated geological conditions. 

The pseudo-static method is simple and clear in con-
cept, easy in the calculation, and widely used in engineer-
ing projects. Similar to the static method, it is an easy way 
to solve the problems in dynamics. The key point of this 
method is to apply constant inertia force in horizontal and 
vertical directions instead of seismic load on the structure 
under study. The direction of the inertia force is the most 
disadvantageous to the structure. 

The horizontal and vertical inertia forces generated 
during an earthquake are as follows: 

F
G
g

k Gh
h

h= =
α , (1)

F
G
g

k Gv
v

v= =
α

, (2)

where αh and αv are the horizontal and vertical pseudo- 
static accelerations, respectively. 

kh is the pseudo-static acceleration factor in the hori-
zontal direction. When the seismic intensity is VI, VII, 
and VIII, respectively, its value is 0.05, 0.10, and 0.20. 

kv is the pseudo-static acceleration factor in the vertical 
direction; it is determined by kh: 

k kv h= ( )1 2 2 3/ / . (3)

G is the weight of rock-soil mass, and g is the gravita-
tional acceleration. 

4 Analytical solution to relaxed surrounding rock 
pressure
4.1 Basic assumptions
Based on the characteristics of shallow bias neighborhood 
tunnels, the following assumptions are made to facilitate 
calculation: 

(1) The rock-soil mass is an isotropic homogeneous 
continuous medium. 

(2) Horizontal and vertical seismic load have no great 
influence on the basic physical and mechanical character-
istics of rock-soil mass. 

(3) Surface dip angle of the shallow bias neighborhood 
tunnel is α. In the outer rock-soil mass of the deep tunnel, 
rupture plane AI develops and has a rupture angle β1 to the 
horizontal plane; in the inner rock-soil mass, rupture plane 
BN develops and has a rupture angle β2 to the horizontal 
plane. In the outer rock-soil mass of the shallow tunnel, 
rupture plane DQ develops and has a rupture angle β4 to 
the horizontal plane; in the inner rock-soil mass, the rupture 
plane CL develops and has a rupture angle β3 to the horizon-
tal plane. In addition, BN and CL meet at R near the middle 

Fig. 2 Calculation diagram of surrounding rock pressure of shallow bias 
neighborhood tunnels under the seismic force
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rock pillar. As the tunnel is under unsymmetrical pressure, 
the point of intersection R deviates from the centerline of 
the middle rock pillar by a certain distance (see Fig. 2). 

(4) When the overlaying rock-soil mass (EFKJ and 
GHPO) on the tunnel crown sinks, it drives the sinking 
of the rock-soil mass at both sides of the tunnel. However, 
when the whole rock-soil mass ADQI starts to sink, its 
downward movement is prevented by resistances from the 
unaffected rock-soil mass at both sides. 

(5) Inclined planes AI, BR, CR and DQ are hypothetical 
sliding rupture planes. Their shear strength is determined 
by the cohesion (c) and the calculated friction angle (φ) of 
rock-soil mass. The other flat planes AJ, BK, CO, and DP 
are non-existent. They are hypothetical for easier analysis. 
Therefore, their sliding surface resistance is smaller than 
the resistance of a real rupture plane, and their friction 
angle (θ) is smaller than the calculated one (φ). 

In this paper, the relaxed surrounding rock pressure 
and rupture angle of shallow bias neighborhood tunnels 
considering the combined effect of horizontal and verti-
cal seismic force are analyzed based on the assumptions 
above. Fig. 2 is a diagram for calculating surrounding rock 
pressure of shallow bias neighborhood tunnels under the 
action of a seismic force.

4.2 The relaxed surrounding rock pressure of deep 
tunnel
4.2.1 Lateral horizontal pressure at the left side
Surrounding rock AJI at the left side of the deep tunnel 
is selected for the study. Its force diagram is shown in 
Fig. 3. The weight of surrounding rock G1 (kN·m–1) can be 
expressed as: 

G H h

H h
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1 1

2 1

1

1

2

1

2

1

2

= +( ) ⋅
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1
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 (4)

where γ (kN·m–3) is the volume weight of the surrounding 
rock. 

