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ABSTRACT: With a speedy development of urban rail transit in China, a lot of large underground structures have been built. After 
the Wenchuan earthquake in 2008, there are more and more concerns on the earthquake-resistance of large underground structures. 
Taken a large underground structure as engineering background, the seismic characteristics of a large underground structure under 
design and high-level earthquake actions are researched. Three-dimensional dynamic models are established by using the finite 
element program MIDAS/GTS. Through the time-history analysis method, the deformation and internal forces response of a large 
underground structure are obtained. Seismic performance analysis of large underground structures of urban rail transit should be 
considered under design and high-level earthquake actions in their design phase. Research results can be regarded as a valuable 
reference for the seismic design of large underground structures. 

RÉSUMÉ: Avec le développement rapide du transport ferroviaire urbain en Chine, beaucoup de grandes structures souterraines ont été 
construites. Après le tremblement de terre à Wenchuan en 2008, il y a de plus en plus de préoccupations sur la résistance aux 
tremblements de terre avec grandes structures souterraines. Compte tenu d’une grande structure souterraine en tant que contexte 
d'ingénierie, on a déjà étudié les caractéristiques sismiques avec grande structure souterraine en cours de conception et de haut niveau des 
actions séisme. Des modèles dynamiques tridimensionnels sont établis avec le programme d'éléments finis MIDAS/GTS. Par la méthode 
d'analyse de l'historique des temps, on a obtenu la déformation et la réponse des forces internes avec grande structure souterraine. Il faut 
envisager l'analyse de la performance sismique des grandes structures souterraines du transport ferroviaire urbain dans la conception et 
les actions sismiques de haut niveau dans la phase de conception. Les résultats de la recherche peuvent être considérés comme une 
référence précieuse pour la conception sismique avec grandes structures souterraines.
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1  INTRODUCTION 

As well known, urban rail transit is always regarded as an 
important part of the urban lifeline engineering. In recent years, 
there has been an increasing focus on the earthquake-resistant 
problems of urban rail transit engineering, especially, after the 
Wenchuan earthquake in 2008. In 2011, the Ministry of 
Housing and Urban-Rural Development of the People's 
Republic of China released the 13th document named Technical 
points of special demonstration for seismic fortification of 
Municipal Public Infrastructure (Underground Engineering). 
Since then, the analysis and calculation of seismic performance 
for underground structures are becoming increasingly important. 
A lot of the codes for seismic design of urban rail transit have 
been put into force, such as DG/TJ08-2064-2009, DB11/995-
2013, GB50157-2013, GB50909-2014, etc. To some extent, 
these codes have played a role in guiding seismic design of 
underground structures. The seismic design of underground 
structures in China starts relatively late, therefore, the relative 
theory and technology research is relatively backward (Wang 
1993, Kawashima 1994, Kiyomiya 1995, Hashash et al. 2001, 
Wang et al. 2001, Zhang 2002, Tamari and Towhata 2003, Sun 
and Han 2003, Bian et al. 2008). 

With a speedy development of urban rail transit in China, a 
lot of large underground structures have been built, such as 
double-line or three-line transfer stations, integrated 

development of underground space connected with the station, 
etc. In view of facts that China is an earthquake-prone country 
and large-scale underground structures are mostly located in 
highly seismic region, there are more and more concerns on the 
earthquake-resistance of large underground structures (Song et 
al. 2010, Li et al. 2012, Ding et al. 2013, Liu et al. 2013, Wang 
et al. 2014). Therefore, the checking calculation of seismic 
performance of underground structures has been a necessary 
procedure in the design of urban rail transit. However, at 
present, there is almost no experience in seismic performance 
research and design of large-scale underground structures. 

Based on a large-scale underground structure project of 
urban rail transit in a city, three-dimensional dynamic finite 
element models were established by using the finite element 
program MIDAS/GTS. The seismic performance of the large-
scale underground structure under design and high-level 
earthquake actions are researched. It is expected that research 
results should be regarded as a valuable reference for the 
seismic design of large underground structures. 

