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1. Introduction 
 

During the process of tunnel excavation, stability 

analysis of surrounding rocks (Wang et al. 2019, Li and Zou 

2020, Aksoy et al. 2020) and tunnel faces (Zou and Zuo 

2017, Li and Yang 2019, Qian et al. 2019, Xue et al. 2019) 

are two most critical issues, about which many 

contributions have been done. The present work only 

focuses on the latter issue. Among plenty of influencing 

factors to the tunnel face stability, the spatial variation of 

soil property, the pore water pressure and the seismic effects 

of an earthquake are the most important ones for their 

significant influence. The effects of two former factors have 

been investigated by many researchers and a lot of sensible 

results were achieved (Pan and Dias 2015, Zou and Qian 

2018). On the contrary, the effects of earthquake motions on 

tunnel face stability are seldom studied. In fact, the 

occurrence of an earthquake could cause the tunnel face 

collapse, leading to heavy casualties and property losses. 

Especially in earthquake-prone areas, when the tunnel has a 

long construction period, the seismic effects deserve careful 

consideration in the preliminary design phase. 
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Saada et al. (2013) investigated the seismic destabilizing 

effects on a tunnel face by combining the classical Conical 

translational failure mechanism and Horn failure 

mechanism with the pseudo-static approach, respectively. 

Pan and Dias (2018) studied the seismic stability of a tunnel 

face driven in weak rock masses based on an advanced 

three-dimensional rotational failure mechanism and the 

pseudo-static method. However, there is still a lack of 

relevant research on the seismic tunnel face stability in 

purely cohesive soils. Strictly speaking, purely cohesive 

soils do not really exist in nature. When a tunnel is 

excavated in low-permeability soils, the soils ahead of the 

tunnel face tend to exhibit purely cohesive shear resistance 

(φ=0). Under such certain circumstance, the soils can be 

approximately regarded as the purely cohesive soils 

(Perazzelli and Anagnostou 2017). Therefore, the study of 

cohesive soils has practical significance. 

With respect to the tunnel face collapse mechanism in 

purely cohesive soils, Mollon et al. (2013) proposed an 

ingenious three-dimensional continuous velocity filed in the 

framework of kinematic approach. The concept of 

continuous velocity field was originally put forward by 

Osman et al. (2006) and Klar et al. (2007). Because the 

phenomenon observed in the centrifuge testing conducted 

by Schofield (1980) showed that undrained clay masses 

move towards tunnel face like a “flow” instead of a rigid 

movement, Mollon et al. (2013) applied the concept of 

continuous velocity field in the purely cohesive soils. 

Compared with existing mechanisms based on the upper-

bound theorem, the mechanism on the basis of the three-

dimensional continuous velocity field proposed by Mollon 
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et al. (2013) could provide the best upper-bound results. For 

this reason, it has inspired plenty of research works based 

on this mechanism to investigate the stability of tunnel face 

in purely cohesive soils and been validated to work well 

(Klar and Klein 2014, Zhang et al. 2017). In the present 

work, this mechanism would be extended to analyze the 

seismic influence. 

About the consideration of seismic effects, the pseudo-

static method is always popular both in research and 

practice (Liu et al. 2015, Zhang et al. 2017, Shukla and 

Jakka 2018, Sun and Dias 2019, Chen et al. 2020) for its 

easy-to-understand concept and easy-to-use feature. 

However, the pseudo-static method also has an obvious 

shortcoming that it couldn’t properly reflect the time and 

spatial effect of the dynamic loading induced by an 

earthquake. The pseudo-static method treats the dynamic 

loading as time and spatial independent by defining the 

seismic acceleration as a constant which is uniform 

throughout the whole soil layer. To address this 

shortcoming, the pseudo-dynamic approach was proposed 

and is becoming widely accepted among investigators 

recently. Numerous contributions combined with the 

pseudo-dynamic approach have been done in analyzing the 

seismic stability of geotechnical engineering, including 

slopes (Qin and Chian 2017), retaining walls (Giri 2011), 

bridge abutments (Basha and Babu 2009), strip anchors 

(Ganesh et al. 2018) and so on. Hence, the introduction of a 

pseudo-dynamic approach into the seismic tunnel face 

stability analysis is absolutely necessary. 

In the present study, based on the upper-bound theorem, 

the seismic tunnel face stability in purely cohesive soil is 

investigated by means of combining an advanced three-

dimensional failure mechanism proposed by Mollon et al. 

(2013) with the pseudo-dynamic approach, which could 

represent the input earthquake in terms of horizontal and 

vertical accelerations varying with time and space. 

Numerical simulations are conducted to validate the 

mechanism. For the sake of comparison, the pseudo-static 

approach is also studied. The influence of earthquake on 

tunnel face stability and the differences between the 

pseudo-static approach and pseudo-dynamic approach are 

discussed detailedly. It should be emphasized that the main 

purpose of the present study is not to provide charts that 

could be directly used in practical engineering, but to give 

some preliminary insights into the impact of earthquakes on 

the tunnel face stability and all the numerical results 

obtained should thus be considered as such. 
 

 

2. Advanced 3D failure mechanism 
 

This section aims to introduce the advanced three-

dimensional collapse failure mechanism based on the 

upper-bound theorem of limit analysis, which is widely 

used in analyzing geotechnical engineering (Zou et al. 