In the event of an earthquake, AJI is affected by earth-
quake load. According to Eq. (1) and Eq. (2), inertia force 
will be generated in the horizontal (khG1) and vertical 
(kvG1) directions of the rock-soil mass. See Fig. 4(a) for its 
force analysis. T1 is the sliding force on plane BC generated 
when AJI, driven by the sinking of the overlying rock-soil 
mass of the tunnel, slides; F1 is the frictional resistance to 
AJI from the unaffected rock-soil mass. 

In the pseudo-static method, the inertia forces khG1 and 
kvG1 are seen as dead load and composed with G1. The 
resultant force is G1′ . Where η (°) is the angle between G1′ 
and the vertical direction, and η is the seismic force deflec-
tion angle, as shown in Fig. 4(b). 

η = −( ) arctan /k kh v1  (5)

It is easily known that

′ = −( )G k Gv1 1
1 secη . (6)

In order to convert the resultant force G1′ to the ver-
tical direction so that the calculation process is easier. 
Fig. 4(b) is rotated η degrees counterclockwise, as shown 
in Fig. 4(c). The rotation does not change the equilibrium 
of the force system and geometrical relationship between 
forces, so the calculation results of the lateral horizontal 
pressure are not changed [22]. 

As shown in Fig. 4(c), the following is obtained from 
the equilibrium of forces: 

Fig. 3 Force calculation diagram of rock-soil mass AJI under the 
seismic force

(a)                                   (b)                                    (c)
Fig. 4 Force analysis diagram of rock-soil mass AJI under the seismic 

force
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According to the trigonometric function transformation 
formula, it is known that

tan( )
tan tan

tan tan
β ϕ η
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β ϕ η1

1

1
1

− − =
− +( )

+ +( )
. (9)

By substituting Eqs. (4), (5) and (6) into Eq. (8), the fol-
lowing is obtained:       (10)
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If λ1 is the horizontal lateral pressure coefficient for the 
outer side of the deep tunnel, then      (11)
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Substitute Eq. (11) into Eq. (10), and the following is 
obtained: 

T H ht L1 1

2 1
1

2
= +( ) ⋅

+( )
γ

λ
θ ηcos

. (12)

Based on Eq. (11), λ1 is determined by η, φ, θ, and β1, 
where θ can be determined by φ. In general, all values but 
rupture angle β1 are known. Thus, the value of sliding force 
T1 changes only with β1. β1 is a hypothetical rupture angle, 
not a natural one in a limit state. The real rupture angle 
is most likely to exist in the position where T1 reaches its 
maximum. Therefore, to get the real β1, the maximum T1 
shall be obtained. 

Let dλ1/d tan β1 = 0, when T1 reaches the maxima, the 
tangent value of the left rupture angle β1 is as follows: 

tan tan

tan tan tan

tan t

β ϕ η

ϕ η ϕ η α

ϕ η

1

2
1

= +( )

+
+( ) +  ⋅ +( ) − 

+( ) − aan
,
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 (13)

where φ is the calculated friction angle of plane AI, θ the 
friction angle of plane AJ, and θ < φ. θ can be determined by 
φ [29]. It is evident that β1 can be determined by φ, η, and α. 

According to the literature [29], the horizontal lateral 
pressure on the outer side of the deep tunnel is 

e h
e H h

L

t L

1 1 1

1 1 1

=

′ = +( )






γ λ

γ λ
. (14)

4.2.2 Lateral horizontal pressure at the right side
The rock-soil mass BRMK is selected for the study. T2 is the 
sliding force on plane BK generated when BRMK, driven 
by the sinking of overlying rock mass of the tunnel, slides. 
F2 is the frictional resistance on plane BR. G3 is the weight 
of BRMK. Other loads and geometric parameters are 
shown in Fig. 5, and the force analysis is shown in Fig 6. 

