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ABSTRACT 
Limit states constitute the basis in seismic performance evaluation and seismic vulnerability assessment. In this paper, 
the limit state of a subway station structure is investigated using incremental dynamic analysis (IDA) method. A typical 
two-story three-span subway station structure is selected as an example structure and its seismic responses are 
modeled according to the nonlinear incremental dynamic analysis procedure. Peak Ground Acceleration (PGA) is 
adopted as the intensity measure (IM) for IDA while maximum story drift angle is selected as damage measure (DM) in 
this study. Four limit states (i.e. operational, slight damage, life safety, and collapse prevention) are defined in terms of 
the deformation and waterproof performance of the subway station structure. The thresholds of DM corresponding to 
each limit state are determined based on the central column drift angle and the structural tension damage distribution 
obtained from IDA. The thresholds of maximum story drift angle provided in this study can be a basis for further study on 
seismic design for underground structural systems.  
 
 
 
1 INTRODUCTION 
 
Nowadays, more and more subway stations appear in the 
cities around the world, which have already become an 
indispensable part of our daily life. Hence, the security of 
subway stations under seismic loads must be guaranteed. 
In recent years, performance-based earthquake 
engineering is a popular concept during structural seismic 
design. There are many approaches to achieve this 
concept, including nonlinear static pushover analysis and 
nonlinear dynamic analysis, etc.  

Among dynamic analysis approaches, incremental 
dynamic analysis (IDA) has been widely applied to above 
structure’s seismic performance evaluation for its unique 
advantage. It can accurately describe the full range of 
structural dynamic behavior, from elastic to elastic-plastic, 
until collapse, and takes the randomness of seismic 
ground motion as well as the seismic response under 
strong ground motion intensity into consideration 
(Vamvatsikos and Cornell 2002). In addition, the limit 
states of structure can then be defined according to the 
result of IDA. In FEMA351, limit states are divided into 
two levels: immediate occupancy and collapse prevention, 
among which the CP state is defined when the slope of 
IDA curves decreased to 20% of elastic slope (FEMA-351 
2000) and this conclusion has been widely applied during 
the researches on seismic performance of above 
structure (Vamvatsikos and Cornell 2002; Behrouz and 
Mahmood et al. 2010). 

As an important process, it is essential to define the 
limit states of subway station structure firstly to develop 
performance-based earthquake engineering for 
underground structure. However, when it comes to 
subway station structure, relevant research is limited. Liu 
et al (2016) conduct fragility analysis for Daikai subway 
station and define limit states according to IDA result. 

Considering the similar approach as Liu et al, in this study 
the limit state of a two floor three span subway station 
structure is defined based on the result of IDA. A two 
dimensional numerical model with both soil and structure 
is established. PGA is selected as the intensity measure 
while θmax is considered as damage measure. The limit 
states of the subway station structure are defined 
according to the damage distribution as well as the 
maximum drift angle of the central columns in terms of 
structural waterproof performance and deformation, 
respectively. The thresholds of θmax at each limit state 
provide an effective reference for performance based 
seismic design.  
 
 
2 CASE STUDY 
 
2.1 Studied subway station structure 
 
As illustrated in Figure 1, the rectangular reinforced 
concrete box is of 20.9 m wide and 12.37 m high. The first 
floor of the station is the lobby floor while the second floor 
is an island platform. All the columns of this station are of 
the same size, which are 1.0m long and 0.6m wide. All 
column spacing is 8 m. The roof depth of the example 
structure is 2.9m and the soil condition from the 
geological investigation report is shown in Table 1. 
 
2.2 Numerical modeling 
 
A detailed two dimensional numerical model of the 
subway station structure and the surrounding soil is 
established using the finite element software package 
ABAQUS (2010). The software package has the ability to 
accurately determine the dynamic behavior from elastic to 
plastic, while taking into account both material inelasticity 



 

and geometric nonlinearities. The subway station 
structural model is 1000 m long and 60 m high (see 
Figure 2). For the selection of structural element type, 
considering the calculation efficiency, beam element 
(B21), which can also simulate the structural force and 
deformation very well (Chen et al. 2014), is adopted for 
the reinforced concrete structural members here. The 
material properties of both concrete and steel in the 
subway station structures are shown in Table 2, which are 
obtained from the engineering project at Shanghai. 

The concrete plastic damage model proposed by 
Lubliner et al. (1989) and Lee and Fenves (1998) was 
adopted. This model uses two damage variables (i.e. the 
tensile damage and the compressive damage) and a yield 
function to account for different damage states. The 
reinforcement of the two dimensional frame is attained 
through the rebar command. Constitutive behavior for the 
reinforcement steel was modeled using the Menegotto-
Pinto steel model (Menegotto and Pinto 1973) modified by 
Filippou et al (1983). This model assumes a bilinear 
backbone curve with isotropic strain hardening of 1% 
(Elnashai and Sarno 2010). 