2019, Chen et al. 2019, Qian et al. 2020) for its simple 

expression and rigorous theory. In the implementation of 

the upper-bound theorem, the most important part is the 

construction of a kinematically admissible velocity field. 

The closer the velocity field is to the actual situation, the 

better the solution would be. Then, on basis of the 

developed velocity field, by equaling the total rate of 

external work to the rate of internal energy dissipation, a 

rigorous upper bound of the critical load of this failure 

system is obtained (Chen 1975). For purely cohesive soils, 

the Tresca yield criterion is satisfied, so the classic work 

equation can be expressed as follows: 

D

•

i i i i u max u i
S V V S
Tv dS + f v dV = 2c | | dV + c | v | dS    

 
(1) 

where Ti is the surface force applied on the boundary S; fi is 

the body force applied on volume V; v is the kinematically 

admissible velocity of the field; 
•

max| |  is the principal 

component of the plastic strain rate; cu is the soil undrained 

cohesion; and Δvi is the velocity jump across any 

discontinuity SD. Note that Ti, fi and vi are vectors and others 

are scalars. 

Next, the advanced three-dimensional failure 

mechanism proposed by Mollon et al. (2013) would be 

briefly described. Note that this mechanism is suitable for 

the condition of shield tunneling under compressed air and 

the support pressure applied on the tunnel face is regarded 

as uniformly distributed. 
 

2.1 Three-dimensional continuous velocity field 
 

Inspired by the concept of continuous velocity field and 

based on the centrifuge testing conducted by Schofield 

(1980), Mollon et al. (2013) proposed this three-

dimensional continuous velocity field for tunnel face 

collapse in purely cohesive soils as shown in Fig. 1. 

From Fig. 1, there is a tunnel with a diameter D and 

covered by upper soils in a depth C. The envelope of the 

whole tunnel face failure zone is a torus composed of 

circles with various diameters from the tunnel face to the 

ground surface. The three-dimensional continuous velocity 

field can be generated or described by the following steps: 

(1) Geometry. Based on the observation in numerical 

simulations conducted by Mollon et al. (2013), the maximal 

velocity on the tunnel face is located at the bottom position. 

Hence, in Fig. 1(a), the maximal velocity point in this 

velocity field is assumed downwards at a distance L1 

(=0.4D) below the center of tunnel face. Then the arc ξ 

whose radius is C+0.9D around the center O is regarded as 

the maximal velocity line. Furthermore, at any plane   

decided by angle β (angle between the vertical direction and 

the plane  ), the location of maximal velocity point is 

assumed similar as the tunnel face, namely that the maximal 

velocity point is located at a distance 0.4Dβ away from the 

center of a circle  . Therefore, when the value of β is 0, 

the Ri of plane   which is the tunnel face is 0.9D; when 

the value of β is π/2, the Rf of plane   which is the 

ground surface is C+0.9D; when the value of β ranges from 

0 to π/2, the Rβ  of plane   changes linearly from Ri to 

Rf along with the arc ξ. In this way, the geometry of this 

failure zone is determined. 

(2) Coordinate system. To better describe this velocity 

field, a special curvilinear coordinate system including three  
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dimensions β, θ and r is established. In Fig. 1(a), the β can 

determine a plane  . At the plane  , taking the 

maximal velocity point E  as an origin of a common 

polar coordinate system, any point at this plane can be 

easily described by angle θ and distance r as shown in Fig. 

1(b). 

(3) Velocities. Based on the curvilinear coordinate 

system, the vector of velocity also has three components vβ, 

vθ and vr. The direction of vβ is perpendicular to plane   

while vθ and vr at the plane   are orthoradial and radial 

components respectively. Moreover, because the velocity 

field is continuous, there should be no velocity 

discontinuity among these three components. As shown in 

Fig. 1(a), the vβ is assumed to have a maximal value at point 

Eβ and decrease to zero at the edge of failure body in a 

parabolic way. Meanwhile, the velocity flux across any 

plane   is assumed as constant. In plane  , the vθ is 

regarded as negligible and assumed to be zero at any point. 

Then, on account of normality condition that no volume 

change occurs in soil plastic deformation ( ( ) 0
•

div   ), the 

vr is determined finally. By this means, all vectors of 

velocity in this mechanism can be calculated. 

Due to the complicated calculation process of vβ 
and vr, a discretization program is conducted in 
Matlab environment to do this work. Fig. 2(a) shows a 

three-dimensional view of this mechanism and Fig. 2(b) is 

the mesh used in this discretization analysis. From Fig. 2(b), 

it can be seen that the envelope of the meshed area is a 

quarter of a torus with a constant radius Rf. The failure body 

is entirely incorporated in this mesh area. Three dimensions 

β, θ and r are divided into Nβ, Nθ and Nr blocks respectively. 

For clearer illumination, the mesh of schematic diagram in 

Fig. 2 is very coarse and discretization parameters are Nβ = 

6, Nθ = 12 and Nr = 5 respectively. The actual mesh used in 

computation program is much finer and the chosen values 

of Nβ, Nθ and Nr are 90, 90 and 200 respectively, which can 

well balance the accuracy of calculation and the 

computational time. Moreover, to avoid large gradient, the 

mesh is refined so that the mesh in the area of large velocity  

 

 

is relatively dense and the mesh in the area of small velocity 

is relatively sparse. Through this way, any element bounded 

by six curved facets S1, S2, S3, S’1, S’2 and S’3 like Fig. 2(b) 

can be described by coordinate P (β, θ, r) and velocity 

vector v (vβ, vθ, vr). All the work equations in the following 

parts are based on this discretization technique. 
 