To facilitate calculation, rock-soil mass BRMK is seen 
as a trapezoid. Then

G a H h ht L3 1 2 0

1

2
= + +( )γ . (15)

In order for the resultant force G3′  to be in the vertical 
direction so that calculation is easier. Fig. 6(b) is rotated η 
degrees counterclockwise, as shown in Fig. 4(c). 

Fig. 5 Force calculation diagram of rock-soil mass BRMK under the 
seismic force

(a)                                   (b)                                    (c)
Fig. 6 Force analysis diagram of rock-soil mass BRMK under the 

seismic force
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In Fig. 6(c), the following can be obtained from the 
equilibrium of forces: 

F T
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If λ2 is the horizontal lateral pressure coefficient for the 
inner side of the deep tunnel, then      (20)
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From the geometrical relationship, it is known that, 
where m is the distance from R to BC. 

Similarly, let , so that T2 reaches its maximum, the fol-
lowing can be obtained: 

tan tan

tan
tan tan tan
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Where φ is the calculated friction angle of plane BR, 
θ the friction angle of plane BK and θ < φ. θ can be deter-
mined by φ. It is known that β2 can be determined by 
φ and η. from Eq. (22), it is learned that the rupture angle 
(β2) between the deep and shallow tunnels, when sub-
ject to both horizontal and vertical seismic forces, are not 
affected by the topography and independent of the surface 
slope (α). 

The horizontal lateral pressure on the inner side of the 
deep tunnel is: 

e h
e H h

L

t L
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2 2 2

=

′ = +( )






γ λ

γ λ
 (23)

4.2.3 Vertical surrounding rock pressure on the tunnel 
crown
AE and BF are smaller than EJ and FK, and their friction 
angles between the lining and soil are different. According 
to [29], EFKJ is selected as the overlying rock-soil mass of 
the tunnel crown. 

For EFKJ, G2 is its weight, and T1 and T2 are the same 
as above. QL is the gross counterforce of the deep tunnel 
crown on EFKJ. Its value equals the gross vertical pressure 
of EFKJ on the crown. Parameters of EFKJ under the action 
of horizontal and vertical seismic force are shown in Fig. 7. 

It can be easily known that
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2
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As ∑Y = 0, it is obtained that
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By substituting Eqs. (12), (21) and (24) into Eq. (25), the 
following is obtained: 

Q

B k h h

H hL

t v L L

L L
=

−( ) ⋅ +( )

−
( )

+( )
−

−(

1

2

1
1 2

1 1

2

2 2

2γ λ
θ η

λ
θ η

t
+h

cos cos ))

















. (26)

Assuming that the distribution of bias pressure follows 
the same pattern with the surface slope, QL can be con-
verted into the uniform load on the supporting structure 
of the left tunnel crown: 
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Fig. 7 Force calculation diagram of EFKJ under the seismic force
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Let the vertical pressure of EFKJ on the EJ side of the 
tunnel be q1, and that on the FK side be q2. As is known, 
the rock-soil mass pressure changes linearly. So: 

q q
B

q q
B

L
t

L
t

1

2

2

2

= +

= −










tan

tan

α

α
. (28)

The same analysis procedure applies to the shallow tun-
nel. Therefore, the following can be obtained. 

4.3 The relaxed surrounding rock pressure of shallow 
tunnel
4.3.1 Lateral horizontal pressure at the left side 
The Force calculation diagram of rock-soil mass COMR 
under seismic force is shown in Fig. 8. The unit weight of 
rock-soil mass COMR can be approximately expressed as 
follows: 
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The horizontal lateral pressure coefficient for the inner 
side of the shallow tunnel λ3:      (31)
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Where a2 = m/tan β3 and m is the distance between R 
and BC. 

Tangent value of the rupture angle β3:     (32)
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According to Eq. (32), when subject to both horizontal 
and vertical seismic forces, the rupture angle (β3) between 
the deep and shallow tunnels, is not affected by the topog-
raphy and is independent of the surface slope (α). 

