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Abstract
Tunnel‒landslide systems are important and difficult engineering problems in tunnel construction. To investigate the dynamic 
response characteristics of the tunnel-slope system, the seismic response characteristics of layered slopes containing double-
hole tunnels at the tunnel portal were investigated using the finite element method (FEM). Two two-dimensional models, 
including the layered slope (Model 1) and layered slope at the tunnel portal (Model 2), incorporating finite-element meshes 
with infinite-element boundaries for the models were used in the numerical dynamic analyses. The results show that the 
lithology of the surrounding rock and the tunnel structure have impacts on the wave propagation characteristics of slopes. 
Obvious slope elevation and surface dynamic amplification effects can be found. The dynamic amplification effect of the 
slopes increases with elevation, and the amplification effect of the slope surface is greater than that of the slope interior. 
In addition, the directions of waves affect the dynamic response of slopes. The vertical wave has a greater impact on the 
amplification effect of the tunnel structure and bedrock area than the horizontal wave. Horizontal waves have a greater mag-
nification effect in soft and hard rock strata. Moreover, the tunnel structure magnifies the dynamic response of slopes, and 
the amplification effect of Model 2 to that of Model 1 is 1.0–1.25, overall. The magnification effect of the tunnel structure 
is mainly concentrated in the adjacent area of the tunnels, and the magnification effect of the left tunnel structure is greater 
than that of the right structure.

Keywords  Dynamic response · Tunnel-slope system · Double-hole tunnels · Wave propagation characteristic · Seismic 
excitation

Introduction

Landslides at tunnel portals are one of the main geological 
disasters in tunnel construction and operation (Ergün 2018). 
The construction of the tunnel project will pass through 

steep and complex mountainous areas, and the entrance and 
exit sections of tunnels face the serious threat of landslide 
disasters subject to earthquakes (Li et al. 2014; Kaya et al. 
2017). The seismic stability of slopes at tunnel portals con-
taining complex geological conditions is particularly promi-
nent. With the rapid development of tunnel engineering, it 
is also faced with various challenges brought about by the 
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changeable natural environment and complex geological 
conditions (Zhang et al. 2017; Song et al. 2021a). Tunnel 
construction inevitably runs through the inner or surround-
ing areas of the landslide body, causing disturbance to the 
rock mass and leading to landslide disasters (Fig. 1) (Zhang 
et al. 2015; Wang et al. 2020a, b). Many traffic tunnels and 
water diversion tunnels have encountered the deformation 
problem of the tunnel‒landslide system (Bandini et  al. 
2015). According to the earthquake damage investigation 
of the 2008 Wenchuan earthquake in China, the tunnel portal 
section is second only to the severe seismic damage of the 
tunnel structure at the crossing fault section (Qi et al. 2011; 
Wang et al. 2014). Therefore, it is of great engineering and 
scientific significance to investigate the seismic response of 
the tunnel‒landslide system for their seismic fortification 
of slopes.

The dynamic response characteristics of tunnel-slope 
systems have been investigated by many scholars. Tunnel-
slope systems are very sensitive to seismic waves, which 
easily cause potential seismic damage. To investigate this 
phenomenon, Wang et al. (2018) used shaking table model 
tests to investigate the seismic dynamic characteristics of 
the tunnel-slope system. Wang et al. (2020a, b) investigated 
the seismic dynamic response characteristics of the inter-
face between the hard and soft rock of the tunnel-slope sys-
tem using model tests. Pai and Wu (2021) used the model 
test method to discuss the spatial deformation characteris-
tics and dynamic response rules of tunnel landslides under 
potential earthquakes. Su et al. (2022) used a shaking table 
model test to study the influence of the tunnel structure on 
the dynamic response characteristics of slopes at the tunnel 
entrance section. Lei et al. (2023) studied the earthquake 
failure mechanism and interaction of the tunnel-slope sys-
tem with a shaking table model experiment. To improve the 
seismic performance of the tunnel-slope system, Wang et al. 
(2023) studied the reinforcement measures of the tunnel-
slope system and conducted a series of shaking table tests on 
the tunnel-slope system strengthened by micropiles. Shaking 
table model tests can simulate the process of earthquake 
deformation and failure of tunnel-slope systems. Neverthe-
less, the laboratory model test has the characteristics of a 

long test cycle, difficulty in making the model, difficulty in 
matching the model with the actual slope, and large cost of 
the test.