2.2 Work equation 
 

According to the three-dimensional continuous velocity 

field, the work equation can be established, i.e., the Eq. (1). 

Each term of Eq. (1) should be fully analyzed. The external 

surface forces include the support pressure applied on the 

tunnel face (σt) and the possible surcharge loading applied 

on the ground surface (σs). The external body forces consist 

of the soil gravity and the seismic forces in both horizontal 

and vertical directions. The internal energy dissipation only 

involves the deformation of the soil mass because there is 

no velocity discontinuity in this continuous velocity field. 

Hence, Eq. (1) can be rewritten as 

• • • • • •

t s kh kvW W W W W D      
 

(2) 

where 
•

tW
 is the work rate of the tunnel face pressure σt; 

•

sW
 is the work rate of the ground surface surcharge σs; 

•

W  is the work rate of the soil weight γ; 
•

khW  and 
•

kvW  

are the work rates of the horizontal and vertical seismic 

forces, respectively; and 
•

D  is the internal energy 

dissipation rate. 

The work rate generated by seismic forces would be 

specifically investigated in Section 3. Except that, the other 

terms in Eq. (2) can be calculated as follows: 

The work rate of the support pressure on tunnel face is 

formulated by 

3

, , 0

( )
r

•

t t

N N

W v S


 





   
 

(3) 

The work rate of the surcharge loading on ground 

surface is formulated by 

 
 

(a) Three-dimensional continuous velocity field (b) Components of the velocity field in Plane 
  

Fig. 1 Layout of the velocity field for purely cohesive soils 
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( )
r

•

s s

N N

W v S


 
 




  
 

(4) 

The work rate of the soil gravity is expressed by 

, ,

( )
r

•

Y

N N N

W v V
 

    
 

(5) 

The internal energy dissipation produced by the soil 

deformation can be presented as 

(2 max(| |) )
r

• •

u i

N ,N ,N

D c V
 

    
 

(6) 

where vY is the vertical component of velocity under 

Cartesian coordinate system; δV is the volume of a meshed 

element; cu is the soil undrained cohesion; S3 and S’3 are the 

areas of the curved facets of a discretized element; and 

max | |
•

i  is the maximum of the principal strain rate 

component. 

The detailed derivations of Eqs. (3)-(6) can be seen in 

Mollon et al. (2013) if the readers are interested. Then, to 

finish Eq. (2), the work rate of seismic forces in this 

advanced three-dimensional failure mechanism should be 

calculated in a proper approach and this is what the 

following section involves. 
 

 

3. Kinematic analysis with a pseudo-dynamic 
approach 
 

This section aims to incorporate the seismic effect into 

the tunnel face stability analysis in the framework of 

kinematic approach. In most geotechnical engineering 

stability analyses, the conventional pseudo-static approach 

is classically adopted to complete the evaluation. Assuming 

that the seismic effect is time-independent, the pseudo-static 

approach simply regards the dynamic loading induced by an 

earthquake as a constant value, i.e., the pseudo-static inertia 

force. Also, this pseudo-static inertia force is uniformly 

distributed throughout the whole geotechnical engineering. 

Obviously, these assumptions of pseudo-static approach are  

 

 

far from the actual situation. As is well known, the seismic 
effect on geotechnical engineering comes from the seismic 
waves, including the primary wave and the shear wave. The 
primary wave and the shear wave are time-dependent and 
the inertia forces induced by these waves alternate in 
direction and magnitude. Hence, the pseudo-dynamic 
approach which describes the seismic motion with a 
sinusoidal function can better represent the influence of 
earthquakes. 

Next, the pseudo-dynamic approach would be 

investigated and be incorporated into the kinematic analysis 

in Section 2 to analyze the tunnel face stability in purely 

cohesive soils. For the sake of comparison, the pseudo-

static approach would also be investigated. 

 

3.1 Pseudo-dynamic stability analysis 
 

The pseudo-dynamic approach considers both the 

primary wave and the shear wave generated by earthquakes. 

When the primary wave is propagating through the 

geotechnical engineering, the displacement of soil particles 

occurs in the same direction of propagation of the wave. 

However, when the shear wave is propagating through the 

geotechnical engineering, the displacement of soil particles 

occurs in an orthogonal direction of propagation of the 

wave. If an earthquake happens, both the primary wave and 

the shear wave would propagate from the bottom of the 

engineering to the top. Therefore, the passage of the 

primary and shear waves would cause the horizontal and 

vertical displacements of soil mass, respectively. The 

propagating velocity of primary wave Vp in soils can be 

calculated by 

p

2 (1 )

(1 2 )

G v
V

v





 

(7) 

where G is the shear modulus of soils, ρ is the soil density 

and v is the soil Poisson’s ratio. The propagating velocity of 

shear wave in soils Vs can be calculated by 

s

G
V




 

(8) 

In the present work, the property of soils is regarded as 

 
 

(a) Failure body (b) Discretization mesh 

Fig. 2 Discretization of the mechanism 
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homogeneous, i.e., the variations of G, ρ and v are 

considered as negligible. According to Das (1993), for most 

geological materials, the ratio of Vp to Vs can be taken as 

1.87. Besides, it is assumed that the primary wave and the 

shear wave share the same seismic period T. Actually, for 

most of the geotechnical structures, the seismic period T is 

taken as 0.3s (Prakash 1981). 
In addition, Steedman and Zeng (1990) conducted 

dynamic centrifuge tests and found that the seismic 
acceleration is amplified as the waves propagate from the 
bottom of the soil layers to the top. Consequently, the 
amplification phenomenon should be taken into account in 
the investigation. The influence factors of this amplification 
involve the primary and shear wave velocities, the primary 
and shear wave periods and the properties of soil materials 
such as damping, elastic modulus and shear modulus. This 
amplification is difficult to be described in a precise way, 
but for simplicity, an amplification factor f is defined to 
account for it. 