The horizontal lateral pressure on the inner side of the 
shallow tunnel is: 
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3 1 3

3 1 3

=
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. (33)

4.3.2 Lateral horizontal pressure at the right side 
The force calculation diagram of rock-soil mass DQP 
under seismic force is given in Fig. 9.
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Fig. 8 Force calculation diagram of rock-soil mass COMR under the 
seismic force

Fig. 9 Force calculation diagram of rock-soil mass DQP under the 
seismic force
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The horizontal lateral pressure coefficient for the outer 
side of the shallow tunnel - λ4:      (36)
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Tangent value of the rupture angle β4:     (37)
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4.3.3 Vertical surrounding rock pressure on the tunnel 
crown
The Force calculation diagram of GHPO under seismic 
force is given in Fig. 10. Assuming the distribution of bias 
pressure follows the same pattern with the surface slope, 
the uniform load on the supporting structure of the shal-
low tunnel crown is: 
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Let the vertical pressure of GHPO on the CG side be q3, 
and that on the DH side be q4. According to the litera-
ture [29], the rock-soil mass pressure changes linearly. So: 
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Based on the analysis above, the distribution of sur-
rounding rock pressure on shallow bias neighborhood tun-
nels subject to both horizontal and vertical seismic forces 
is obtained, as shown in Fig. 11. 

5 Project case
5.1 Project overview
Located in Shanxi Province, China, Zhangjialing Tunnel 
is a typical shallow bias neighborhood tunnel, as shown in 

Fig. 12. The tunnel site is in a hilly loess region featured 
by loess hillocks, about 1025.7–1163.9 m in altitude and 
138.2 m in height difference. The tunnel runs across the 
loess mountain ridge area, nearly E-W with loess gullies, 
valleys, and slopes at both sides. The vegetation is mainly 
wasteland shrub distributed along the gullies. At the upper 
part of hills and the gentle slopes are arable lands. Both the 
left and right tunnels are medium-length tunnels. The dis-
tance between the adjacent sides of the two tunnels is 
9.2–12.8 m. The tunnel generally stretches in the direction 

Fig. 10 Force calculation diagram of GHPO under the seismic force

Fig. 11 Distribution of surrounding rock pressure on shallow bias 
neighborhood tunnels under the seismic force

Fig. 12 Zhangjialing Tunnel
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of 206°. Designed with the New Austrian Tunneling 
Method (NATM), the tunnel body lining is a composite 
lining consisting of primary support, a secondary lining, 
and a waterproof layer between them. The primary sup-
port is anchor bolt support, made up of shotcrete, anchor 
bolt, mesh reinforcement or steel frame, or any combina-
tion of them. The secondary lining is a form of working 
reinforced concrete structure with an equal-depth section. 
Meanwhile, auxiliary structures such as long pipe roof, 
short pipe roof, and advance anchor bolt are added accord-
ing to the stratum and geological conditions. For the 
shallow bias tunnel, the surrounding rock is of Grade V, 
with a volume weight of 17.6 kN/m3. A cross-section is 
selected for analysis. In the cross-section, the deep tunnel 
is 29.20 m in buried depth, the shallow tunnel is 18.24 m 
in buried depth, and the clear distance between them is 
13.6 m. Every single tunnel is 12.50 m in excavation width 
and 10.10m in height. Their surface dip angle is 22.8°. 

5.2 Field monitoring on contact pressure between a 
surrounding rock and primary support
In order to monitor the surrounding rock pressure, a group 
of monitoring points is arranged in a cross-section. See 
Fig. 13 for the arrangement. 

5.3 Field monitoring vs. theoretical calculation
The vertical and the lateral horizontal relaxed surrounding 
rock pressure values can be determined by Eqs. (14), (23), 
(28), (33), (38), and (40). See Fig. 14. 

During the excavation, the tunnel location was hit by a 
VI-intensity earthquake, followed by several aftershocks. 
The surrounding rock pressure gauge detected the pres-
sure change during the earthquake. For easier comparison 
between the theoretical values and the field monitoring 
values, the vertical and the lateral horizontal surrounding 
rock pressures in Fig. 14 are combined. And their resultant 
vector is applied to the tunnel. The theoretical and mon-
itored values of each monitoring point are organized and 
shown in Table 2. 