The 4-nodes plane strain element (CPE4R) and the 
quadrilateral plane strain infinite element (CINPE4) were 
adopted for soil element and the Mohr-Coulomb model 
was used to simulate the soil’s constitutive characteristics. 
The soil parameters are shown in Table 1. The interface 
between the soil and the structure is modeled as a 
frictional surface with a coefficient of friction μ of 0.4 and a 

friction angle of 22°. There is no cohesion between the 
structure and the soil. 

The boundary conditions of the model are as follows: 
the horizontal and vertical displacements are fixed at the 
bottom surface while the top of the structure is free. 
Infinite elements were applied at the lateral boundaries 
and the ground motions are imposed at the bottom of the 
model. 
 
 

 
Figure 1. Cross section of the subway station structure 
 
 

 
 

 
Figure 2. Finite element model 
 
 
Table 1. Soil parameters of the example structure 
 

Sequence Name Depth (m) Unit Weight 
(kN/m3) 

Elastic 
Modulus (MPa) 

Poisson’s Ratio Friction Angle 

(o) 
Cohesion 
(kPa) 

1 Man-made fill 0-1.3 19.0 20.34 0.32 15.0 20.0 
2 Isabelline silty clay 1.3-2.4 19.2 20.34 0.32 31.3 9.5 
3 Isabelline silty clay 2.4-3.3 18.0 14.00 0.34 33.8 15.1 
4 Grey mucky soil 3.3-6.9 17.4 10.85 0.38 28.3 5.3 
5 Grey mucky soil 6.9-14.8 16.7 7.39 0.40 24.9 7.2 
6 Grey clay 14.8-16.7 17.4 11.55 0.35 29.7 10.0 
7 Dark green clay 16.7-21.1 19.5 24.85 0.29 29.1 31.3 
8 Grey silt 21.1-28.0 18.2 32.20 0.29 31.1 2.0 
9 Grey clay 28.0-43.0 17.7 15.09 0.33 32.5 8.1 
10 Grey clay & Silty sand 43.0-60 18.4 28.70 0.32 28.1 8.0 

 
 
2.3 Ground motion selection 
 
To performing nonlinear dynamic time history analysis, 
many different approached of ground motion selection 
have been developed and used. Shome and Cornell 
(1999) have shown that 10-20 records are usually enough 

to provide sufficient accuracy in the estimation of seismic 
demands of buildings. Therefore, in this paper, a series of 
twelve ground motion records that belong to a bin of 
relatively large magnitudes of 7.5-8.0 and near-fault are 
selected for the incremental dynamic analysis from the 
Pacific Earthquake Engineering Research Center (2000). 
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The ground motion records selected from the ground 
motion database should be able to represent the 
structure’s site conditions. According to the United States 
Geological Survey, USGS, the site condition can be 
divided into four groups, denoted as S1, S2, S3, S4, 
respectively. The shear wave velocity of each group is 
greater than 750m/s, 360~750m/s, 180~360m/s and less 
than 180m/s, respectively. The character of the site where 

the subway station is located refers to S4 group. 
Therefore, the ground motions all selected come from S4 
group, as shown in Table 3. The selected ground motions 
are effectively presumed to be able to cause severe 
ground motions in the site where structure is located 
according to the trial calculation results. 
 

 
 
Table 2. Material Parameters of the subway station structure 
 

Component Material 

Concrete Steel 

Elastic Modulus 
(GPa) 

Axial Tensile 
Strength (MPa) 

Axial Compression 
Strength  
(MPa) 

Possion’s 
Ratio 

Elastic Modulus 
(GPa) 

Yield strength 
(MPa) 

Central 
column 

33.5 2.51 29.6 0.2 200 400 

Others 31.5 2.20 23.4 0.2 200 400 

 
 
Table 3. Twelve ground motion records adopted. 
 

No. Event Station Component PGA(g) PGV(cm/s) 

1 Imperial Valley-06, 1979 El Centro Array #3 E03140 0.267 47.97 
2 Imperial Valley-06, 1979 El Centro Array #3 E03230 0.223 43.29 
3 Loma Prieta, 1989 APEEL 2 - Redwood City A02043 0.274 53.65 
4 Loma Prieta, 1989 APEEL 2 - Redwood City A02133 0.220 34.12 
5 Loma Prieta, 1989 Foster City - Menhaden Court MEN270 0.110 21.98 
6 Loma Prieta, 1989 Foster City - Menhaden Court MEN360 0.119 20.93 
7 Northridge-01, 1994 Carson - Water St WAT180 0.091 6.33 
8 Northridge-01, 1994 Carson - Water St WAT270 0.088 8.32 
9 Superstition Hills-02, 1987 Imperial Valley Wildlife 

