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1. Introduction 
 

Underground structure is important infrastructure 

especially in urban area and widely utilized as tunnels, 

pipes, metro stations, parking lots, and complex shopping 

malls. In South Korea, new facilities have been constructed 

in underground spaces to overcome shortage of land space 

and significance of appropriate design approach for 

underground structure is very strengthened. On the other 

hands, Korean society experienced successive earthquakes 

exceeding 5.0 magnitude in couple of years and Gyeong-ju 

earthquake (M5.7 2016) was the largest earthquake ever 

recorded in South Korea. It caused significant concerns in 

stability of major facilities in urban area induced by 

earthquake, and seismic design criteria for many facilities 

have been extensively revised. 

Underground structure is known as a relatively safe 

system under earthquake (Okamoto 1973). However, it was 

reported that underground structure also can be significantly 

damaged or collapsed during earthquake (Hashash et al. 

2001, Pitilakis and Tsinidis, 2014, Roy and Sarkar, 2017) 

and several studies as Sevim (2013), Fattah et al. (2015), 

Liu et al. (2015), Ozturk et al. (2016), Liu et al. (2018)  
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were performed to investigate dynamic behavior of tunnel 
during earthquake. Damage on underground structure was 
examined both in qualitative and quantitative ways. 
Qualitative method was described in ALA (2001), Dowding 
and Rozan (1978), FEMA (2003), and Werner et al. (2006). 
In these studies, damage state was categorized by series of 
built-in modules containing various information as structure 
inventory, structure vulnerability, seismic requirements with 
high/moderate/low code seismic, and so on. In the stage of 
scoring each term, treat of uncertainty was approximate 
inevitably. In quantitative manner, fragility of excavated 
tunnel in rock was estimated by width and length of crack 
(Corigliano et al. 2007) and rotational angle of the structure 
(Andretti et al. 2013, Andreotti and Carlo 2014). Lee et al. 
(2016) and Park et al. (2018) defined damage index as the 
ratio of predicted moment to the yield moment. Based on 
damage index, damage state can be defined as minor, 
moderate, and extensive states, which represent the damage 
condition of structures according to the level of induced 
earthquake level such as return period. It is useful tool 
which can be applied to estimate the seismic performance 
of infrastructures and many buildings, but utilization in the 
underground railway station, which is major underground 
structure in many metropolitan cities, is very limited. 
Damage index can be divided into two methods: empirical 
and numerical methods. ALA (2001) and FEMA (2003) 
provided the representative empirical damage state based on 
empirical method. However, these damage index had a 
limitation because they were drawn based on the limited 
available data and it was impossible to determine the 
system having various soil conditions and tunnel types. To 
overcome this issue, the development of damage index 
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using numerically obtained data was required. 
In this study, damage index for underground railway 

station structure were derived in various site conditions. 
Primary parameters including embedded depth of railway 
station, supported ground information, and applied 
seismicity level were varied and employed for analysis with 
33 cases. In addition, damage state of underground structure 
according to hazard intensity was also suggested. Each case 
was set to reflect the revised Korean seismic design criteria 
(Ministry of Interior and Safety 2017). Numerical 
simulation was carried out for all 33 cases to obtain input 
data of damage index based on two-dimensional finite 
element method. The PLAXIS2D was chosen as a 
simulation tool, and base input earthquake motion was 
artificially set from Pohang earthquake records (M5.4). The 
paper highlights key aspects of seismic behavior of soil-
structure system and draws several meaningful conclusions 
from the analysis results. 
 

 

2. Numerical modeling method and condition 
 

In this study, seismic responses of underground railway 
station were calculated by PLAXIS2D, which is two-
dimensional numerical simulation tool. Model system was 
simulated virtually based on the OOO Station, which is 
underground railway station located in Seoul, South Korea. 
Schematic view of the target system is depicted in Fig. 1. 
Railway station was composed of 2 floors with the width of 
22m and the height of 10 m, and was fabricated by 
reinforced concrete. Structural section and material 
properties of the railway station are presented in Fig. 2 and 
Table 1, respectively. Primary parameters which were 
expected to have a relatively significant impact on the 
seismic behavior was selected for case formulation of 
numerical study, which were soil condition, depth of the 
base rock, depth of the railway station, and seismic 
intensity. Finally, 33 analysis cases were constituted and 
summarized in Table 2 and Fig. 3. In Table 2, soil classes 
were categorized from S1 to S5 to describe the revised 
Korean seismic design criteria (Ministry of Interior and 
Safety, 2017). The S1, S2, S3, S4, and S5 denotes rock 
based ground, shallow and stiff ground, shallow and soft 
ground, deep and stiff ground, and deep and soft ground, 
respectively, as shown in Table 3. 