Based on the analysis above, using a sinusoidal function 

correlated with time, the seismic accelerations induced by 

the primary wave and the shear wave can be expressed as 

i i
h i h

s

i i 0
v i v

p

( , ) 1 ( 1) sin 2 ( )

( , ) 1 ( 1) sin 2 ( )

h t h
a h t f k g

H T TV

h t h t
a h t f k g

H T TV T





  
     
 


           

(9) 

where ah(hi,t) and av(hi,t) are the horizontal and vertical 

seismic accelerations at any height hi and time t, 

respectively; kh and kv are the horizontal and vertical 

seismic acceleration coefficients, respectively; H is the 

height from the bottom of whole geotechnical engineering 

to the top; hi is the height above the bottom of the 

engineering for any considered ith element; f is the 

amplification factor; g is the acceleration due to gravity; 

and t0 is the initial time phase difference between the 

horizontal and vertical accelerations at the bottom of the 

engineering and its value ranges from −T to T. Note that the 

TVs and TVp are exactly the wavelengths of the shear wave 

and primary wave and can be denoted as λs and λp, 

respectively. 

Combined with the discretization technique and 

Cartesian coordinate system, the horizontal and vertical 

seismic accelerations of any described element in the 

continuous velocity field can be obtained by Eq. (9). In Eq. 

(9), the H and hi are calculated by 

H C D   (10) 

i ih C D y  
 (11) 

Then, the work rates generated by seismic forces on a 

discretized element can be expressed as 

kh i h h

kv i v v

( ) ( )

( ) ( )

•

•

W m a i v i

W m a i v i






  


     

(12) 

where 
kh

•

W  and 
kv

•

W  are the work rates of horizontal 

and vertical seismic forces on a discretized element, 

respectively; mi is the mass of the ith element; and 
h ( )v i  

and 
v ( )v i  are the horizontal and vertical components of 

the ith element velocity vector, respectively. 

Substituting Eqs. (9)-(11) into Eq. (12), Eq. (12) can be 

rewritten as 

i i
kh i h

s

i i 0
kv i v

p

1 ( 1) k sin 2 ( )

1 ( 1) k sin 2 ( )

•

Z

•

Y

C D y t C D y
W V f v

C D T TV

C D y t C D y t
W V f v

C D T TV T

   

   

     
            


                    

(13) 

Summing the work rates of every element, the total 

work rates of seismic accelerations are given by 

kh kh

, ,

kv kv

, ,

( )

( )

r

r

• •

N N N

• •

N N N

W W

W W

 

 










 






 

(14) 

Substituting Eqs. (3)-(6) and Eq. (14) into Eq. (2) and 

after some simplifications, the critical collapse support 

pressure σt can be obtained by 

h kh v kvk kt s s u cN D N c N D N D N                  
 (15) 

where Ns, Nγ, Nc, Nkh and Nkv are the coefficients 

corresponding to surcharge loading, soil weight, cohesion, 

horizontal seismic acceleration and vertical seismic 

acceleration, respectively. These coefficients are 

dimensionless parameters and can be expressed as 

'

3

, , / 2

3

, , 0

( )

( )

r

r

N N

s

N N

v S

N
v S






 
















 

(16) 

, ,

3

, , 0

( )

( )

r

r

Y

N N N

N N

v V

N
D v S

 















 




 

(17) 

, ,

3

, , 0

(2 max(| |) )

( )

r

r

•

i

N N N

c

N N

V

N
v S

 







 



 







 

(18) 

i i
h

, , s

kh

3

, , 0

1 ( 1) k sin 2 ( )

( )

r

r

Z

N N N

N N

C D y t C D y
f v V

C D T TV
N

D v S

 






 



     
           


 




 (19) 

i i 0
v

, , p

kv

3

, , 0

1 ( 1) k sin 2 ( )

( )

r

r

Y

N N N

N N

C D y t C D y t
f v V

C D T TV T
N

D v S

 






 



      
             

 




 

(20) 

The collapse support pressures calculated through Eq. 

(15) are variational and associated with time t. By means of 

an unconstrained optimization tool called “fminsearch” in 

MATLAB, the maximum of the collapse support pressures 

can be achieved and is considered as the critical collapse 

support pressure. 

Base on upper-bound theorem in the framework of 
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kinematic analysis, note that the collapse support pressure 

calculated by Eq. (15) is actually a rigorous lower bound of 

the real critical collapse pressure because the direction of 

the support pressure on tunnel face is opposite to the 

direction of the velocity of soils. 

