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1. Introduction 
 

Many countries locate at the boundary of plates with 

frequent crustal movements, and therefore suffering from 

earthquakes. For instance, the San Andreas Fault in the 

United States, which has a major earthquake almost every 

100 years. The whole country of Japan is in the earthquake 

zone, such as the Hanshin Earthquake in 1995, the 

Tokushiro earthquake in 2003 and etc. The Qinghai-Tibet 

Plateau was hit by the Ya’an earthquake in 2013 and the 

Wenchuan earthquake in 2008. The damages caused by 

earthquakes were severe, destroying not only ground 

buildings but also tunnels and other underground structures. 

In recent years, because of the severe earthquake 

consequences on underground structures such as tunnels, 

engineers have gradually realized the importance of 

earthquake resistance of underground projects. Therefore, it 

is of great scientific value and engineering significance to 

investigate the stability of tunnels under seismic effects. 

The upper bound limit analysis method, also known as 

the kinematic approach, is an effective way to analyze the 

stability of geotechnical structures. In recent years, it has 

been introduced into tunnel engineering to analyze its 

stability (Zhang et al. 2018, Fraldi and Guarracino 2012, 

Khezri et al. 2015).  

According to the kinematic approach, the logarithmic 

spiral was introduced to construct the 2D failure mechanism 

of tunnel faces by Soubra (2002), and the collapse pressure  
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of the tunnel faces was obtained. The calculated results 

were close to the centrifugal experimental data, which 

verified the rationality of the 2D failure mechanism. A 

failure mechanism only composed of logarithmic helical 

curves, namely ‘horn-like’ mechanism, was constructed by 

Subrin and Wong (2002). The collapse pressure of tunnel 

faces was calculated based on the kinematic approach of 

limit analysis theory. The approach of ‘point to point’ was 

adopted to construct a 3D failure mechanism of tunnel faces 

by Mollon et al. (2010), and the shear strength index at any 

point of the model was discrete. Considering the kinematic 

approach, the works were compared with the existing 

works, and the rationality of the 3D failure mechanism was 

verified. However, the construction method of this 

mechanism was complicated and difficult to calculate, 

which was not easy to be applied in practical engineering. A 

3D rotational calculation model of rock tunnel faces was 

established by Senent et al. (2013), in light of the plastic 

kinematic approach and the Hoek-Brown strength criterion. 

The supporting reaction force of rock tunnel faces was 

calculated, and the stability of the rock tunnel faces was 

shown. For sand tunnel, the kinematic approach was 

introduced into the construction of the 3D failure 

mechanism of tunnel faces by Ibrahim et al. (2015). The 

upper bound solution of layered soil collapse pressure was 

deduced, and the validity of the calculation method was 

verified by comparing with the numerical simulation 

results. 

Moreover, according to limit analysis method and Hoek-

Brown strength criterion, Huang (2019) took the ratio of 

internal energy dissipation rate to work power of external 

force as a safety factor. A stability assessment method of 

tunnel faces for safety factor was proposed. With 
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considering the heterogeneity and anisotropy of soil, a 3D 

log-spiral failure mechanism of tunnel faces was set up by 

Zhang and Zhang (2020). The supporting force and failure 

range of tunnel faces was settled with the kinematic limit 

analysis approach. To apply the results in practical 

engineering, an approximate solution for fast calculation of 

support force was offered. In the study of Zhang et al. 

(2020), a 3D collapse model of soft rock tunnel faces was 

constructed according to the Hoek-Brown strength criterion 

and the kinematic approach. The influence of rock mass 

parameters on the stability of tunnel faces was explored, 

and the safety grade diagram of supporting design was 

drawn. 

The above results were aimed at the stability of tunnel 

faces, and a series of valuable results have been obtained. 

Unfortunately, the above results did not consider the effects 

of earthquakes. In the design of tunnel, seismic design is 

indispensable. With the severe damage of earthquake to 

tunnels in recent years, seismic design of tunnels becomes a 

hot topic in geotechnical engineering (Abate and 

Massimino 2017, Pakbaz and Yareevand 2005, Jishnu et al. 

2016). 

By assuming the seismic force as a static force acting on 

the tunnel faces, Saada et al. (2013) constructed the log-

spiral curves failure model under the seismic influence. The 

kinematic approach was introduced to derive the collapse 

pressure of tunnel faces. By comparing with the results of 

the failure model, the rationality and superiority of their 

model were confirmed. According to the quasi-static 

method, the three-dimensional failure model of tunnel faces 

under seismic force was constructed by Pan and Dias 

(2018), and the supporting force of tunnel faces was solved 

by the kinematic approach. The results show that the 

influence of seismic force on the supporting force of 

roadway working face in soft rock is very significant. 

Zhang (2019) decomposed the seismic force into the 

horizontal and vertical equivalent static forces, and 

proposed a 3D random collapse mechanism to consider the 

randomness of the parameters. The supporting force of the 

rock tunnel face was computed, which was based on the 

kinematic approach and the response surface method. It was 

found that the seismic forces has a great impact on the 

collapse probability of rock tunnel faces. Based on the 

quasi-static method, the seismic force was introduced into 

the tunnel calculation model by Zhang et al. (2020). The 

reliability analysis model of 3D tunnel faces under seismic 

effects was constructed in light of the kinematic method and 

the response surface approach. The supporting force and 

failure probability were calculated, and the influence of 

seismic force on the reliability of the tunnel faces was 

determined. 

The above literature all employed the quasi-static 

method to discuss the seismic design of the tunnel faces. 