2  PROJECT OVERVIEW 

2.1  Characteristics of the underground structure 

The large-scale underground structure, with the total 
construction area of 144000 m2, mainly consists of a station of 
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 metro line 1, a station of metro line 2, an underground street 
passageway and an underground commercial island, as shown 
in Figure 1. The two stations both are underground three-floor 
island stations with a total length of 342 m. The platform is 118 
m long and 13 m wide. The whole structure is a three-layer 
underground structure with a soil overburden depth of 3 m. The 
bottom floor is used as the station platform of line 2 and 
underground parking, the middle floor as the station platform of 
line 1, street passageway and underground parking, and the top 
floor as the station hall of line 1 and the business development. 
The plane cross between line 1 and line 2 is the T type 
interchange。There are four sunken plazas connected with four 
openings on the top plate of the structure. 

 
   (a) Plan                  (b) Cross section 1-1 

 
(c) Cross section 2-2 

Figure 1. Plan and cross section of the underground structure. 

The complex box-shape framework structure with raft 
foundation is adopted, and a large number of horizontal beams 
and vertical columns are used to form a large structural system. 
The dimension of the top beam is 1300×1700mm, the bottom 
beam is 2200×2200mm, and the middle beam is 900×900mm. 
There are two types of center column, and their diameters are 
1000mm and 1200mm respectively. The length of the 
foundation pile is 30m and its diameter is 2000mm. The 
thickness of top plate and side wall are both 700mm, the middle 
floor plate is 400mm and the bottom plate is 1100mm. 

2.2  Characteristics of the soil 

The geological section map of the project indicates that there 
are chiefly four layers of soil from top to bottom: miscellaneous 
fill (Q4ml), silty clay (Q2al+pl), total weathered mudstone (K) and 
strong weathered mudstone (K). The bottom plate of the 
underground structure is located in strong weathered mudstone. 
The soil physical and mechanical parameters are summarized in 
Table 1. 
 
Table 1. Dynamic parameters of soils. 

Soil 
layer 

D  

(m) 
Ed 

(MPa) 
μd 
(-) 

ρ 
(kg/m3) 

vs 
(m/s)

vp 
(m/s)

1 3.9 80 0.35 1950 122 254 
2 6.9 60 0.38 1920 105 240 
3 7.1 500 0.28 2090 303 548 
4 92.1 650 0.27 2110 345 615 

Note: D is soil thickness; Ed is dynamic elastic modulus; μd is dynamic 
Poisson’s ratio; ρ is density; vs is shear wave velocity; vp is compressive 
wave velocity. 

2.3  Seismic ground motion parameters 

According to the site seismic safety evaluation report, the soil in 
the site is median soft soil, and the site type is Class II. The 
seismic fortification level is 7th degrees, the design basic 
seismic acceleration value is 0.10g, and the seismic design 
group is Group 1(the site characteristic period is 0.35 s). There 

is no liquefied soil layer in the site, so the influence of 
liquefaction on this project is not considered. 

3  THREE-DIMENSIONAL FINITE ELEMENT MODEL 

It is impossible to solve the problem by using the traditional 
two-dimensional seismic calculation method for the complex 
underground structure. Therefore, it is imperative to establish 
three-dimensional finite element dynamic models for time-
history analysis to research the seismic response characteristics 
of the underground space structure. 

3.1  Model and parameters 

To meet the need of analysis, the length (X-direction), width 
(Y-direction), height(Z-direction) of the model are respectively 
630, 550 and 110 m, as shown in Figure 2. The model node 
number is 108000 and element number is 510000. There are 
mainly 4 soil layers in the numerical model. The soil is modeled 
by 4-node tetrahedral elements. The main part of the 
underground structure is represented by the plate elements. 
Beams, columns and piles are simulated by the beam element. 
The parameters of structural elements are summarized in Table 
2. The sides and bottom of the model are restricted using the 
viscoelastic artificial boundary, and the top boundary is free 
surface. 

 
(a) Soil mesh               (b) Structure mesh 

Figure 2. Three-dimensional finite element model. 

Table 2. Mechanical parameters of structural elements. 
Type E (GPa) μ (-) ρ (kg/m3) 

Main structure 32.5 0.2 2500 

Column 34.5 0.2 2500 
Foundation pile 31.5 0.2 2500 

Note: E is elastic modulus; μ is Poisson’s ratio; ρ is density. 

3.2  Artificial boundary 

To avoid the reflection of stress wave on the boundary that 
makes the results distortion, the viscoelastic artificial boundary 
is used in the three-dimensional dynamic model. The 
viscoelastic artificial boundary can be used conveniently in the 
finite element method. The spring elements and damping 
elements can be placed at the artificial boundary nodes in 
normal and tangential direction (Liu and Li 2005.). The values 
of spring and damping coefficients of three directions are 
calculated and obtained from this paper (Ding 2010). Table 3 
gives the spring coefficient and the damping coefficient per unit 
area in the model. 
 