The numerical method can be used to analyse the dynamic 
response of slopes and overcome the above shortcomings. 
Some scholars have investigated the dynamic response of 
the tunnel-slope system. Acceleration response has been 
one of the most direct and effective methods to evaluate the 
dynamic response of slopes (Chen and Song 2020; Liu et al. 
2020). Jiang et al. (2018) investigated the dynamic response 
characteristics and seismic performance of the tunnel-slope 
system via the numerical method, and the influence of 
ground motion directions on the dynamic response of the 
tunnel-slope system was analysed. Niu et al. (2018) analysed 
the dynamic response characteristics of a slope with a tunnel 
by using a numerical method and discussed the influence of 
ground motion parameters on the dynamic characteristics of 
the tunnel-slope system. Song et al. (2020) investigated the 
dynamic response of slopes containing complex geological 
structures via a numerical method. Fan et al. (2022) studied 
the influence mechanism of tunnel excavation on slope sta-
bility by numerical simulation and revealed the interaction 
between tunnels and landslides. Zhang et al. (2022) used 
a numerical method to explore the influence of landslide 
deformation on the tunnel lining structure and analysed the 
pile-anchor reinforcement mechanism of the tunnel-slope 
system. Li et al. (2023) analysed the seismic response of a 
slope tunnel system by using the boundary integral equation 
method and explored the dynamic response of tunnels with 
different section shapes at different frequencies and angles of 
incidence. Therefore, the numerical method is widely used 
to study the interaction between tunnels and slope systems.

In addition, the seismic load propagates in the rock 
mass in the form of seismic waves, which changes its origi-
nal stress field and easily causes instability and failure of 
the tunnel-slope system (Konagai et al. 2005; Song et al. 
2021a,b). The layered slope is a common geological body 
in the construction of tunnel engineering, but seismic waves 
are typical random waves, and the rock‒soil mass has the 
characteristics of nonuniformity, nonlinearity, anisotropy, 
etc. (Fan et al. 2019). Moreover, due to the complexity of 

Fig. 1   Landslide hazards at tunnel entrance section
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the interaction mechanism between discontinuities of rock 
mass and waves, as well as the interaction between the dis-
turbance of tunnel excavation and the surrounding rock in 
slopes, the seismic response of the layered slopes at the tun-
nel portal becomes more complex (Liu et al. 2013). How-
ever, research on the dynamic characteristics of tunnel-slope 
systems containing complex geological structures is insuf-
ficient. The dynamic response characteristics of tunnel-slope 
systems containing double tunnels in composite strata are 
rarely investigated; in particular, the lack of research on the 
wave propagation characteristics of the tunnel-slope system 
is usually ignored. There is a lack of research on the correla-
tion mechanism between composite strata and the seismic 
response characteristics of tunnel-slope systems containing 
double-hole tunnels. Hence, it is necessary to further investi-
gate the dynamic response characteristics of the tunnel-slope 
system containing a double tunnel in composite strata and 
the interaction mechanism between the tunnel structure and 
the slopes subject to seismic excitation.

In this work, taking a layered rock slope-tunnel system 
as an example, two numerical finite-element models were 
carried out to perform FEM dynamic analyses to investi-
gate the seismic dynamic characteristics of the tunnel-slope 
system, including the layered slope without a tunnel (Model 
1) and the layered rock slope containing double-hole tun-
nels (Model 2). In addition, by analysing the acceleration 
propagation characteristics of the models, the propagation 
characteristics of seismic waves in the tunnel structure and 
layered slopes are investigated. According to the analyses 
of the acceleration response characteristics of the models, 
the influence of topographic geological factors and the input 
direction of ground motion on the dynamic amplification 
effect of the slope and tunnel structure is investigated. By 
comparing and analysing the two models, the influence 
mechanism of the tunnel structure on the dynamic response 
of a layered slope is discussed. The research flow chart of 
this work is shown in Fig. 2. This work can provide a basis 
for seismic fortification of tunnel-slope systems.

Methodology

Case study

The study area is located in western Sichuan Province, 
Southwest China, and the geographical location is shown 
in Fig. 3. There are several fault zones in the study area. 
The runoff in the area is mainly replenished by alpine snow-
melt and rainfall. The pore water and bedrock fissure water 
constitute the surface water in the area. In the vicinity of 
the tunnel site, the groundwater is buried relatively deep, 
and no obvious groundwater outcrops are seen. The study 
area is located in the suture zone between the Eurasian plate 