There is very few literature on the tunnel face stability by 

using the pseudo-dynamic method, which is usually used to 

analyze the seismic stability of slope. Compared with the 

quasi-static method, the pseudo-dynamic method considers 

the influence of seismic force in time and space. Based on 

the pseudo-dynamic method, the effects of expansion angle 

and horizontal and vertical seismic coefficients on slope 

stability was analyzed by Eskandarinejad and Shafiee 

(2011). The pseudo-dynamic method was adopted to 

introduce horizontal and vertical seismic forces into failure 

mode of the retaining wall by Wang et al. (2011), in which 

the passive earth pressure of the retaining wall under the 

seismic dynamic effect was solved. According to pseudo-

dynamic method, the influence of horizontal and vertical 

seismic coefficients on the overturning stability of the 

retaining wall was studied by Nadukuru and Michalowski 

(2013). The active earth pressure of the retaining wall under 

dynamic seismic effect was calculated. Moreover, the 

critical acceleration of three-dimensional slope failure and 

the solution method of slope displacement under seismic 

vibration was calculated. 

The pseudo-dynamic method is employed to account for 

the temporal and spatial characteristics of seismic forces in 

this paper and the three-dimensional stability analysis of 

tunnel faces is performed based on the kinematic approach. 

It can present a new idea for the anti-seismic problem of the 

tunnel faces. 

 

 

2. Methodology 
 

At present, when studying seismic stability of 

geotechnical structures, the quasi-static and pseudo-

dynamic methods are widely employed. Compared to the 

quasi-static method, the pseudo-dynamic method is more 

robust and accurate since both temporal and spatial effects 

are considered. While actual seismic waveforms are 

complex, for brevity, the sinusoidal wave is generally used 

to simulate the variation law of seismic acceleration in a 

pseudo-dynamic analysis. The expressions of seismic 

acceleration in the horizontal and vertical directions 

respectively are (Chanda et al. 2019, Basha and Badu 2010) 

𝑎h(𝑧, 𝑡) = [1 + (𝑓 − 1)(𝐻 − 𝑧)
∕ 𝐻]𝑘h𝑔 sin[𝜔(𝑡 − (𝐻 − 𝑧) ∕ 𝑣s)] 

(1) 

𝑎v(𝑧, 𝑡) = [1 + (𝑓 − 1)(𝐻 − 𝑧) ∕ 𝐻]𝑘v𝑔 sin[𝜔(𝑡 −

(𝐻 − 𝑧) ∕ 𝑣p)]           
(2) 

where, ah(z,t) and av(z,t) refer to the seismic acceleration in 

the horizontal and vertical directions, respectively. z refers 

to the buried depth. t refers to the time. vs and vp are 

propagation velocities of transverse and longitudinal 

seismic waves.H refers to the depth from the bottom of the 

tunnel to the surface. f is the amplification coefficient of 

acceleration amplitude. kh and kv are the seismic 

acceleration coefficients in the horizontal and vertical 

directions, respectively. g refers to the acceleration of 

gravity.  is the angular velocity, =2/T, and T is the 

period. 

Through studying a large amount of actual engineering 

data, a strength criterion for rock masses and rocks was 

proposed by Hoek and Brown, namely the generalized 

Hoek-Brown strength criterion (Hoek et al. 2002). 

𝜎1 =𝜎3 + 𝜎ci (𝑚b

𝜎3
𝜎ci
+ 𝑠)

𝑎

 (3) 
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where, σ1 and σ3 are the major and minor effective principle 

stresses, respectively. σci is the uniaxial compressive 

strength of rock mass. mb, s and a are dimensionless rock 

mass parameters, depending on the characteristics of the 

rock mass. These parameters can be estimated from 

geological strength index GSI, perturbation factor D, rock 

mass constant mi (Kumar and Rahaman 2020, Huang et al. 

2019). 

{
 
 

 
 𝑚b = 𝑚i ⋅ exp (

𝐺𝑆𝐼 − 100

28 − 14𝐷
)

𝑠 = exp (
𝐺𝑆𝐼 − 100

9 − 3𝐷
)

𝑎 =
1

2
+
1

6
[exp (−

𝐺𝑆𝐼

15
) − exp (−

20

3
)]

 (4) 

By introducing the ‘tangent method’, Zhang et al. 

(2019) derived the equivalent Mohr-Coulomb strength 

parameters of Hoek-Brown criterion, with the cohesion 𝑐𝑡 
and friction angle 𝜑𝑡 take the following form. 

{
 
 

 
 
𝑐𝑡 =

𝑚 − 1

𝑚
𝑐0 (

𝑚𝜎ttan𝜑t
𝑐0

)

1
1−𝑚

+ 𝜎ttan𝜑t

tan𝜑t =
𝑐0
𝑚𝜎t

(1 +
𝜎n
𝜎t
)

 (5) 

 
 

3. Upper bound solution 
 

2.1 3-D failure mechanism of tunnel faces under 
seismic forces 
 

To introduce the seismic force into the stability analysis 

mechanism of tunnel faces, the pseudo-dynamic method is 

adopted. As shown in Fig. 1, it is assumed that the block 

AEB is rotating clockwise around point O with angular 

velocity w, under the action of horizontal seismic force Qh 

and vertical seismic force Qv. Tunnel diameter is 𝑑 and its 

buried depth is ℎ. In the symmetry plane, AE and BE are 

two log-spiral curves with point O as the center of rotation,  

θ1, θ2 and θ3 are the angle of OB, OA, OE with the direction  

of the vertical line. ra=dsinθ1/sin(θ2-θ1) and  

 