 

3.2 Pseudo-static stability analysis 
 

For comparison purpose, the pseudo-static approach is 

also adopted in the present work. The conventional pseudo-

static approach doesn’t take into account time effect and 

spatial effect such as the amplification phenomenon of the 

seismic wave. Under some circumstances, the conventional 

pseudo-static approach even ignores the influence of 

vertical seismic waves because Chen and Liu (1990) 

reported that the effects generated by the vertical 

component of seismic forces are generally negligible. 

However, many investigators believed the vertical effects 

should be considered when the horizontal seismic 

acceleration is relatively large. 

Due to non-consideration of time effect and spatial 

effect, the horizontal and vertical seismic effects can be 

simply expressed by seismic coefficients kh and kv, both of 

which are constants. Therefore, the horizontal and vertical 

seismic accelerations are khg and kvg and remain 

unchanging throughout the soil. Similar to the pseudo-

dynamic stability analysis, by combining the pseudo-static 

approach with the advanced 3D failure mechanism in 

Section 2, the collapse support pressure is obtained via Eq. 

(15) except that the Nkh and Nkv are given by 

h
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(22) 

The other dimensionless coefficients Ns, Nγ and Nc have 

the same expressions as Eq. (16), Eq. (17) and Eq. (18), 

respectively. In this way, in the framework of kinematic 

analysis associated with the pseudo-static approach, a 

rigorous lower bound of critical collapse support pressure is 

obtained, too. 
 

 

4. Validation 
 

The literature related to seismic stability analysis of a 

tunnel face in purely cohesive soils is scarce and no 

previous research results are available for comparison. To 

validate the proposed mechanism, it is necessary to conduct 

a numerical simulation for comparison. However, the 

pseudo-dynamic approach is time dependent and involves 

an optimized searching for the most unstable state. For 

numerical simulations, the characteristic of time-consuming 

computation makes it impossible to implement such a 

searching process. For this reason, only one moment that 

t=0 is considered in present numerical models. The profile  

 

Fig. 3 Profile of the acceleration with depth 

 

 

Fig. 4 Numerical model for the analysis of face collapse 

 

 

of the acceleration with the depth is shown in Fig. 3. 

A numerical model of a circular tunnel with diameter 

D=10 m and cover depth C=10 m is constructed in 

ABAQUS software, as shown in Fig. 4. Only half of the 

relevant region is modelled due to the symmetry. Mollon et 

al. (2013) had also conducted a numerical model for a 

tunnel whose size is C=10 m and D=10 m. The size of that 

model was 50 m × 40 m ×26 m in transversal, longitudinal 

and vertical directions respectively, and had been proved 

sufficient enough to avoid the influence of boundary 

conditions. Therefore, same size is adopted for the 

numerical model here. The soil is regarded as elastic 

perfectly plastic material and subjected to Tresca failure 

criterion. The properties of soil are set as follows: Young’s 

Modulus E=240 MPa, Poisson’s ratio v=0.49, undrained 

cohesion cu=20 kPa and 30 kPa. A very high value of 

Young’s Modulus is selected to acquire a higher 

computational efficiency without influencing the results 

required (Ukritchon et al. 2017). 

In this model, the horizontal seismic force is inserted in 

a sinusoidal way as Eq. (9) but the value of time parameter t 

is fixed as 0. Moreover, the vertical seismic effect is not 

considered. The other seismic parameters are set as follows: 

T=0.2 s, Vs=200 m/s, kh=0 to 0.2. The upper end of kh is 

limited to 0.2 because a higher value of kh would lead to 

severe distortion of soil elements and the solver of 

ABAQUS aborts. 

To simulate the collapse process of tunnel face during  
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the excavation, the soil mass ahead of tunnel face is simply 

removed in an instant and the lining of tunnel is fully fixed 

in all directions. These assumptions are reasonable in that 

the purpose of present work is to investigate the tunnel face. 

When this numerical model is used to determine the critical 

collapse support pressure, the process is just the same as 

Huang et al. (2019): the pressure applied on tunnel face is 

set at a relatively high value at the beginning, ensuring that 

the collapse doesn’t occur; then the pressure begins to 

decrease in a rapid way until the soils of tunnel face appear 

big displacement; next, the pressure decreases in a slight 

way in order to guarantee the precision of critical collapse 

pressure obtained; finally, when the displacement of a 

characteristic node in tunnel face increases sharply and the 

ABAQUS solver fails to converge, the pressure applied is 

regarded as the critical collapse support pressure. In this 

way, the critical pressures by numerical models are obtained 

and plotted in Fig. 5 together with results by proposed 

model for comparison. 

In Fig. 5, it can be seen that the results obtained by 

proposed mechanism and numerical simulations have a 

similar trend with the variation of kh. The critical collapse  

 

 

 

support pressure provided by proposed mechanism 

increases linearly with increasing kh and the critical collapse 

support pressure provided by numerical simulations 

increases approximately in a linear mode too. However, the 

slopes of them are not the same value, resulting in that the 

biggest differences of results between these two methods 

reach 4.30% and 14.30% in condition of cu=20 kPa and 

cu=30 kPa respectively when the value of kh is 0.2. This 

indicates that the proposed model is more effective in soils 

with a lower cohesion. In general, according to Fig. 5, the 

differences of results between proposed mechanism and 

numerical simulation are limited at an acceptable level and 

the proposed mechanism could provide an effective 

prediction of critical collapse support pressure, especially in 

condition of lower cu and kh. 