and the Indian plate and in the Sichuan-Yunnan block of the 
Qinghai-Tibet Plateau block, which is mainly affected by the 
pushing of the Indian plate eastwards and the superposition 
of the extrusion of the Qinghai-Tibet Plateau southwards. 
The Sichuan-Yunnan block has a very complex geological 
structure and belongs to the most intense continental crustal 
structure in China. The study area is characterized by high 
intensity and frequency of seismic activity. In recent years, 
there have been 4 earthquakes of MS 7.0 and above in the 
study area. Taking a layered slope at a mountain tunnel por-
tal in the area as an example, the topography and landform 
are shown in Fig. 4a. The surface relative elevation of the 
slope at the tunnel entrance section is 15–25 m, and the topo-
graphic slope is 40°–50°. The tunnel form is a double-hole 
tunnel crossing the layered slope. The lithology of the rock 
mass slope is the bedrock, soft rock, and hard rock from the 
bottom to the top of the slope. The geological generalization 
model of the slope is shown in Fig. 4b. Accurate acquisition 
of the physical and mechanical parameters of rock masses 
is the basis of seismic stability analysis of tunnel portal sec-
tions. The physical and mechanical parameters of the slope 
and tunnel structure were obtained through a large number 
of field and laboratory tests, as shown in Table 1.

Numerical modelling and boundary conditions

To study the seismic response characteristics of the lay-
ered slope at the tunnel portal, two finite-element models 
were established, as shown in Fig. 5. The numerical model 
is composed of a rock mass and tunnel lining structure, 
and the rock mass is composed of bedrock, hard rock, 
and soft rock strata. The sizes of the two models are 34 m 
(long) × 22 m (high), and their gradients are approximately 
40°. The thicknesses of the hard rock and soft rock are 4 m 

Analysis of interaction between the slope and tunnel

Numerical modeling of tunnel-slope system

Two-dimensional FEM dynamic analysis

Analysis of wave propagation character istics

Acceleration response of slope and tunnel

Seismic response character istics of tunnel-slope system

Fig. 2   Research flow chart of this work
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Fig. 3   Location of the study area

Fig. 4   The layered slope at the entrance section of the tunnel: a topography and landform; b generalized model of the slope
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and 3 m, respectively. The propagation of seismic waves in 
a rock mass can be modelled by assuming that the rock mass 
medium is continuous or discontinuous. In finite-element 
dynamic analysis, optimizing the boundary conditions of 
the numerical model and its degree and subdivision size is 
of great significance for accurately simulating the mecha-
nism of wave propagation in a discontinuous medium (Song 
et al. 2020a,b). The stiffness matrix of this joint element 
is derived by the same method as that of the conventional 
FEM. The calculation accuracy and efficiency should be 
considered in the meshing process. Kuhlemeyer and Lys-
mer (1973) believed that the key research areas should be 
meshed. When the elastic wave passes through the surface 
of the structure, part of the energy is transmitted, and part 
of the energy is refracted, reflected, and converted. Obvi-
ously, the amplitudes of transmitted and reflected waves are 
closely related to the frequency content of the wave, the 
discontinuous planes, and their length, spacing, thickness, 
and other geometrical characteristics. In this model, the rock 
mass part of the slope is set as a quadrilateral grid, the lining 
structure is set as a double-layer grid, and local grid encryp-
tion processing is carried out. A total of 25,469 nodes and 
25,876 grids were generated in the finite-element model. In 
the process of dynamic analysis, the influence of different 
physical properties of the rock mass on wave propagation 
characteristics is mainly considered. The “tie connection” 
method is adopted to set the connection mode between dif-
ferent rock strata as “nonsurface contact” without setting 
viscous damping.

Boundary conditions are set as the key factors influencing 
the slope dynamic analysis. The basis of the actual slope is 
infinite, but in the finite element, the model boundary size 
is limited; therefore, how to make use of the finite element 
model to simulate the actual infinite slope foundation makes 
the results more reasonable for finite-element dynamic 

analysis of the important influencing factors. By introducing 
an artificial boundary, the reflection of waves caused by arti-
ficial truncation on the boundary is minimized. In this work, 
the infinite element boundary method is used to simulate the 
infinite foundation of the slope. The bottom and both sides 
of the model are set as the infinite element boundary. The 
finite element boundary is introduced into the finite element 
model, the infinite element boundary conditions are adopted 
on both sides of the model slope and on bedrock, and the 
infinite element boundary is used to absorb the radiant 
energy of surface waves and reduce the adverse effects of 
reflected waves in the dynamic analysis. Seismic waves input 
seismic load through the nodes at the bottom of the models 
and use the infinite element to simulate the seismic wave 
propagation in the far field region and the finite element to 
simulate the seismic wave propagation in the near field 
region. In the finite element dynamic calculation, in the case 
of elastic media, the stress generated by damping follows the 
following formula (Madsen 1983): σ

xx
= - dp

∙
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xy = - ds
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vibration velocity. The reflected energy of the P-wave and 
S-wave can be reduced by setting coefficients dp and ds in 
the numerical calculation.