 

rb=dsinθ2/sin(θ2-θ1) refer to the length of OA and OB. At 

point O, any straight line is made to intersect with the log-

spiral curves AE BE at two points, and the radial diameters 

are r1(θ)=raexp[(θ-θ2)tanφt] and r2(θ)=rbexp[(θ1-θ)tanφt], 

respectively. Take the two points as the diameter of the 

vertical central surface to make a circle, rm is the distance 

from the center of the circle to point O, and the circle 

formed is the cross-section of the failure mechanism, as 

shown in Fig. 1-1 and 1-2, in Fig. 1(a). It is worth 

mentioning that, when constructing the ‘horn’ failure model 

of tunnel face in some literature, it is considered that the 

intersection surface of ‘horn’ and tunnel face is a circle 

(Subrin and Wong 2002). In fact, the interface is not round, 

but pear-shaped, as shown in Fig. 1(b). The expression for 

area of the interface SAAʹʹBBʹʹ will be given later in Eq. (17). 

The distance from the center of any cross-section of AEB 

(such as the center of section 1-1) to point O is shown as 

𝑟m =
𝑟aexp[(𝜃 − 𝜃2) tan𝜑𝑡]

2
+
𝑟bexp[(𝜃1 − 𝜃) tan𝜑𝑡]

2
 (6) 

The diameter of the cross-sectional circle is 

𝑅 =
𝑟2 − 𝑟1
2

=
𝑟bexp[(𝜃1 − 𝜃) tan𝜑𝑡]

2
−
𝑟aexp[(𝜃 − 𝜃2) tan𝜑𝑡]

2
 (8) 

Moreover, according to the geometric relationship, the 

following relation holds: 

𝜃1 + 𝜃2 − 2𝜃3 =
ln⁡(sin𝜃1 ∕ sin𝜃2)

tan𝜑𝑡
 (9) 

𝑅cos𝛼0 = 𝑙  (10) 

𝑟m + 𝑙 = 𝑟𝑎sin𝜃2/sin𝜃 (11) 

𝑣 = 𝜔(𝑟m + 𝑦) = 𝜔 {
𝑟aexp[(𝜃−𝜃2) tan𝜑𝑡]

2
+

𝑟bexp[(𝜃1−𝜃) tan𝜑𝑡]

2
+ 𝑦}         

(12) 

d𝑉 = (𝑟m + 𝑦)d𝑥d𝑦d𝜃 = {
𝑟aexp[(𝜃−𝜃2) tan𝜑𝑡]

2
+

𝑟bexp[(𝜃1−𝜃) tan𝜑𝑡]

2
+ 𝑦} d𝑥d𝑦d𝜃       

(13) 

 

 

(a) 3D failure mechanism (b) Interface of tunnel face and ‘horn’ 

Fig. 1 3-D failure mechanism of tunnel faces under seismic forces 
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2.2 Assumptions 
 

According to the existing literature, when the kinematic 

approach was used to study the seismic resistance of 

geotechnical engineering, the following assumptions should 

be introduced (Fraldi and Guarracino 2012, Zhang et al. 

2020): (1) The sliding block AEB is a rigid block, and thus 

internal energy dissipates along the velocity detaching line. 

(2) The tunnel is deep enough that the sliding block AEB is 

always below the surface. (3) The supporting force of the 

tunnel faces is evenly distributed. (4) The strength of rock 

mass is not affected by seismic forces. 

 

2.3 Rates of external work and internal energy 
dissipation 

 
The work rate generated by the weight of sliding block 

AEB, Ẇγ, which can be expressed as 

𝑊γ̇ = 2𝜔𝛾(𝑓1 + 𝑓2) 

= 2𝜔𝛾∫ dθ
𝜃3

𝜃2

∫ dy
𝑅

−𝑅

∫ (𝑟m + 𝑦)
2sin𝜃

√𝑅2−𝑦2

0

d𝑥 

+2𝜔𝛾 ∫ d𝜃
𝜃2
𝜃1

∫ d𝑦
𝑅

𝑙
∫ (𝑟m + 𝑦)

2sin𝜃
√𝑅2−𝑦2

0
d𝑥     

(14) 

The total work rate Ẇe is decomposed into the work rate 

by horizontal seismic force Ẇe1 and the vertical seismic 

force Ẇe2. the expression is 

𝑊𝑒̇ = 𝑊𝑒1
̇ + 𝑊𝑒2

̇  

=
2𝜔𝛾

𝑔
[𝑎ℎ(𝑓3 + 𝑓4) + 𝑎𝑣(𝑓1 + 𝑓2)] 

=
2𝜔𝛾

𝑔
[1 + (𝑓 − 1)(𝐻 − 𝑧) 𝐻⁄ ]𝑘ℎ𝑔 𝑠𝑖𝑛[𝜔(𝑡

− (𝐻 − 𝑧) 𝑣𝑠⁄ )] (𝑓3 + 𝑓4) + 

⁡
2𝜔𝛾

𝑔
[1 + (𝑓 − 1)(𝐻 − 𝑧) 𝐻⁄ ]𝑘𝑣𝑔 𝑠𝑖𝑛[𝜔(𝑡

− (𝐻 − 𝑧) 𝑣𝑝⁄ )] (𝑓5 + 𝑓6) 