From this table, it is found that the monitored values 
of each point are smaller than the theoretical values. This 
happens for two reasons. First, field monitoring points are 
arranged after excavation has been started. At this time, part 

of the surrounding rock pressure has been released, and the 
released amount is not measurable. Second, the theoretical 
calculation is based on a series of assumptions and the limit 
equilibrium theory, while in actual tunnel works, it is impos-
sible for surrounding rock deformation to fully develop and 
even come into failure. Monitored values follow a similar 
distribution pattern and are smaller than theoretical ones. 
That is to say, theoretical values involve a certain safety 
margin. Therefore, the use of this theoretical model to cal-
culate the surrounding rock pressure of the tunnel under the 
action of the seismic load is safe and feasible. 

6 Rupture Angle Sensitivity Analysis
In China's specifications on tunnel engineering, surround-
ing rocks are classified into Grade I through VI. Among 
them, Grade I, II, and VI are virtually nonexistent in real 
projects. Therefore, the more common Grade III, IV, and V 
surrounding rocks are selected for discussion. According 
to [29], geotechnical parameters for the surrounding rock 
of each grade are shown in Table 3. 

Fig. 13 Arrangement of monitoring points

Fig. 14 Theoretical values of surrounding rock pressure of Zhangjialing 
Tunnel (kPa)

Table 2 Theoretical and monitored values of surrounding rock pressure (kPa) 

Monitoring points 1# 2# 3# 4# 5# 6# 7# 8# 9# 10#

Theoretical values 126.13 114.61 92.03 157.24 177.38 201.47 184.51 104.50 173.66 183.86

Monitoring values 108.43 101.32 84.98 138.98 161.22 180.83 165.29 89.23 158.92 165.29
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When the seismic intensity is VI, VII, and VIII, respec-
tively, the horizontal seismic acceleration coefficient is 
0.05, 0.10, and 0.20. Assuming that the maximum of the 
vertical seismic acceleration coefficient, i.e., kv = 0.67 kh, 
is taken for study. According to Eq. (5), it can be obtained 
that the seismic force-deflection angle η is 3.0°, 6.1°, and 
13.0°, respectively. According to Eq. (22), Eq. (32), and 
Table 3, the rupture angles β2 and β3 when the twin tunnels 
are under different surrounding rock conditions, and seis-
mic fortification intensities can be obtained (see Table 4). 

It can be found that for the shallow bias neighborhood 
tunnel under seismic load when surrounding rock grade 
is the same, the greater the seismic intensity, the smaller 
the value of β2, and the greater the value of β3. For exam-
ple, when the surrounding rock is of Grade III, the value 
of β2 drops from 81.1 to 80.3 to 78.4°, while the value of 
β3 increases from 82.6 to 83.5 to 85.5°. Moreover, at the 
same seismic intensity, the values of β2 and β3 decrease 
with the increase of the grade of surrounding rock. For 
example, when the seismic intensity is VI, the values of β2 
(β3) decrease from 81.1 (82.6) to 70.4° (73.0°) with the rock 
grade varying from III to V.

For shallow bias neighborhood tunnels with a surround-
ing rock of Grade III, IV, or V, values of β1 and β4 under 
different seismic fortification intensities when the surface 
slope changes from 15°–45° can be obtained from Eq. (13), 
Eq. (37), and Table 3. See Table 5. 