 

 

5. Numerical results 
 

By the kinematic analysis with a pseudo-dynamic 

approach, the lower bound of critical collapse support 

pressure is obtained. The numerical results focus on the  

  
(a) cu=20 kPa (b)  cu=30 kPa 

Fig. 5 Comparison of critical collapse support pressures provided by proposed mechanism and numerical simulations 

  
(a) cu=20 kPa (b) cu=30 kPa 

Fig. 6 Effect of vertical seismic coefficient on critical collapse support pressures 
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(a) kv=0 (b) kv=0.5kh 

 
(c) kv=kh 

Fig. 7 Effect of soil amplification factor on critical collapse support pressures 

  
(a) kv=0 (b) kv=0.5kh 

 
(c) kv=kh 

Fig. 8 Effect of seismic wave period on critical collapse support pressures 
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effects of the vertical seismic coefficient kv, soil 

amplification factor f, seismic wave period T and initial 

phase difference t0 on the collapse support pressure. In 

addition, the difference between pseudo-dynamic approach 

and pseudo-static approach is carefully investigated and the 

applicable conditions of these two methods would be 

discussed. 

 

5.1 Parametric analysis 
 
5.1.1 Effect of vertical seismic coefficient kv 
To analyze the vertical seismic effect, Fig. 6 shows the 

values of critical collapse support pressure for various ratios 

of the vertical seismic coefficient to the horizontal seismic 

coefficient with C=20 m, D=10 m, cu=20 KPa or 30 kPa, 

Vs=150 m/s, Vp=280.5 m/s. T=0.2 s, t0=0 s and f=1.0. As 

expected, the effect of vertical seismic coefficient do could 

be neglected when the horizontal seismic coefficient is 

small. For example, if the value of kh is 0.1, Fig. 6 

illustrates that the differences of the critical collapse support 

pressures between taking account of kv/kh=0.5 and taking no 

account of the kv would be 5.62% in the condition of cu=20 

KPa and 8.93% in the condition of cu=30 KPa. Hence, 

without consideration of kv wouldn’t cause a big error under 

this circumstance. However, with the increase of kh, the  

 

 

effect of kv would be significant. From Fig.6, in the case of 
kh=0.3, the critical collapse support pressure considering 
kv/kh=0.5 would be 14.75% and 21.85% more than not 
considering kv in the condition of cu=20 KPa and cu=30 KPa 
respectively. If the vertical seismic motion is drastic and the 
value of kv rises to the same as kh, the differences would 
even reach up to 29.57% and 43.81%. Obviously, the 
vertical seismic effect shouldn’t be ignored in these 
circumstances and without consideration of kv may lead to 
the occurrence of a tunnel face collapse. In general, a 
conclusion can be drawn that it is necessary to take into 
account the effect of vertical seismic motion for much safer 
construction. 
 

5.1.2 Effect of soil amplification factor f 
To analze the effect of soil amplification factor, Fig. 7 

shows the variation of critical collapse support pressure 

with different values of soil amplification factor (f) for 

C=20 m, D=10 m, cu=20 kPa, Vs=150 m/s, Vp=280.5 m/s, 

T=0.2 s, t0=0 s and kv/kh=0, 0.5 and 1.0. From the results 

presented, it is obvious that the effect of soil amplification 

factor has a close connection with the magnitude of kh and 

kv. In the case of kh=0.3 and kv=0, the increment of critical 

collapse support pressure is 4.75% when f changes from 1.0 

to 2.0, which is a marginal number. In contrast, the 

increment of critical collapse support pressure reaches 

  
(a) T=0.2 s (b) T=0.5 s 

Fig. 9 Effect of initial phase difference on critical collapse support pressures 

  
(a) Various values of T (b) Various values of Vs 

Fig. 10 Comparison of pseudo-dynamic/static approaches 
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17.27% in the case of kh=0.3 and kv=kh when f changes from 

1.0 to 2.0. Therefore, the effect of soil amplification factor 

deserves particular consideration in areas where 

earthquakes are intense. 
 

5.1.3 Effect of seismic wave period T 
To analze the effect of seismic wave period, Fig. 8 

presents the variation of critical collapse support pressure 

with different values of seismic wave period (T) for C=20 

m, D=10 m, cu=20 kPa, Vs=150 m/s, Vp=280.5 m/s, f=1.2, 

t0=0 s and kv/kh=0, 0.5 and 1.0. As can be seen from these 

figures, no matter what values of kh and kv are, the critical 

collapse support pressure seems to gradually approach a 

certain value with the growth of T. Taking the case of 

kh=3.0 and kv=0 as an example, when T increases from 0.2 s 

to 0.3 s, the critical collapse support pressure increases by 

10.78%; when T increases from 0.4 s to 0.5 s, the critical 

collapse support pressure increases only by 1.36%. Along 

with this trend, the critical collapse support pressure would 

definitely converge to a certain value when T continues to 

grow. Therefore, the critical collapse support pressure is 

more susceptive to T when the value of T is relatively small 

and gradually approaches a certain value when the value of 

T is increasingly large. 
 