=
2𝜔𝛾

𝑔
[1 + (𝑓 − 1)(𝐻 − 𝑧) 𝐻⁄ ]𝑘ℎ𝑔 𝑠𝑖𝑛[𝜔(𝑡

− (𝐻 − 𝑧) 𝑣𝑠⁄ )] ⋅ 

[∫ 𝑑𝜃∫ 𝑑𝑦∫ (𝑟𝑚 + 𝑦)
2𝑐𝑜𝑠𝜃

√𝑅2−𝑦2

0

𝑑𝑥
𝑅

−𝑅

𝜃3

𝜃2

+∫ 𝑑𝜃∫ 𝑑𝑦
𝑅

𝑙

∫ (𝑟𝑚

√𝑅2−𝑦2

0

𝜃2

𝜃1

+ 𝑦)2𝑐𝑜𝑠𝜃 𝑑𝑥] + 

2𝜔𝛾

𝑔
[1 + (𝑓 − 1)(𝐻 − 𝑧) 𝐻⁄ ]𝑘𝑣𝑔 𝑠𝑖𝑛[𝜔(𝑡 − (𝐻 − 𝑧) 𝑣𝑝⁄ )] ⋅ 

[∫ 𝑑𝜃 ∫ 𝑑𝑦 ∫ (𝑟𝑚 + 𝑦)
2𝑠𝑖𝑛𝜃

√𝑅2−𝑦2

0
𝑑𝑥 +

𝑅

−𝑅

𝜃3
𝜃2

∫ 𝑑𝜃 ∫ 𝑑𝑦 ∫ (𝑟𝑚 + 𝑦)
2𝑠𝑖𝑛𝜃

√𝑅2−𝑦2

0
𝑑𝑥

𝑅

𝑙

𝜃2
𝜃1

]     

(15) 

The work rate by supporting force is the product of the 

supporting force and the velocity, and the expression is 

shown as 

𝑊T
̇ = −𝜎T ∫ d𝜃 ∫

2𝜔(𝑟m+𝑙)
2cos𝜃

sin𝜃

√𝑅2−𝑙2

0
d𝑥

𝜃2
𝜃1

= −2𝜎T𝜔𝑓5               (16) 

where, the area SAB formed by the intersection of the failure 

block AEB and the tunnel faces is 

𝑆AAʹʹBBʹʹ = ∫ d𝜃 ∫
2(𝑟m+𝑙)

sin𝜃

√𝑅2−𝑙2

0
d𝑥

𝜃2
𝜃1

               (17) 

The internal dissipated work rate ẆV only occurs on the 

velocity discontinuity surface, and the expression is as 

follows 

𝑊V
̇ = ∫ d𝜃∫ 2𝜔𝑐t𝑅(𝑟m + 𝑅cos𝛼)

2
𝜋

0

d𝛼
𝜃3

𝜃2

+∫ d𝜃∫ 2𝜔𝑐t𝑅(𝑟m + 𝑅cos𝛼)
2

𝛼0

0

d𝛼
𝜃2

𝜃1

 

= 2𝜔𝑐t(𝑓6 + 𝑓7)               

(18) 

where f1~f7 take the following form 

𝑓1 = ∫ dθ ∫ dy ∫ (𝑟m + 𝑦)
2sin𝜃

√𝑅2−𝑦2

0
d𝑥

𝑅

−𝑅

𝜃3
𝜃2

               (19) 

𝑓1 = ∫ dθ ∫ dy ∫ (𝑟m + 𝑦)
2sin𝜃

√𝑅2−𝑦2

0
d𝑥

𝑅

−𝑅

𝜃3
𝜃2

               (20) 

𝑓3 = ∫ dθ ∫ dy ∫ (𝑟m + 𝑦)
2cos𝜃

√𝑅2−𝑦2

0
d𝑥

𝑅

−𝑅

𝜃3
𝜃2

               (21) 

𝑓4 = ∫ d𝜃 ∫ d𝑦 ∫ (𝑟m + 𝑦)
2cos𝜃

√𝑅2−𝑦2

0
d𝑥

𝑅

𝑙

𝜃2
𝜃1

            (22) 

𝑓5 = ∫ d𝜃 ∫ (𝑟m + 𝑙)
2cos𝜃/sin𝜃

√𝑅2−𝑙2

0
d𝑥

𝜃2
𝜃1

         (23) 

𝑓6 = ∫ d𝜃 ∫ 𝑅(𝑟m + 𝑅cos𝛼)
2𝜋

0
d𝛼

𝜃3
𝜃2

      (24) 

𝑓7 = ∫ d𝜃∫ 𝑅(𝑟m + 𝑅cos𝛼)
2

𝛼0

0

d𝛼
𝜃2

𝜃1

 (25) 

 

2.4 Upper bound solution of collapse pressure and 
supporting force 

 
According to the principle of virtual power, combined 

with Eqs. (14)-(16) and Eq. (18), the rates of external force 

is equal to the dissipation rate of internal energy. The 

expression of supporting force subjected to seismic force 

can be obtained. 

𝜎T =
𝑊V
̇ − 𝑊γ̇−𝑊ė

∫ d𝜃 ∫ 𝑅(𝑟m + 𝑅cos𝛼)
2𝛼0

0
d𝛼

𝜃2
𝜃1

 

=
𝑐t(𝑓6 + 𝑓7) − 𝛾(𝑓1 + 𝑓2) −

𝛾
𝑔
[𝛼h(𝑓3 + 𝑓4) + 𝛼v(𝑓1 + 𝑓2)]

𝑓7
 

(26) 

Moreover, the constraint conditions are 

subjected⁡ to {
0 < 𝜃1 < 𝜃2 < 𝜋/2

𝜃2 < 𝜃3 < 𝜋
𝑟a < 𝑟b

               (27) 

Under the constraint of Eq. (27), the minimum solution 

of supporting force σT in Eq. (26) can be solved by the 

sequential quadratic programming algorithm in Matlab, and 

it is also the optimal upper bound solution of supporting 

force. In the state of ultimate failure, the optimal upper limit 
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solution of supporting force is equal to the collapse pressure 

on the tunnel faces, σT=σ0. 
 