Since only the dynamic response characteristics of the 
slope under the condition of small deformation are studied, 
the materials of the model are regarded as elastic materi-
als in the finite-element dynamic analysis. The dynamic 
response characteristics of the slope in the linear elastic 
domain are considered emphatically. The rock mass and 
structural materials adopt the Mohr‒Coulomb criterion. 
To study the dynamic response characteristics of layered 
slopes at the tunnel portal section, the Wenchuan seismic 
wave recorded by the China Wudu Seismic Station in 2008 
was loaded in the numerical models. The acceleration-time 

Table 1   Physic-mechanical 
parameters of the model 
material

Type Volumetric weight ρ 
/ (kN·m−3)

Poisson’s ratio μ Modulus of elas-
ticity E/GPa

Angle of internal 
friction φ/(°)

Cohesive 
forces c/MPa

Bed rock 25.0 0.25 19.23 65.0 1.5
Soft rock 20.0 0.3 1.642 27.0 0.2
Hard rock 23.0 0.3 5.724 50.0 0.7
Lining structure 24.0 0.167 34.5 24.2 0.1

Fig. 5   Numerical model: a 
Model 1; b Model 2
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history and Fourier spectrum of the WE wave are shown in 
Fig. 6. Horizontal and vertical WE waves (0.1 g) were used 
to load the bottom boundary of the models. The predominant 
frequency of the WE wave is 7.74 Hz, and the input duration 
time is T = 120 s.

Results

Seismic wave propagation characteristics 
in the layered slope at the tunnel portal

Taking Models 1 and 2 as examples, a certain wave 
propagation process from the bottom to the slope crest 
was selected to investigate the propagation characteris-
tics of waves in the slopes. Their acceleration distribu-
tion characteristics are shown in Figs. 7 and 8. Layered 

propagation characteristics of waves along the elevation 
in the bedrock area can be found (Fig. 7). When waves 
propagate to the interface between soft rock and bedrock, 
due to the reflection and refraction of waves on the dis-
continuity surface, an obvious phase difference of waves 
occurs near the discontinuity surface, resulting in the 
local amplification effect of waves. When the wave propa-
gates to the soft rock and the hard rock, waves no longer 
show layered propagation characteristics but gradually 
propagate to the infinite element boundary at the slope 
crest, which indicates that the difference in rock proper-
ties in the slope changes the wave propagation path. In the 
bedrock area below the tunnel, waves show layered propa-
gation characteristics (Fig. 8). When waves propagate to 
the tunnel area, waves produce obvious refraction and 
reflection effects, leading to a local amplification phe-
nomenon between the two tunnels. When waves propagate 

Fig. 6   Wenchuan earthquake 
waves (0.1 g): a acceleration-
time history cure; b Fourier 
spectrum

(a) (b)

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0 40 80 120

a
n

oitarelecc
A

e
d

util
p

m
(g

)

Time (s)

0

0.0005

0.001

0.0015

0.002

0.0025

0 20 40 60 80
a

m
urtce

ps
reir

u
o

F
e

d
util

p
m

Frequency (Hz)

Fig. 7   Wave propagation 
characteristics of the Model 1 
when input 0.1 g WE wave in-x 
direction
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to soft rock and hard rock, waves show the amplifica-
tion phenomenon along the slope surface. By comparing 
Figs. 7 and 8, due to the influence of tunnel excavation, 
the tunnel structure changes the wave propagation path 
and characteristics of the slope.

In addition, to further clarify the wave propagation 
characteristics in the tunnel structure under ground 
motion, the acceleration distribution characteristics 
of the lining structure in Model 2 are shown in Fig. 9. 
Waves start to propagate at the arch foot. With increasing 
ground motion time, the wave propagates along the lining 
structure to the waist and the top of the arch. However, 
the wave propagation characteristics of the left and right 
lining structures show a difference in the models. This 
is because the discontinuity between the lining structure 
and the surrounding rock mass leads to the discontinuity 
of wave propagation characteristics. In other words, the 
propagation process of waves in the lining structure shows 
the discontinuity of propagation characteristics. Hence, 
the geological conditions and tunnel structure influence 
the wave propagation characteristics through the slope 
and change the wave propagation law and the dynamic 
response characteristics of the slope.