5.1.4 Effect of initial phase difference t0 
To analyze the effect of initial phase difference, Fig. 9 

gives the critical collapse support pressure for different t0 

with C=20 m, D=10 m, cu=20 kPa, Vs=150 m/s, Vp=280.5 

m/s, f=1.2, T=0.2 s and 0.5 s, kh=0, 0.1, 0.2 and 0.3 and 

kv=0.5kh. The Figs. 9 (a) and (b) illustrate that the effect of 

t0 has a periodic pattern and susceptive to the values of kh 

and T. With larger values of kh and T, the difference of 

critical collapse support pressures among situations of 

various t0/T would significantly increase. In the case of 

kh=0.3 and T=0.5 s, when t0/T increases from -0.5 to 0, the 

value of σt increases by 14.32%. This demonstrates that the 

decision of an exact value of t0 is necessary for more 

accurate critical collapse support pressure determination. 

 

5.2 Comparison with pseudo-static approach 
 

Before the present work, many investigators have 

already made comparisons between pseudo-dynamic 

approach and pseudo-static approach and many effective 

results have been obtained. However, most of them just 

showed the differences between results obtained through 

these two approaches and the essential mechanism which 

gives rise to these differences hasn’t been investigated yet. 

To reveal this internal mechanism, an in-depth study on it is 

necessary to be conducted. 

 

5.2.1 Results comparison 
Firstly, without regard to the soil amplification factor, 

Figs. 10(a) and (b) present the variation of critical collapse 

support pressure with different values of T and Vs 

corresponding to pseudo-dynamic approach respectively. 

For comparison, the results obtained through pseudo-static 

approach are also plotted on these two figures. The values 

of related parameters in Fig 10(a) are C=20 m, D=10 m, 

cu=20 kPa, Vs=100 m/s, Vp=1.87Vs, kh=0, 0.1, 0.2 and 0.3, 

kv=0.5kh, and T=0.2 s to 0.5 s. The parameters in Fig. 10(b) 

are the same as Fig. 10(a) except that Vs=100 m/s to 300 

m/s and T=0.2 s. From Fig. 10(a), with an increase of T in 

pseudo-dynamic approach, the support pressure needed to 

maintain face stability is increasing but never exceeds the 

results obtained by pseudo-static approach. The difference 

between results obtained by pseudo-dynamic and pseudo-

static approaches decreases gradually as T increases. Based 

on this trend, a reasonable conjecture can be made that the 

results obtained by pseudo-dynamic approach would 

converge to the corresponding results obtained by pseudo-

static approach if T continues to increase and reaches to 

infinity. A similar trend can be found in Fig. 10(b) too. 

From Fig. 10(b), as Vs increases, results obtained by 

pseudo-dynamic approach gradually converge to those 

obtained by pseudo-static approach. Note that both T and Vs 

are associated with the wavelength of the shear wave (λs) 

because of λs=TVs. Therefore, there is an intimate 

connection between the seismic wavelength and the results 

of pseudo-dynamic approach. 
 

5.2.2 Revelation of mechanism 
To reveal the mechanism of pseudo-dynamic approach 

in kinematic analysis, a simplest case is chosen for analysis 

as shown in Fig. 11. In the framework of kinematic 

approach, the seismic effect is accounted for by means of 

seismic work rate which is generated by the seismic 

acceleration. For the pseudo-dynamic approach, the seismic 

acceleration is a sinusoidal function correlated with time; 

while for the pseudo-static approach, the seismic 

acceleration is a constant. In Fig. 11(a), there is a soil 

failure body whose horizontal and vertical dimensions are l 

and 2π respectively. Considering the simplest velocity field 

and all particles of this soil failure body are assumed to 

have the same horizontal velocity v. Figs. 11(b) to (f) show 

the distribution of seismic acceleration (as) in pseudo-static 

approach and pseudo-dynamic approach. 

As for pseudo-static approach, with non-consideration 

of time and space effect, the seismic acceleration at any 

time and any position of the soil failure body is the same 

constant ag as shown in Fig. 11(b). As for pseudo-dynamic 

approach, the seismic acceleration propagates from the 

bottom of the soil failure body to the top with the form of a 

sinusoidal function which is time-related. Figs. 11(c) to 

11(f) plot the distribution of seismic acceleration at a certain 

moment when the seismic work rate is maximal. Different 

wavelengths of the seismic wave such as 2π, 4π, 8π and 16π 

are chosen for comparison. The detailed calculating 

formulas and results of seismic work rate are presented in 

Table 1. 

From Table 1, it can be inferred that the ratio between 

seismic wavelength and height of failure body has a 

significant effect on results obtained from pseudo-dynamic 

approach. In this case, with a certain h=2π and λ ranging 

from 2π to 16π, the seismic work rate by pseudo-dynamic 

approach increases substantially and gradually gets close to 

that obtained by pseudo-static approach. When the value of 

λ is 16π, the seismic work rate obtained by pseudo-dynamic 

approach even reaches up to 97.45% of that obtained by 

pseudo-static approach. The mechanism resulting in this  
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kind of phenomenon can be well illustrated in Fig. 11. For a 

certain velocity field, the seismic acceleration at any point 

of the failure body reaches the maximal value ag in pseudo-

static approach as shown in Fig. 11(b). However, in the 

pseudo-dynamic approach shown in Figs. 11(c) to (f), the 

seismic accelerations in different elevations range from −ag 

to ag no matter which moment is considered. Thus, without 

considering the soil amplification factor, the seismic work 

rate obtained by pseudo-static approach would definitely be 

bigger than pseudo-dynamic approach, which implies that 

the pseudo-static approach is a relatively conservative 

method compared to pseudo-dynamic approach. 