 

4. Verification 
 

Regardless of seismic force, Senent et al. (2013) 

obtained the surrounding rock pressure of the fractured rock 

tunnel faces. Under the same conditions, rock mass bulk 

density γ=25 kN/m3, tunnel diameter d=10m, disturbance 

parameter D=0, and without seismic force ah(z,t)=av(z,t)=0, 

the kinematic approach is used to solve the surrounding 

rock pressure of tunnel faces in this paper, as shown in 

Table 1. Among the 22 groups of data, the surrounding rock 

pressure of this paper is very close to the results of existing 

finding (Senet et al. 2013), which verifies the feasibility of 

the 3D ‘horn’ failure mode. It is worth noting that the 

comparison results of surrounding rock pressure in Table 1 

are relatively similar, with only a small error. The difference 

does not indicate that the result of the literature (Senet et al. 

2013) is better and more stable. The reason for this 

difference is that the method of constructing the ‘horn’ 

mode is different. Based on the point-to-point method, the 

‘horn’ model was constructed by Senet et al. (2013). 

However, in this paper, the ‘horn’ model was constructed by 

Michalowski’s method (Michalowski and Nadukuru 2013, 

Zhang et al. 2020). Therefore, the small error proves that 

the failure model in this paper is feasible. 

 

 

Table 1 Comparison of calculation results 

Number GSI mi σci/MPa 

σ0/kPa 

Present 

solutions 

Exiting finding  

(Senet et al. 2013) 
Error 

1 10 5 1 47.6 49.5 -1.9 

2 15 5 1 33.1 34.9 -1.6 

3 20 5 1 24.7 25.6 -0.9 

4 25 5 1 19.1 19.1 0 

5 10 5 5 16.6 16.4 0.2 

6 15 5 5 10.6 9.4 1.2 

7 20 5 5 6.9 5.2 1.7 

8 25 5 5 4.4 2.3 2.1 

9 10 5 10 10.1 8.4 1.7 

10 15 5 10 5.6 3.4 2.2 

11 20 5 10 2.7 Stable - 

12 25 5 10 0.5 Stable - 

13 10 5 15 7.0 5.2 1.8 

14 15 5 15 3.1 0.1 3.0 

15 20 5 15 0.5 Stable - 

16 25 5 15 Stable Stable - 

17 10 5 20 5 2.3 2.7 

18 15 5 20 1.4 Stable - 

19 20 5 20 Stable Stable - 

20 25 5 20 Stable Stable - 

21 10 10 1 25.4 26.3 -0.9 

22 10 15 1 18.1 18.1 0 

 
(a) ζ=0 

 
(b) ζ=0.5 

Fig. 2 Time domain waveform of surrounding rock pressure 

 
 
5. Discussion of results 
 

5.1 Collapse pressure and failure range 
 
5.1.1 Time domain waveform  

Following parameters are employed: depth ratio of the 

tunnel H/d=2, rock bulk density γ=25kN/m3, rock mass 

constant mi=15, disturbance parameter D=0, uniaxial 

compressive strength σci=5MPa, geological strength index 

GSI=20, horizontal acceleration coefficient kh=0.3, 

amplification parameter f=1. Both the vertical acceleration 

proportional coefficient ζ=0 and ζ=0.5 are considered. The 

time domain waveform of surround rock pressure is 

obtained based on both the quasi-static and psudo-dynamic 

methods. The surrounding rock pressure is in a horizontal 

straight line and does not change with time in Fig. 2, 

because the amplification effect and time domain of seismic 

load are not considered. Whereas, in the analysis by the 

pseudo-dynamic method, the surrounding rock pressure 

changes in the form of sinusoidal wave, the first half period 

is 0~0.6T, and the second half period is 0.6T~1.0T. When 

t=0 and t=1T, the surrounding rock pressure is the same, 

and the maximum and minimum solutions to surrounding 

rock pressure are at 0.3T and 0.8T, respectively. The results 

of the pseudo-dynamic method and the quasi-static method 

are equal when t≈0.3T. Therefore, the quasi-static method 

does not consider the amplification effect of seismic force 

and its locality in the time domain, and it is a particular case 

of the pseudo-dynamic method. Compared with ζ=0, when 

ζ=0.5, the amplitude of the time domain waveform of the  
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surrounding rock pressure is more immense. Therefore, the 

ratio coefficient of vertical acceleration ζ has a significant 

influence on the surrounding rock pressure of tunnel faces. 
 

5.1.2 Condition without seismic effects 
When there is no seismic force kh=0, ζ=0, the effects of 

the parameters of rock mass on the surrounding rock 

pressure and failure range of the tunnel faces are shown in 

Fig. 3 and Fig. 4, respectively. 

As shown in Fig. 3, when GSI, mi, and σci increase, the 

surrounding rock pressure σ0 decreases nonlinearly, and the 

decreasing trend decreases sharply. Thus, the parameters of 

soft rock mass have a significant effect on the surrounding 

rock pressure. The surrounding rock pressure increases  

 

 

nonlinearly when the disturbance factor increases, and the 

increasing trend becomes steeper, indicating that the 

disturbance has a significant effect on the surrounding rock 

pressure. 

As can be seen in Fig. 4, when GSI, mi, σci decrease or D 

increases, the failure range of tunnel faces increases. This is 

mainly reflected in that the failure face extends outward 

along the direction of tunnel excavation, and the failure 

height, namely the peak of the failure block, also rises. 