Liquefaction Array 
IVW090 0.179 31.67 

10 Superstition Hills-02, 1987 Imperial Valley Wildlife 
Liquefaction Array 

IVW360 0.208 36.21 

11 Loma Prieta, 1989 Treasure Island TRI000 0.100 15.59 
12 Loma Prieta, 1989 Treasure Island TRI090 0.160 33.20 

 
 
2.4 Selection of IM and DM 
 
In the IDA approach, a series of nonlinear dynamic 
analyses are performed with a suite of ground motion 
records, each scaled to multiple levels of intensity 
(Vamvatsikos and Cornell 2002). Choose the suitable 
intensity measure IM and damage measure DM to get a 
series of IM-DM curves, which are the so-called IDA 
curves. Then, the seismic performance evaluation of 
underground structure through statistics can be 
conducted. 

One of the most important issues to perform an IDA is 
the selection of suitable IM and DM. The IM is a positive 
scalar that reflects the intensity of a ground motion. The 
basic principle of IM selection is to directly reflect the 
potential damage effect under seismic loads in the future 
and make the discrepancy of DM under different ground 
motions as small as possible. Since Peak Ground 
Acceleration (PGA) can directly specify the peak ground 
motion acceleration, PGA is considered as IM in this 
study. Besides, the results of the selection of other IMs 
(i.e. PGV), please refer to Liu et al (2016). 

The basic principle of DM selection is to truly reflect 
the damage of structures, including the structural 
components, non-structural components and in-house 
facilities. This progress also depends on the application 
and the structure itself. As mentioned above, the 
maximum story drift angle (θmax) relates well to joint 
rotations and both global and local story collapse, thus 
θmax is selected as DM in this paper. 

In order to describe the full range of structural dynamic 
behavior, from elastic to elastic-plastic, until collapse, the 
original ground motion records are scaled in terms of PGV 
as 10, 30, 50, 60, 70, 80, 90, 100 cm/s, respectively.  The 
ground motions are applied horizontally at the bottom of 
the model. The trial of scaling ground motions in terms of 
PGA or other IMs will be done during our further study. 
 
 
3 IDA RESULTS 
 
Based on the procedure mentioned above, IDA of the 
subway station structure is carried out. The IDA curves of 
the subway station are obtained (see Figure 3). As can be 
seen, although seismic responses of the same structural 



 

model and the same surrounding soil condition have 
discrepancies when subject to different ground motions, 
they share similar patterns. As illustrated in Figure 3, 
PGAs are different when ground motions are scaling to 
the same PGV, which is due to the different properties of 
each ground motion. 
 
 

 
Figure 3. IDA curves 
 
 

Unlike surface structures, the IDA curves of the 
subway station with θmax as the DM have no noticeable 
flat period mainly due to the restraint of the surrounding 
soil (see Figure 3). θmax increases with the increasing of 
ground motion intensity and the slope of the curves 
decreases gradually, but the decreasing rate is very 
limited for most curves, except few bottom curves. 

Considering the mass data in the curve set and 
discrepancy of IDA curves exists among different ground 
motions, it is essential to summarize IDA curves by 
defining the 16%, 50% and 84% fractile IDA curves for 
further analysis. Firstly, assume that DMs follow 
lognormal distributions for the condition distribution of IMs 
(Jalayer and Cornell 2004), where μ is the mean value of 
ln(DM) and σ is the standard deviation of ln(DM). Then, 
the value of DMs on the 16%, 50% and 84% fractile IDA 
curves are e

(μ-σ)
, e

μ
, e

(μ+σ)
 respectively. Based on the 

assumptions above, 16%, 50% and 84% fractile IDA 
curves with PGA as IM are presented in Figure 4. 
 
 

 
Figure 4. Summerized curves 
 
 

4 LIMIT STATES DETERMINATION 
 
Limit state describes the anticipated maximum extent 
damage of a structure under a predetermined design 
seismic intensity level and the properly defining limit 
states based on the structural characteristics and 
research objectives is essential in seismic performance 
evaluation. In this subsection, limit states for the subway 
station structure are defined first. Then, these limit states 
are identified from the IDA curves from which the 
thresholds of DMs are obtained. 
 