Table 3. Dynamic boundary parameters. 

Soil 
layer 

Spring coefficient 
(kN/m3) 

Damping coefficient
(kN·s/m) 

kh(X) kh(Y) kv(Z) cp cs 
1 6089 5786 - 505 243 
2 3687 3504 - 469 206 
3 30397 28888 - 1167 645 
4 15115 14364 7349 1322 742 

Note: kh Horizontal spring coefficient; kv is vertical spring coefficient; 
cp compression wave damping coefficient per unit area ; cs is shear 
wave damping coefficient per unit area 
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3.3  Damping characteristics 

Rayleigh damping also called orthogonal damping is a widely 
used in simulation. It can be expressed by the following 
formula: 

        C=αM+βK       (1) 
where C, M and K are respectively the damping matrix, mass 
matrix and stiffness matrix of the system, α and β respectively 
are damping constants. 

According to the mode orthogonal condition, the 
relationship between the damping constants α and β and the 
damping ratio ζk of each mode is expressed by: 

     ζk=α/(4πfk) +βπfk  (k=1,2,...,n)      (2) 
where fk is the natural frequency of the kth-order mode. 

In the model, the damping ratio is chosen to be 0.04 at the 
minimum frequency of 1 Hz and the maximum frequency of 15 
Hz, then we can get α=4.71E-01 and β=7.96E-04 by the Eq.2. 

3.4  Seismic loads and solution 

Three sets of artificial seismic waves are respectively chosen to 
be applied in the models, considering the design (E2) and high-
level (E3) earthquake actions. The typical seismic wave loads 
are shown in Figure 3. For each seismic wave load, it is added 
along the X axis, Y axis, and 45° counterclockwise directions to 
the X axis, and there are totally 18 calculation cases. When each 
load is applied in the model in three directions simultaneously, 
the magnitude ratio of horizontal main load/ horizontal 
secondary load/ vertical load is equal to1.00:0.85:0.70. 

In MIDAS/GTS, the average acceleration method of 
Newmark-β is used to solve the dynamic equilibrium equation. 
The integral time step is 0.02s, and the total computing time is 
30s. 

 
Figure 3. Typical seismic loads. 

4  ANALYSIS OF STRUCTURAL DEFORMATION 

4.1  Maximum horizontal displacement 

The maximum horizontal displacements of the underground 
structure under seismic loads E2 and E3 are respectively 
51.63mm and 94.08mm, when the seismic loads are along the 
X-axis, as shown in Figure 4. The position of maximum 
deformation is at the top of the side wall of Line 2 near the 
sunken plaza. 

 
Figure 4. Maximum horizontal displacement of the structure under 
seismic load along X axis. 

The maximum horizontal displacements of the underground 
structure under seismic loads E2 and E3 are respectively 
53.07mm and 98.48mm, when the seismic loads are along the 
Y-axis, as shown in Figure 5. The position of maximum 
deformation is at the top plate near the sunken plaza of the 
underground commercial island, and also appears at the top of 
the side wall of Line 1 near the underground commercial island. 

 
Figure 5. Maximum horizontal displacement of the structure under 
seismic load along Y axis. 

The maximum horizontal displacements of the underground 
structure under seismic loads E2 and E3 are respectively 
49.93mm and 99.49mm, when the seismic loads are along 45° 
counterclockwise directions to the X axis, as shown in Figure 6. 
The maximum deformation occurs at the top of the sidewall of 
the underground commercial island in the 45° and 225° 
directions. 

 
Figure 6. Maximum horizontal displacement of the structure under 
seismic load along 45° counterclockwise directions to the X axis. 

4.2  Relative storey displacement 

Table 4 and Table 5 respectively summarize the maximums of 
relative storey displacement between the top plate and the 
bottom plate of the underground structure under the seismic 
loads E2 and E3, and corresponding storey drift angle are listed. 
It is obviously shown that under E2, the maximum of relative 
storey displacement is 12.00mm, induced by the seismic load 
along the Y-axis, and the maximum storey drift angle is 1/2083. 
Under E3, the relative storey displacement and drift angle are 
greater than those under E2. The maximum of storey drift angle 
is 1/1145, which is much smaller than the limit 1/250. Results 
show that the underground structure can meet the requirements 
of seismic performance under design and high-level earthquake 
actions. 
 