 

5.1.3 Condition with only horizontal seismic effect 
When there is only horizontal seismic force, the 

influences of Hoek-Brown criterion parameters on the 

surrounding rock pressure and failure range of the tunnel  

  
(a) (b) 

  
(c) (d) 

 
(e) 

Fig. 3 Influence of Hoek-Brown criterion parameters on surrounding rock pressure 
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(a) (b) 

  
(c) (d) 

Fig. 4 Influence of Hoek-Brown criterion parameters on the failure range (a) The influence of GSI, remaining parameters 

are γ=25 kN/m3, d=10 m, mi=15, σci=5 MPa, D=0.7, (b) The influence of mi, remaining parameters are γ=25 kN/m3, d=10 

m, GSI=20,σci=5 MPa, D=0.7,(c) The influence of σci, remaining parameters are γ=25 kN/m3, d=10 m, GSI=20, D=0.7, 

mi=15 and (d) The influence of D, remaining parameters are γ=25 kN/m3, d=10 m, GSI=15, mi=15, σci=5 MPa 

  
(a) (b) 

  
(c) (d) 

Fig. 5 Effects of parameters on surrounding rock pressure with only horizontal seismic force 
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(a) (b) 

 
 

(c) 

Fig. 6 Effects of parameters on failure range with only horizontal seismic force (a) The influence of h/d, other parameters 

are γ=25 kN/m3, GSI=20, mi=15, σci=5 MPa, D=0.7, f=1, kh=0.2, ζ=0, t/T=0.3, (b) The influence of f, other parameters are 

γ=25 kN/m3, h/d=2, GSI=20, mi=15, σci=5 MPa, D=0.7, kh=0.2, ζ=0, t/T=0.3 and (c) The influence of kh, other parameters 

areγ=25kN/m3, h/d=2, GSI=20, mi=15, σci=5MPa, D=0.7, f=1, ζ=0, t/T=0.3 

  
(a) (b) 

 
(c) 

Fig. 7 Effects of parameters on surrounding rock pressure with horizontal and vertical seismic forces 
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faces are shown in Fig. 5 and Fig. 6, respectively. 

As shown in Fig. 5, with the increase of kh, the 

surrounding rock pressure σ0 shows a linear trend of 

increasing. Therefore, the surrounding rock pressure is 

being affected dramatically by the horizontal seismic force. 

With the increase of h/d, the surrounding rock pressure σ0 

does not change obviously, which indicates that h/d has 

little effect on the surrounding rock pressure when the h/d is 

small, and the failure surface does not extend to the surface. 

σ0 increases linearly with the increase of the magnification 

coefficient f, but the rising trend is relatively slow. As the 

magnification factor f increases, the surrounding rock 

pressure σ0 increases linearly, but the increasing trend is 

relatively quiet. This shows that the magnification factor 

has a specific impact on the surrounding rock pressure. 

When the assumed sinusoidal wave is not consistent with 

the actual seismic wave, the amplification factor can be 

adjusted to make the calculated result close to the real 

value. 

As shown in Fig. 6, the failure range of the tunnel faces 

increases when kh increases, which is mainly reflected in the 

fact that the failure face extends along the direction of 

excavation, but the apex of the failure block does not 

change significantly. However, with the increase of h/d and 

magnification factor f, the failure range of tunnel faces 

shows subtle changes. It can be seen that h/d and f barely 

affect the failure range and therefore can be ignored. 

 

4.1.4 Condition with both horizontal and vertical 
seismic effects 

When both horizontal and vertical seismic forces are 

considered, the effect of vertical acceleration on the 

surrounding rock pressure and the failure range of tunnel 

faces is shown in Fig. 7 and Fig. 8, respectively. 

As shown in Fig.7, as the vertical acceleration 

proportional coefficient ζ increases, the surrounding rock 

pressure σ0 increases, and significantly the more massive 

the horizontal acceleration coefficient kh is, the more 

pronounced the increasing effect will be. Therefore, the 

vertical seismic effect has a significant impact in the 

surrounding rock pressure of the tunnel faces, especially 

when the horizontal seismic effect has a great effect. 

However, the buried depth ratio h/d has little influence on 

σ0, which can be ignored. The magnification coefficient f 

has specific impact on σ0, that is, as f increases, σ0 increases, 

but the effect is not remarkable. As shown in Fig 8, with the 

increase of the proportional coefficient of vertical 

acceleration ζ, the failure range of the tunnel faces 

increases. However, this effect is small, which is mainly 

reflected in the rise of the apex of the failure block and the 

failure face does not extend significantly along the direction 

of excavation. 
 

4.2 Permanent displacement 
 

4.2.1 Newmark method 
The Newmark method is an effective tool to discuss the 

seismic stability of the slope. The safety index of the slope 

is not the minimum safety factor, but the permanent 

displacement. The Newmark method is introduced into the 

tunnel. The permanent displacement in the horizontal  

 
 

Fig. 8 Effects of proportional coefficient of vertical 

acceleration ζ on failure range 

 

 

direction of the tunnel faces can be expressed, after 

determining yield acceleration acr and the time-history 

curves of seismic acceleration a(t) on the sliding block AEB 

(Yigit 2020, Cattoni et al. 2019).  

𝑠 = ∬ [𝑎(𝑡) − 𝑎cr]d𝑡d𝑡
⁡

𝑡
              (28) 

where, s refers the horizontal permanent displacement; acr 

refers the yield acceleration in the horizontal direction; a(t) 

refers the time-history curve of seismic acceleration in the 

horizontal direction, which is equal to ah(z,t) in Eq. (1) 

a(t)=ah(z,t). 