Dynamic response characteristics 
of the tunnel‑slope system

Analysis parameter selection

To investigate the seismic response characteristics of the 
tunnel-slope system, several typical measuring points on 
the slope surface and inside the slope were selected for 
the research object, and their acceleration-time histories 
under a 0.1 g horizontal wave are shown in Fig. 10. The 
corresponding acceleration-time histories of the tunnel 
lining structures are shown in Fig. 11. Figures 10 and 11 
show that the slope and tunnel structure have different 
acceleration-time histories at different locations; that is, 
the seismic acceleration response characteristics at dif-
ferent locations are significantly different. To study the 
dynamic response characteristics of the slopes and tunnel 
structure, the peak ground acceleration (PGA) of different 
monitoring locations was selected for analysis parameters. 
However, to further clarify the physical meaning of the 
acceleration amplification effect, the acceleration ampli-
fication coefficient MPGA is used for the analysis param-
eters, where MPGA = PGAi/PGA0, and PGAi represents the 

(a) t=1.15 s (b) t=1.35 s

(c) t=1.70 s (d) t=1.95 s

(e) t=2.05 s (f) t=2.35 s

Fig. 8   Wave propagation characteristics of the Model 2 when input 0.1 g WE wave in-x direction
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peak ground motion acceleration at a certain point (i) in 
the slope. PGA0 represents the peak ground motion accel-
eration of the slope toe. MPGA represents the acceleration 
magnification effect at a point in the slope. The MPGA is 
used to investigate the dynamic response of layered slopes 
and tunnel structures.

Influence of topography and geological conditions 
on the dynamic response of the slopes

During the earthquakes, the buildings at the top of the slope 
in the mountain area suffered more damage than those at the 
bottom of the slope, which indicates that surface topography 

(a) t=1.40 s (b) t=1.55 s

(c) t=1.70 s (d) t=1.85 s

(e) t=1.95 s (f) t=2.10 s

Fig. 9   Wave propagation characteristics of the tunnel structure of the Model 2 when input 0.1 g WE wave in-x direction

Fig. 10   Acceleration-time his-
tory of the typical measurement 
points in the Model 2 when 
input 0.1 g WE wave in-x direc-
tion: a inside the slope; b at the 
slope surface
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plays an important role in surface movement (Geli et al. 
1988). The complex geological conditions make the propa-
gation characteristics of waves in the rock mass of the slope 
appear to have great differences, resulting in the different 
seismic dynamic response characteristics of slopes. Topog-
raphy and geological factors play an important role in the 
seismic response of slopes. To clarify their effects on the 
seismic response of the slopes, taking the input 0.1 g WE 

wave as an example, the change rule of the MPGA in the 
models under horizontal and vertical waves with elevation 
is shown in Figs. 12, 13, 14, and 15. Lines 1–3 represent 
horizontal measuring lines in the hard rock, soft rock, and 
bedrock, respectively (Fig. 4b). Lines 4 and 5 are the verti-
cal measuring lines of the slopes. Line 4 is located between 
the two tunnels, and Line 5 is located on the right-most side 
of the slopes. The relative elevation h/H refers to the ratio 

Fig. 12   MPGA variation rule 
of Model 1 with the elevation 
when input 0.1 g WE wave in-x 
direction: (a) along the horizon-
tal direction of the slope; (a) 
along the vertical direction of 
the slope
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of elevation h of a certain point to the total elevation H of 
the slope. The relative horizontal distance l/L is the ratio 
of the length l from the right boundary of a certain point to 
the slope length L at a certain elevation. In Figs. 12, 13a, 
the MPGA of the three measuring lines in Model 1 gradu-
ally increases along the horizontal distance under horizontal 
and vertical seismic waves; that is, the closer the distance is 
to the slope surface, the greater the dynamic amplification 
effect, and the maximum is reached on the slope surface. 
In Figs. 14, 15a, the MPGA of the three horizontal measur-
ing lines in Model 2 under horizontal and vertical seismic 
forces shows a nonlinear increasing trend along the hori-
zontal distance of the model. This is because the existence 
of the tunnel structure makes the seismic wave propagation 
characteristics in the slope significantly change, leading to 
changes in the dynamic amplification effect of the slope.