Moreover, if the seismic wavelength is much bigger 

than the height of a considered structure, the difference 

between pseudo-static approach and pseudo-dynamic 

approach at the most unstable situation would be very tiny. 

In Fig. 11(f), the seismic wavelength is four times longer 

than the height of the soil failure body and this results in 

that the seismic acceleration among this height can be very 

close to the maximal value ag at a certain moment. Before 

the present work, many investigators have already taken the  

 

 

 

pseudo-dynamic and pseudo-static approach for comparison 

in the framework of kinematic approach but the difference 

of results obtained was not significant. This phenomenon 

perhaps could be attributed to that the size of the considered 

structure is too small or the value of seismic wavelength is 

too large. For example, the height of slope studied by Qin 

and Chian (2017) is only 8 m but the value of shear 

wavelength and primary wavelength are 30 m and 56.1 m 

respectively. The seismic wavelengths in Qin and Chian 

(2017) are several times more than the height of failure soil 

structure so that the maximum difference obtained by 

pseudo-dynamic approach and pseudo-static approach is 

only 4.17%. 

Of course, the velocity field in Fig. 11 is pretty simple 

and the actual velocity field would be much complex: the 

magnitude, direction and concentration of velocity could be 

various; the seismic wave could include both shear wave 

and primary wave and between them there could be an 

initial phase difference t0. However, no matter how complex 

the actual velocity field is, such a velocity field can be 

regarded as consisting of plenty of simple velocity fields 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 11 Comparison of pseudo-dynamic/static approaches for a simplest case: (a) velocity field of a soil failure body, (b) 

seismic acceleration of pseudo-static approach and (c)-(f) seismic acceleration of pseudo-dynamic approach with various 

seismic wavelengths 

Table 1 Comparison of seismic work rate by pseudo-dynamic/static approaches for a simplest case 

Item 
Pseudo-

static 

Pseudo-dynamic 

λ=2π λ=4π λ=8π λ=16π 

Wavelength/Height (
𝜆

ℎ
) — 1 2 3 4 

Seismic 

work rate 

Formula 2 agvl
 

2

0

sinag ydy




 

2

0

sin
2

y
ag dy




 

3

sin
4

y
ag dy






 

5

3

sin
8

y
ag dy






 

Result 2 agvl
 

0 4agvl
 4 2agvl

 8 2 2agvl
 

Pseudo-dynamic / Pseudo-static
 

×100% 
— 0 63.66% 90.03% 97.45% 
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like Fig. 11(a). Thus, the actual velocity fields would have a 

similar law. Namely, in the framework of kinematic 

approach, a conclusion could be drawn that the pseudo-

static approach is more conservative than the pseudo-

dynamic approach and the results obtained by pseudo-

dynamic approach are increasingly close to those by 

pseudo-static approach with increasing ratio of the seismic 

wavelength to the height of a structure. Similar results can 

also be found in previous literature which implemented 

these two seismic approaches in other geotechnical 

engineering such as retaining walls (Chehade et al. 2019, 

Chehade et al. 2020). 

 

 

6. Limitation 
 

There is no available literature about the seismic 

stability analysis of tunnel face in purely cohesive soils and 

the present work can be seen as a pioneering study in this 

field, so comparisons with results by other investigators 

cannot be implemented. Besides, the effect of an earthquake 

on structures cannot be fully accounted for only by seismic 

accelerations. The properties of soils would also be 

degraded by seismic waves and the velocity fields would 

subsequently change. In the present work, both the soil 

property and the velocity field are assumed as unchanging. 

For this reason, the objective of the present work is not to 

provide practical charts for actual design or construction. 

Emphasis is laid on an in-depth study about the application 

of pseudo-dynamic approach in limit analysis. Further 

investigations should be made before the results could be 

directly used to guide practical engineering. 
 

 

7. Conclusions 
 

Considering both the time and space effect of seismic 

motion, the seismic stability of tunnel face in purely 

cohesive soils is studied by the combination of an advanced 

3D failure mechanism in the framework of kinematic 

approach and the pseudo-dynamic approach. Based on this 

study, two major conclusions could be drawn as follows. 

• The pseudo-dynamic approach takes into account the 

seismic effect by means of the earthquake-induced 

acceleration with a sinusoidal function. Results obtained 

through this approach demonstrate that the vertical seismic 

coefficient, soil amplification factor, seismic wave period 

and initial phase difference of pseudo-dynamic approach 

have significant effects on the determination of the critical 

collapse support pressure of tunnel face, especially when 

the value of horizontal seismic coefficient is relatively 

large. 

• By comparing the implementation of pseudo-dynamic 

approach and pseudo-static approach in limit analysis, the 

pseudo-dynamic approach can better represent the actual 

earthquake conditions for its excellent description of 

characteristics of seismic waves. On the contrary, the 

pseudo-static approach simply assumes that all parts of the 

structure suffer the maximal value of seismic waves, and 

therefore it is a conservative method. Without considering 

the soil amplification factor, the critical collapse support 

pressure calculated by pseudo-dynamic approach wouldn’t 

exceed that by pseudo-static approach. However, if the 

seismic wavelength is much bigger than the height of 

structure, the difference of results obtained by both 

approaches would be really tiny. In this case, the pseudo-

static approach is still a simple and efficient way to evaluate 

seismic effect. 
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