 

4.2.2 Upper bound solution of yield acceleration 
To obtain the yield acceleration in the horizontal 

direction, the horizontal seismic force should be applied to 

the calculation model shown in Fig. 1. Consequently, the 

combined effect of horizontal seismic force, gravity and 

supporting force is applied on the tunnel face, leading to the 

ultimate failure state. The Newmark method is adopted to 

apply the horizontal yield acceleration in the 3D calculation 

model of tunnel faces, and the work rate of the yield 

acceleration is shown as 

𝑊𝑒 ⁡ ́̇ =
𝑎cr
𝑔
∫ dθ
𝜃3

𝜃2

∫ dy
𝑅

−𝑅

∫ 2𝜔𝛾(𝑟m + 𝑦)
2cos𝜃

√𝑅2−𝑦2

0

d𝑥 + 

𝑎cr

𝑔
∫ d𝜃
𝜃2
𝜃1

∫ d𝑦
𝑅

𝑙
∫ 2𝜔𝛾(𝑟m + 𝑦)

2sin𝜃
√𝑅2−𝑦2

0
d𝑥                           

(29) 

The yield acceleration can be determined when the 

external work rate is equal to the internal energy 

dissipation. Then, by combining Eq. (14), Eq. (16), Eq. (18) 

and Eq. (29), the analytic solution of the yield acceleration 

acr can be obtained. 

𝑎cr = 𝑔
𝑊𝑉̇ −𝑊𝛾̇−𝑊Ṫ

𝑓8
                                                      (30) 

where 

𝑓8 = ∫ dθ
𝜃3

𝜃2

∫ dy
𝑅

−𝑅

∫ 2𝜔𝛾(𝑟m + 𝑦)
2cos𝜃

√𝑅2−𝑦2

0

d𝑥 + 

∫ d𝜃
𝜃2
𝜃1

∫ d𝑦
𝑅

𝑙
∫ 2𝜔𝛾(𝑟m + 𝑦)

2sin𝜃
√𝑅2−𝑦2

0
d𝑥                                             

(31) 
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Under the constraint of Eq. (27), the minimum value of 

yield acceleration acr can be optimized by using Matlab. 

When the minimum yield acceleration acr is obtained, the 

permanent displacement of tunnel face under earthquake 

action can be solved by substituting this value into Eq. (28) 

together with the horizontal seismic acceleration a(t), 

namely, ah(z,t) in Eq. (1). 

 

4.2.3 Effect of rock mass parameters and supporting 
force on yield acceleration 

According to Eq. (30), yield acceleration acr is a 

function of soil mass weight γ, disturbance factor D, rock  

 

 

 

mass constant mi, uniaxial compressive strength σci, 

geological strength index GSI and supporting force σT, 

acr=f(γ, GSI, mi, σci, D, σT). When a supporting force σT is 

given to make the tunnel faces in the limit equilibrium state, 

the applied yield acceleration acr can be calculated. The 

effect of supporting force on yield acceleration is shown in 

Fig. 9. The relevant parameters are as follows: γ=25 kN/m3, 

GSI=20, mi=15, σci=5 MPa and D=0.5. 

The effect of rock mass parameters on the yield 

acceleration of the tunnel is shown in Fig 10. The relevant 

parameters are as follows: γ=25 kN/m3, σT=12 kPa. In Fig. 

10, as GSI, mi and σci increase, the yield acceleration acr  

 

Fig. 9 Relation between yield acceleration and supporting force 
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Fig. 10 Effect of rock mass parameters on yield acceleration 
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(a) Yield acceleration acr (b) Depth ratio h/d 

  
(c) Amplification coefficient f (d) Horizontal seismic acceleration coefficient kh 

Fig. 11 Effect of various parameters on the permanent displacement at the top, center and bottom of tunnel faces 

Table 2 Permanent displacement at the top, center and bottom of tunnel faces under seismic force 

No. h/d f kh 
acr 

/(m/s2) 

s /mm 

Bottom 
(z=h+d) 

Center 
(z=h+d/2) 

Relative error(%) 
Top 

(z=h) 
Relative error(%) 

1 2.0 1.50 0.20 0.1 5.63 6.11 8.5 6.60 17.2 

2 2.0 1.50 0.20 0.5 3.52 3.89 10.5 4.27 21.3 

3 2.0 1.50 0.20 1.0 1.66 1.88 13.3 2.13 28.3 

4 2.0 1.50 0.20 1.5 0.54 0.64 18.5 0.77 42.6 

5 2.0 1.50 0.20 1.9 0.13 0.14 7.7 0.18 38.5 

6 1.0 1.50 0.20 1.0 1.82 2.16 18.7 2.54 39.6 

7 1.5 1.50 0.20 1.0 1.72 1.99 15.7 2.29 33.1 

8 2.0 1.50 0.20 1.0 1.66 1.88 13.3 2.13 28.3 

9 2.5 1.50 0.20 1.0 1.61 1.81 12.4 2.02 25.5 

10 3.0 1.50 0.20 1.0 1.58 1.75 10.8 1.93 22.2 

11 2.0 1.00 0.20 1.0 1.37 1.37 0 1.37 0 

12 2.0 1.25 0.20 1.0 1.51 1.62 7.3 1.74 15.2 

13 2.0 1.50 0.20 1.0 1.66 1.88 13.3 2.13 28.3 

14 2.0 1.75 0.20 1.0 1.82 2.16 18.7 2.54 39.6 

15 2.0 2.00 0.20 1.0 1.98 2.43 22.7 2.96 49.5 

16 2.0 1.50 0.10 1.0 0 0 0 0 0 

17 2.0 1.50 0.15 1.0 0.63 0.73 15.9 0.86 36.5 

18 2.0 1.50 0.20 1.0 1.66 1.88 13.3 2.13 28.3 

19 2.0 1.50 0.25 1.0 2.89 3.24 12.1 3.61 24.9 

20 2.0 1.50 0.30 1.0 4.22 4.70 11.4 5.19 23.0 
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increases nonlinearly, and the increasing trend gradually 