In addition, Figs. 12, 13b show that the MPGA of the verti-
cal measuring lines of Models 1 and 2 under horizontal and 
vertical seismic forces increases as the elevation increases 
overall and reaches a maximum at the slope crest, indicating 
that the models have an obvious elevation dynamic ampli-
fication effect. The MPGA increases rapidly when bedrock 
passes into soft rock strata in Model 1 but decreases to 
some extent when the soft rock strata transition to hard rock 

strata. Figures 14, 15b show that in Model 2, the MPGA on 
both sides of the interface between bedrock and soft rock 
decreases, while the MPGA on the interface between hard and 
soft rock strata increases rapidly to a certain extent, indicat-
ing that the lithologic difference within the slope body has 
a great influence on the seismic amplification effect of the 
slopes. Moreover, in Figs. 12, 13, 14, and 15, the MPGA of 
the slope surface in the two models is the largest, indicating 
that the dynamic amplification effect of the slope surface is 
the most obvious. To further investigate the slope surface 
effect of the models, the MPGA ratio of the slope surface to 
the internal slope of Models 1 and 2 is shown in Figs. 16, 17. 
Figures 16, 17 show that under the horizontal and vertical 
seismic forces, the MPGA ratio of the models is greater than 
1.0 overall as the elevation increases and reaches a maxi-
mum at the top slope. This suggests that the two models 
have a clear slope surface dynamic amplification effect, and 
the slope surface effect has an obvious elevation amplifica-
tion effect. The above analysis is consistent with the results 
of the shaking table model tests of the tunnel-slope system. 
The topographic and geological conditions have an obvi-
ous influence on the dynamic amplification effect under 
earthquakes (Jiang et al. 2018). Therefore, the models have 
obvious elevation and slope surface amplification effects, 

Fig. 15   MPGA variation rule 
of Model 2 with the elevation 
when input 0.1 g WE wave in-z 
direction: (a) along the horizon-
tal direction of the slope; (a) 
along the vertical direction of 
the slope
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the grade of the surrounding rock has an influence on the 
dynamic amplification effect of the slope, and the soft rock 
has the most obvious amplification effect.

Influence of ground motion direction on dynamic response 
of the slopes

Different incident directions of waves lead to different prop-
agation paths and characteristics of waves in rock slopes, 
which results in obvious differences in the seismic response 
characteristics of the slopes. To study the influence of the 
input direction of ground motion on the dynamic response 
of the layered slope at the tunnel portal section, the input 
horizontal and vertical 0.1 g WE waves were taken as an 
example. The MPGA ratios (MPGAx/MPGAz) of the two models 
are shown in Figs. 18 and 19. where MPGAx and MPGAz repre-
sent acceleration amplification coefficients under horizontal 
and vertical seismic forces, respectively. Figures 18 and 19 
show that in Model 1, the MPGAx/MPGAz is greater than 1.0 
overall, in particular, it is between 1.03 and 1.15 along the 
horizontal direction of the slope body and between 0.98 and 
1.26 along the vertical direction of the slope. MPGAx/MPGAz 
has a gradually increasing trend with elevation and reaches 
a maximum at the top slope. This indicates that the MPGA of 

the layered slope under horizontal seismic force is greater 
than that of the vertical seismic force, and the dynamic 
amplification effect of horizontal seismic force along the 
elevation is more obvious.

In addition, in Model 2, the variation trend of the MPGAx/
MPGAz along the horizontal direction of the slope is different 
from that of Model 1. The MPGAx/MPGAz of measuring Line 
3 is 1.1–1.2, while the MPGAx/MPGAz ratio of Lines 1 and 
2 is less than 1.0 overall. This indicates that the dynamic 
acceleration amplification effect of the horizontal seismic 
force is smaller than that of the vertical seismic force in 
bedrock, while the amplification effect of the horizontal seis-
mic force is greater than that of the vertical seismic force in 
soft and hard rock strata. In the vertical direction of Model 
2, the MPGAx/MPGAz of Lines 4 and 5 gradually decreases 
with increasing elevation in bedrock, but the MPGAx/MPGAz 
is greater than 1.0. However, in soft and hard rock strata, 
the MPGAx/MPGAz increases gradually and is less than 1.0 
overall. Moreover, the MPGAx/MPGAz of the tunnel structure 
in Model 2 is less than 1.0 as a whole, which indicates that 
the vertical seismic force is more responsive to the dynamic 
response of the tunnel structure than that of the horizontal 
seismic force. Comparing Model 2 to Model 1, the existence 
of the tunnel structure makes the effect of the ground motion 

Fig. 17   MPGA ration of slope 
surface to internal slope in 
Model 2 when input 0.1 g WE 
wave: a input in-x direction; b 
input in-z direction
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input direction on the dynamic amplification effect of the 
layered slope appear to change; in particular, it has the larg-
est influence on the amplification effect of the bedrock area 
containing the tunnel structure. Compared with the dynamic 
response of the slope, the tunnel structure has a larger impact 
on the dynamic response of the slope under vertical seismic 
force than that under horizontal seismic force. This is similar 
to the results of laboratory model tests (Jiang et al. 2018; Niu 
et al. 2018; Wang et al. 2018). The numerical simulation and 
model test reveal the influence of the ground motion direc-
tion on the dynamic response characteristics of the slope 
tunnel system.