4.1 Definition of limit states 
 
Limit states of subway station structures define the 
anticipated damage of the structure under a specified 
design seismic level. Four limit states for subway station 
structure are defined in Liu et al (2016), as shown in 
Table 4. As illustrated in Table 4, seismic performance of 
subway station structure is assessed from three aspects, 
which are safety, serviceability, and durability. 
Furthermore, the safety of subway station structure is 
indicated by its deformations. However, for serviceability 
and durability of subway station structure, waterproof 
performance is adopted as a direct impact that cannot be 
ignored as is done for building structures. Therefore, the 
waterproof performance of concrete was also adopted as 
a factor in the definition of limit states for subway station 
structure. In this study, the four limit states described in 
Table 4 are adopted, which relate to damage levels as 
indicated by structural deformation and waterproof 
performances of roof, floor and side walls. 
 
4.2 Determining limit states on IDA curves 
 
According to Liu et al (2016), the limit states of subway 
station structure are determined in terms of the damage 
state of central column and crack width of structure, which 
can indicate the structural deformation and the waterproof 
performance of structure, respectively. Based on this 
definition approach, the limit states for the example 
subway station structure are determined as follows. 

Based on the IDA results, the damage distributions of 
both compression and tension for the subway station 
structure are shown in Table 5 and the dynamic response 
of the cases selected herein are similar to the mean 
performance of IDA curves. It is found that the 
compression damage distribution mainly concentrates at 
the plastic hinge area of each central column while the 
tension damage distribution develops very fast from 
central columns to floor, roof as well as the side walls with 
the seismic intensity increases gradually. According to the 
tension damage distribution shown in Table 5, it is 
possible to calculate the crack width, as illustrated in 
Table 6 (Liu et al 2016). Besides, DTmax in Table 6 
means the maximum of tension damage of the structure. 
Combined with the crack width threshold of 0.2 (mm) 
(GB50157 2013) for subway station structure and the 
thresholds of θc shown in Table 7, it is proper to 
determine four limit states (i. e. operational, slight damage, 
life safety and collapse prevention) of the subway station 
structure when the corresponding IMs are equal to 5 



 

(cm/s), 10 (cm/s), 30 (cm/s) and 40 (cm/s), as shown in 
Table 6. 

From these analyses, thresholds of θmax at each limit 
state for the subway station structure under investigated 

are determined in terms of structural level as listed in 
Table 8. 
 
 

 
Table 4. Division of limit state for subway station structure. 
 

Limit state Description of limit states Qualitative description 

Operational 
Structure components not appear serious damage. Structure can be 

normally used. 

Invisible micro-cracks appear on the 

roof, floor, and side walls，and central 

columns are operational. 

Slight Damage 
Structure maintains the same strength and stiffness before and after 

the earthquake. Structure can ensure its availability with minor 

repair. 

Visible cracks appear on the roof, floor, 

side walls and central columns. 

Life Safety 
Structure components appear serious damage and stiffness 

degeneration, but are not collapsed. The waterproof performances of 

roof and floor, as well as the side wall are failure. Structure needs a 

lot of maintenance to come back to normal service. 

Macro cracks that cross the protective 

layer appear on the roof, floor, and side 

walls. Concrete at some plastic hinge 

areas spalls greatly. 

Collapse Prevention 
Structure components destroy and their strength and stiffness greatly 

degenerate. Structure nearly collapses. The waterproof 

performances of roof and floor, as well as the side wall are failure. 

Inclined cracks of concrete are widened 

continuously and become a breakage 

band. 

 
 
Table 5. Development of damage distribution for the subway station structure. 
 

PGV (cm/s) Compression Tension 

5 

  
10 

  
30 

  



 

40 

  

 
 
Table 6. Indicators for the determination of limit states for 
the subway station structure. 
 

PGV(cm/s) cθ  DTmax Crack width(mm) 

5 0.0013 0.10 0.04-0.08 

10 0.0026 0.84 0.1-0.2 

30 0.0109 >0.95 >0.2 

40 0.0177 >0.95 >0.2 

 
 

Table 7. Thresholds of 
cθ at each damage state of 

column (GB50011 2010). 
 

Damage state 
cθ

Basically Intact 0.0018 
Minor Damage 0.004 
Moderate Damage 0.0083 
Serious Damage 0.0167 

 
 
Table 8. Thresholds of θmax at each limit state for 
subway station structures. 
 

Limit state θmax
Operational 0.0012 
Slight Damage 0.0024 
Life Safety 0.006 
Collapse Prevention 0.0115 

 
 
5 CONCLUSIONS 
 

 For this subway station structure, a nonlinear 
numerical model is established and subjected to 
incrementally increased ground motions according 
to the IDA procedure. 

 Limit states for the subway station structure are 
defined based on the IDA result in terms of 
structural deformation and waterproof 
performance. The threshold of maximum story drift 
angle at each limit state can be a good reference 
for further study on seismic performance 
evaluation and seismic design of subway station 
structures. 

 The case investigated herein is limited. 
Consequently, it is essential to consider more 
different types of underground structures during 
further study to obtain a more general conclusion. 
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