Table 4. Maximum of relative storey displacement and drift angle (E2). 

Load 
direction 

Relative storey 
displacement (mm) Maximum 

(mm) 
Drift angle 

(-) 
load 1 load 2 load 3 

X-axis 8.40 7.81 7.61 8.40 1/2976 
Y-axis 11.30 12.00 11.56 12.00 1/2083 

45° direction 9.57 8.92 9.67 9.67 1/2585 
 

Table 5. Maximum of relative storey displacement and drift angle (E3). 

Load 
direction 

Relative storey 
displacement (mm) 

Maximum 
(mm) 

Drift angle 
(-) 

load 4 load 5 load 6 
X-axis 14.23 14.46 14.03 14.46 1/1728 
Y-axis 20.35 19.42 21.82 21.82 1/1145 

45° direction 16.32 16.40 16.70 16.70 1/1497 

5  ANALYSIS OF STRUCTURAL INTERNAL FORCE 

5.1  Internal force of top plate, bottom plate and side wall 

According to the relevant code, the internal force of the 
underground structure under the seismic load E3 is not 
necessary. Under the seismic load E2, the internal forces at 
different positions including top plate, bottom plate and side 
wall are selected. Table 6 lists the maximum values of structural 
internal forces of the top plate, bottom plate and side wall under 

(a) E2 (b) E3

(a) E2 (b) E3 

(a) E2 (b) E3 

(a) E2 (b) E3 
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 E2, as well as those under the static loads. The internal forces 
under E2 at side support and middle support of the top plate, 
bottom support of side wall, and middle span of the bottom 
plate, etc. are generally larger than those under the static loads. 
 
Table 6. Maximum of structural internal forces of top plate, bottom 
plate and side wall. 

Position 
Internal 

force 
Static 

analysis 
Seismic load
（E2） 

Top plate 

Side 
support 

Moment 
(kN�m) 

-613 -872 

Middle 
span 

Moment 
(kN�m) 

428 313 

Middle 
support 

Moment 
(kN�m) 

-610 -621 

Side wall 

Top 
support 

Moment 
(kN�m) 

-664 519 

Axial 
force(kN)

-597 -673 

Middle 
span 

Moment 
(kN�m) 

724 461 

Axial 
force(kN)

-958 -743 

Bottom 
support 

Moment 
(kN�m) 

-1534 -1591 

Axial 
force(kN)

-1417 -622 

Base plate 

Side 
support 

Moment 
(kN�m) 

-1594 -1359 

Middle 
span 

Moment 
(kN�m) 

630 639 

Middle 
support 

Moment 
(kN�m) 

-1145 -1010 

5.2  Internal force of the weak openings 

Under the earthquake actions, the openings of underground 
structure are generally regarded as the mechanical weakness 
points. The internal forces of the opening on the top plate near 
the sunken plaza of the underground commercial island are 
obtained, as well as those connecting the running tunnel, as 
shown in Figure 7. The maximum moments of the opening near 
the sunken plaza and connecting the running tunnel of Line 2 
are respectively 307kN�m and 2454kN�m. 

 
(a) Near the sunken plaza     (b) Connecting the running tunnel 

Figure 7. Moments at weak openings. 

6  CONCLUSION 

According to the analysis of three-dimensional numerical 
results for large underground strcuture under design and high-
level earthquake actions, the following conclusions can be 
drawn: 

(1) Under design earthquake actions, the maximum of 
relative storey displacement is 12.00mm, and the maximum 
storey drift angle is 1/2083, which is smaller than the limit 
value 1/550. Moreover, under high-level earthquake actions, the 
maximum of relative storey displacement is 21.82mm, and the 
maximum storey drift angle is 1/1145, which also is smaller 
than the limit value 1/250. Therefore, the large-scale 
underground structure can satisfy the requirement of structural 
deformation in general. 

(2) The internal forces of the large-scale underground 
structure under design earthquake actions at side support and 
middle support of the top plate, bottom support of side wall, 
and middle span of the bottom plate, etc. are generally larger 
than those under the static loads. 

(3) In the design phase, it is suggested that a three-
dimensional dynamic time history analysis should be carried 
out to comprehensively understand the seismic performance of 
the large-scale underground structure, in addition to the static 
calculation conditions. Moreover, the reinforcement measures 
for the weak openings should be considered in the design of 
large-scale underground structures. 
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