Dynamic response characteristics of the tunnel structure

For the tunnel-slope system containing two tunnels, the 
seismic response characteristics of the tunnel structures are 
more complex. To investigate their seismic response charac-
teristics, the changes in the MPGA in the two tunnel structures 
with increasing elevation in Model 2 under horizontal and 
vertical 0.1 g WE seismic waves are shown in Fig. 20. T1 
and T2 represent the lining structures on the left and right 
sides of the left tunnel, respectively, while T3 and T4 rep-
resent the lining structures on the left and right sides of the 
right tunnel, respectively. The MPGA of T1 and T4 increases 
with increasing elevation and reaches the maximum value 

at the tunnel vault. The MPGA of T2 and T3 first increased 
and then decreased with increasing elevation, and the maxi-
mum MPGA (MPGAmax) appeared at the waist of the arch. The 
MPGA of T2 and T3 is obviously larger than that of T1 and 
T4. Meanwhile, the MPGA of T2 is larger than that of T3. 
For example, the MPGAmax values of T2 and T3 under verti-
cal seismic force are approximately 1.61 and 2.12, while 
the MPGAmax values of T1 and T3 are approximately 1.35 
and 1.33, respectively. In other words, the MPGA of the right 
arch waist of the left tunnel structure and the left tunnel arch 
waist of the right tunnel structure is larger, and the MPGA of 
the right arch waist of the left tunnel is the largest.

To further analyze the seismic response characteristics of 
the two tunnel lining structures, the displacement and Mises 
stress distribution of the tunnel structure in Model 2 with an 
input 0.1 g horizontal WE wave are shown in Fig. 21. The 
displacement and Mises stress of the slope at the tunnel por-
tal are mainly concentrated in the local area between the two 
tunnels, and the maximum displacement and Mises stress 
of the tunnel structure are mainly concentrated in the arch 
waist of the left and right tunnels, which is consistent with 
the results of acceleration response analysis. Therefore, the 
dynamic amplification effect of the tunnel lining structure is 
mainly concentrated in the adjacent area between the left and 
right tunnels, and the dynamic amplification effect of the left 
tunnel is greater than that of the right tunnel. In particular, 

Fig. 19   Ration of MPGAx to 
MPGAz in Model 2 when input 
0.1 g WE wave: (a) along the 
horizontal direction of the 
slope; (a) along the vertical 
direction of the slope; (c) tunnel 
structure
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the seismic dynamic amplification effect of the right arch 
waist of the lining structure near the slope is the largest.

Discussion: influence of the tunnel structure 
on the dynamic response of the slopes

Due to the difference in lithology and the randomness of 
seismic waves, the seismic dynamic response characteristics 
of layered slopes are complex. In particular, the interaction 
mechanism between the tunnel structure and layered slope 
is more complex after tunnel excavation, which is difficult 
to fully understand. The tunnel structure changes the propa-
gation characteristics and path of seismic waves in the rock 
mass, especially the wave propagation characteristics in 

the bedrock area, leading to an obvious local amplification 
effect between the tunnel structures. In addition, the MPGA 
of Model 2 is greater than that of Model 1 under the same 
conditions, which suggests that the tunnel structure has a 
significant amplification effect on the dynamic response of 
the layered slope. By comparing the changes in the MPGA 
on the vertical measuring lines and slope surface of Models 
1 and 2, there is a certain difference in the increasing trend 
of the MPGA in the vertical direction between Model 2 and 
Model 1. At the same time, the order of the MPGA of Model 
1 is as follows: surface slope > Line 5 > Line 4; however, 
in Model 2, the corresponding MPGA order is as follows: 
slope surface > Line 4 > Line 5. This suggests that the tunnel 
structure has a significant influence on the dynamic response 
characteristics of the layered slope. The reason is that the 

Fig. 20   MPGA of the two–tunnel 
structure in Model 2 with the 
elevation when input 0.1 g WE 
wave: a input in-x direction; b 
input in-z direction
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seismic wave propagation characteristics and propagation 
path of the bedrock are obviously changed due to the tunnel 
excavation, and then the dynamic response characteristics of 
the slope are changed accordingly.