Data in Table 5 show that surface slope has a signifi-
cant influence on the values of β1 and β4. When the sur-
rounding rock grade and seismic intensity are constant, 
β1 decreases, and β4 increases with the increase of surface 
slope. For example, for a shallow bias neighborhood tun-
nel with a surrounding rock of Grade IV, when the seismic 
fortification intensity is VII and the surface slope increases 
from 15° to 30° and to 45°, the value of β1 is 78.9°, 78.1° 
and 76.6° (decreasing) respectively, and the value of β4 is 
76.4°, 77.3° and 78.3° (increasing) respectively. It is also 
noted that when the seismic intensity is VIII and the sur-
rounding rock grade is fixed, with the change of surface 
slope, β1 and β4 follow the same variation trend as stated 
above, but by a much smaller amount than in other cases. 
When surrounding rock grade and surface slope are con-
stant, β1 increase and β4 decrease with increasing seismic 
intensity. For example, for a shallow bias neighborhood 
tunnel with a surrounding rock of Grade III, when the sur-
face slope is 15° and the seismic intensity increases from 
VI to VIII, the value of β1 increase from 82.4 to 85.4°, 
while the value of β4 decrease from 81.5 to 79.2°. While, 
as the surface slope and seismic intensity are constant, 

Table 3 Geotechnical parameters of surrounding rock

Rock classification III IV V

φ (°) 65.0 55.0 45.0

θ (°) 58.5 44.0 27.0

Table 4 Calculated values of β2 and β3

Seismic intensity VI VII VIII VI VII VIII

Rock classification β2 (°) β3 (°)

III 81.1 80.3 78.4 82.6 83.5 85.5

IV 76.5 75.4 72.8 78.4 79.4 81.7

V 70.4 68.8 65.0 73.0 74.3 77.0

Table 5 Calculated values of β1 and β4

Rock classification
Seismic intensity VI VII VIII VI VII VIII

Slope β1 (°) β4 (°)

III

15° 82.4 83.3 85.4 81.5 80.8 79.2

30° 82.0 83.0 85.3 81.9 81.2 79.9

45° 81.3 82.6 85.1 82.4 81.8 80.7

IV

15° 77.7 78.9 81.4 77.3 76.4 74.3

30° 76.7 78.1 81.0 78.1 77.3 75.6

45° 74.5 76.6 80.3 78.9 78.3 76.9

V

15° 71.5 73.1 76.3 71.9 70.6 67.7

30° 69.0 71.1 75.2 73.3 72.2 69.9

45° 60.8 66.1 73.0 74.7 73.8 72.0
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β1 and β4 both show a decreasing trend with an increas-
ing rock grade. For instance, the values of β1 (β4) decrease 
from 82.4 (81.5) to 77.7 (77.3) to 71.5° (71.9°) with rock 
grade varying from III to V when the surface slope is 15° 
and the seismic intensity is VI.

7 Conclusions 
(1) Under the combined effect of horizontal and vertical 
seismic force, the basic failure mode of the surrounding 
rock of a shallow bias neighborhood tunnel is as follows: 
obliquely upward rupture planes develop in the outer side-
wall of the deep and shallow tunnels and extend to the 
slope surface; obliquely upward sliding rupture planes 
develop in the sidewall between the deep and shallow tun-
nels, and intersect near the middle rock pillar, following 
the shape of "W". The failure zone of the surrounding rock 
depends on the four rupture angles. 

(2) Based on the conclusion (1), the calculation formula 
of surrounding rock pressure and rupture angles of the 
shallow bias neighborhood tunnel subject to both horizon-
tal and vertical seismic force is obtained. 

(3) Ruptures angles β2 and β3 between the deep and 
shallow tunnels of the shallow bias neighborhood tun-
nel are independent of the surface slope and topographic 

relief. For tunnels with the same grade of the surrounding 
rock, the higher the seismic intensity, the smaller the value 
of β2, and the greater the value of β3. At the same seis-
mic intensity, the higher the surrounding rock grade, the 
smaller the values of β2 and β3.

(4) Ruptures angles β1 and β4 are influenced by the sur-
face slope, seismic intensity and surrounding rock grades. 
When the surrounding rock grade and seismic intensity 
are constant, a steeper surface slope leads to a smaller β1 
and a greater β4. When the surrounding rock grade and 
surface slope are constant, β1 increase and β4 decrease 
with increasing seismic intensity. While, as the surface 
slope and seismic intensity are constant, β1 and β4 both 
show a decreasing trend with an increasing rock grade.
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