slows down. While as the disturbance factor D increases, 

the yield acceleration acr decreases nonlinearly, and the 

decreasing trend becomes steeper. Therefore, the parameters 

of Hoek-Brown criterion have a significant effect on the 

yield acceleration. The assumed yield acceleration and 

supporting force make the tunnel faces structure in the 

ultimate failure state. Therefore, when the supporting force 

is constant, the worse the rock mass strength characteristics 

characterized by Hoek-Brown criterion parameters are, the 

smaller the yield acceleration can make the tunnel faces 

structure in the ultimate failure state. Conversely, the yield 

acceleration depends on the strength characteristics of the 

rock mass, that is, the parameters of Hoek-Brown criterion 

of the rock mass. 

 

4.2.4 Permanent displacement of a particle on the 
tunnel faces  

As shown in Eq. (1) and Eq. (28) that the permanent 

displacement s is a function of yield acceleration acr, buried 

depth ratio h/d, amplification factor f, horizontal seismic 

acceleration coefficient kh and particle position z, s=f(acr, 

h/d, f, kh, z). The effect of these parameters on the 

permanent displacement of the three positions of the top 

(z=h), center (z=h+d/2) and bottom (z=H=h+d) of the 

tunnel faces are shown in Fig. 11 and the relevant data is 

shown in Table 2. 

As shown in Fig. 11, with the increase of yield 

acceleration acr or depth ratio h/d, the permanent 

displacement s decreases nonlinearly, and the decreasing 

trend gradually slows down. The difference is that, 

compared with the depth ratio h/d, the yield acceleration acr 

has a more substantial impact on the permanent 

displacement, indicating that the yield acceleration acr has a 

significant effect on the permanent displacement s. In 

contrast, the depth ratio h/d has a relatively small effect on 

the permanent displacement removal s. According to Eq. (1) 

and Eq. (33), under a specific seismic acceleration a(t), the 

yield acceleration acr increases, this means that the critical 

acceleration value capable of generating displacement 

increases, so the permanent displacement decreases. 

Similarly, under the condition of certain yield acceleration 

acr, when h/d increases, the amplitude of seismic 

acceleration a(t) decreases, so the permanent displacement 

decreases.  

Table 2 shows the permanent displacement at the top, 

center, and bottom of tunnel faces under earthquake action. 

It can be seen from Table 2 that the permanent displacement 

at the bottom of the tunnel faces is the smallest, the 

permanent displacement at the center is the middle, and the 

permanent displacement at the top is the largest. Take the 

parameters of NO.1 to illustrate, the permanent 

displacement of the bottom of the tunnel faces is 5.63 mm, 

the permanent displacement of the center is 6.11 mm, and 

the permanent displacement of the top is 6.60 mm. Take the 

permanent displacement at the bottom as a reference, the 

difference between the permanent displacement at the 

center and the top is 0.48 mm and 0.97 mm, and the relative 

error is 8.5% and 17.2, respectively. The larger the distance 

of the particle from the earth surface, the smaller the 

amplitude of seismic acceleration, and the smaller the 

permanent displacement when the yield acceleration is 

constant. It shows that the distance from the surface has a 

great effect on the permanent displacement. 

 

 

6. Conclusions 
 

• The time-domain waveform of surrounding rock 

pressure of soft rock tunnel under seismic force was 

obtained by the quasi-static method and the pseudo-

dynamic method, respectively. The results showed that the 

maximum solution and the minimum solution of the 

surrounding rock pressure calculated by the pseudo-

dynamic method were around 0.3T and 0.8T, respectively. 

And the maximum solution was equal to the solution of the 

surrounding rock pressure calculated by the quasi-static 

method. 

• The situations without seismic force and with the 

horizontal and vertical seismic forces are considered, 

respectively. The effects of the parameters of Hoek-Brown 

strength criterion and pseudo-dynamic approach on 

surrounding rock pressure and failure range of the tunnel 

faces were investigated. The results showed that the 

surrounding rock pressure decreases with the increase of 

GSI, mi and σci, increases as the horizontal acceleration 

coefficient and the vertical acceleration coefficient 

increased, and had not changed with the depth of the tunnel. 

The failure range decreases with the rise of GSI, mi and σci, 

increases with the increase of disturbance factor D, 

horizontal acceleration coefficient, and vertical acceleration 

proportional coefficient. At the same time, it is independent 

of the change of burial depth and amplification factor. 

• According to the stability calculation model of tunnel 

faces under seismic force, the minimum yield acceleration 

under limit state were calculated. The effects of rock mass 

parameters and supporting force on yield acceleration was 

analyzed. The results suggested that the yield acceleration 

increases when the rock mass constant and uniaxial 

compressive strength increases, and it decreases as the 

disturbance factor increases. 

• The permanent displacement of top, center and bottom 

of tunnel faces was calculated by the Newmark method, and 

the influence of relevant parameters on the permanent 

displacement of the three positions of tunnel faces was 

discussed. As the results showed, the permanent 

displacement decreases with yield acceleration, buried 

depth, horizontal acceleration coefficient and amplification 

coefficient. The difference of the permanent displacement 

between center and bottom, the top, and the bottom of the 

tunnel faces was 0.48mm and 0.97mm, respectively. The 

relative errors were 8.5% and 17.2, respectively. 
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