In addition, to further investigate the influence of the tun-
nel structure on the dynamic response of the layered slope 
at the tunnel portal, the MPGA ratio of Model 2 to Model 1 
(MPGA2/MPGA1) is shown in Figs. 22 and 23. MPGA2/MPGA1 
increases with elevation overall but shows a strong nonlinear 
increasing trend, which is closely related to the effect of the 
discontinuity of the rock mass and tunnel structure on the 
wave propagation characteristics. This is because there are a 
large number of discontinuous planes and empty surfaces in 
the tunnel slope. When the seismic wave propagates in the 
discontinuous planes and the tunnel, many refraction and 
reflection phenomena are generated, thus forming a complex 
seismic wave field, and its stress characteristics are more 
complex. MPGA2/MPGA1 is greater than 1.0, overall, specifi-
cally, 1.0–1.25, which indicates that the tunnel structure 
makes the dynamic response of the layered slope have an 
obvious amplification effect.

Therefore, the interaction mechanism between the lay-
ered slope and the tunnel structure can be summarized as 
follows: Due to the interaction between the tunnel struc-
ture and seismic waves, the vertical wave and the horizontal 
wave reflected from the geological interface interfere with 
the tunnel, which changes the propagation direction of seis-
mic waves, and the seismic waves propagate in the slope at 
different incident angles, resulting in local superposition and 
amplification effect of seismic waves in the rock mass. Due 
to the existence of a tunnel in the slope, a complex stress 
increment area will be formed inside the slope, resulting 
in the subsidence and deformation of the rock mass, thus 
affecting the overall stability of the slope.

Conclusions

Two-dimensional FEM dynamic analysis is used to analyze 
the dynamic response characteristics of the two models sub-
ject to earthquake excitation. The following conclusions can 
be drawn:

Fig. 22   MPGA ration of Model 
2 to Model 1 when input 0.1 g 
WE wave in-x direction: a along 
the horizontal direction of the 
slope; b along the vertical direc-
tion of the slope
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1.	 Stratigraphic lithology and tunnel structure have impacts 
on wave propagation characteristics and propagation 
paths in slopes. In Model 1, waves in the bedrock show 
layered propagation characteristics and a significant 
amplification effect appears when waves propagate to 
the soft rock interface, and the waves gradually propa-
gate to the infinite-element boundary at the slope crest. 
In Model 2, the tunnel structure caused a local ampli-
fication effect when waves propagated between the two 
tunnels. After entering the soft/hard rock strata, the 
waves propagated along the slope surface to the slope 
crest. Due to the difference between the tunnel and the 
surrounding rock, waves show obvious discontinuous 
propagation characteristics in the lining structure.

2.	 The slope surface, elevation, and ground motion directions 
affect the dynamic response of the slopes. The formation 
lithology has an influence on the dynamic amplification 
effect of the slope, and soft rock has the most obvious 
amplification effect. The closer the distance to the slope 
surface is along the horizontal direction, the greater the 
MPGA is. In the vertical direction, the MPGA increases with 
elevation overall. Compared with Model 1, the tunnel 
structure makes the MPGA show obvious nonlinear vari-
ation characteristics and increases the MPGA between the 
two tunnels. The amplification effect of the surface slope 
is greater than that of the internal slope. In Model 1, the 
MPGA under the horizontal incident wave is greater than 
that of the vertical wave. In Model 2, the amplification 
effect under a vertical incident wave is much larger in the 
bedrock, while the amplification effect under a horizontal 
wave is greater in the soft and hard rock strata. For tunnels, 
the magnifying effect of vertical seismic waves is greater 
than that of horizontal waves.

3.	 The dynamic amplification effect of the tunnel lining 
structure is mainly concentrated in the adjacent areas of 
the two tunnels. The MPGA of the right arch waist of the 
left tunnel and the left arch waist of the right tunnel is 
the largest, and the dynamic amplification effect of the 
left tunnel structure is greater than that of the right one. 
The tunnel structure has an influence on the dynamic 
response of the layered slope. MPGA2/MPGA1 is 1.0–1.25, 
overall, indicating that the dynamic amplification effect 
of Model 2 is greater than that of Model 1. In Model 
2, the tunnel structure increases the MPGA of the slope. 
Because of the interaction of the tunnel structure, sur-
rounding rock, and waves, the propagation path and law 
of seismic waves are changed, resulting in a change in 
the dynamic response characteristics of the slope.

4.	 However, the dynamic response of the tunnel-slope sys-
tem is a scientific problem involving multiple domains. 
In this work, the acceleration dynamic response is used 
only in the time domain, and further exploration needs 
to be carried out in the frequency domain and time–fre-

quency domain. The discrete element method needs to 
be used to study the evolution law and seismic damage 
of the tunnel-slope system and to clarify its seismic fail-
ure mode.
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