 

 

 

Fig. 1 Schematic view of target system 
 

 

Fig. 2 Structural section of target railway station 

Table 1 Material properties of railway station 

Concrete stiffness(MPa) 24 
Elastic modulus of 

steel(MPa) 
200,000 

Elastic modulus of 
concrete(MPa) 

26,950 
Unit weight of reinforced 

concrete(kN/m3) 
25 

Steel stiffness(MPa) 300 
Spacing of center 

column(m) 
5 

 

Table 2 List of the analysis cases 

Case 
number 

Soil 
class 

Depth of the 
base rock (m) 

Depth of the 

railway station 

(m) 

Vs of soil 
(m/s) 

Return period 

of Input 
earthquake 

motion(year) 

1 S1 0.8 1 360 

500 

2 
S2 16 

1 
360 

3 6 

4 
S3 16 

1 
150 

5 6 

6 

S4 30 

11 

360 7 15 

8 21 

9 

S5 30 

11 

150 10 15 

11 21 

12 S1 0.8 1 - 

1000 

13 
S2 16 

1 
360 

14 6 

15 
S3 16 

1 
150 

16 6 

17 

S4 30 

11 

360 18 15 

19 21 

20 

S5 30 

11 

150 21 15 

22 21 

23 S1 0.8 1 - 

2400 

24 
S2 16 

1 
360 

25 6 

26 
S3 16 

1 
150 

27 6 

28 

S4 30 

11 

360 29 15 

30 21 

31 

S5 30 

11 

150 32 15 

33 21 

 

 

Hardening soil model with small strain stiffness 

(HSSMALL) was adopted for soil constitutive model 

(Plaxis, 2016). This criterion can consider stress 

dependency of soil shear modulus and hysteretic damping 

which can simulate nonlinearity of shear modulus and  

Soil

Base rock

40m

80m
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damping ratio as increase of shear strain was applied. 
Ground water level was located at 1m below ground surface  

 

 

and detailed geotechnical properties were summarized in 
Tables 4 and 5. In Table 4, primary input parameters used in  

  
(a) Case 1, 12, 23 (b) Case 2, 13, 24 

  
(c) Case 3, 14. 25 (d) Case 4, 15, 26 

  
(e) Case 5, 16, 27 (f) Case 6, 17, 28 

  
(g) Case 7, 18, 29 (h) Case 8, 19, 30 

  
(i) Case 9, 20, 31 (j) Case 10, 21, 32 

 
(k) Case 11, 22, 33 

Fig. 3 Schematic view of the analysis cases 
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Table 3 Categorization of soil classes (Ministry of Interior 

and Safety 2017) 

Soil 

class 
Address of soil class 

Criteria of categorization 

Depth of base rock, 

H (m) 

Average shear wave 

velocity of soil 
(Vs,soil, m/s) 

S1 Rock based ground H < 1 m - 

S2 Shallow and stiff ground 
1m ≤ H ≤ 20 m 

Vs,soil ≥ 260 m/s 

S3 Shallow and soft ground Vs,soil < 260 m/s 

S4 Deep and stiff ground 
H > 20 m 

Vs,soil ≥ 180 m/s 

S5 Deep and soft ground Vs,soil < 180 m/s 

 

 

Fig. 4 Modeling mesh of target system (Case 2) 

 

Table 4 Material properties of model soil (Ministry of 

Interior and Safety 2017) 

Parameters Soil (Vs=150 m/s) Soil (Vs=360 m/s) 

Void ratio 0.95 0.25 

Poisson's ratio 0.2 0.3 

Dry unit weight (kN/m3) 13.8 22.0 

Friction angle (˚) 24 40 

Cohesion (kN/m2) 10 10 

dilatancy angle (⁰) 0 0 

Rinter 0.67 0.67 

ϒ at which Gs=0.722G0 0.00015 0.0007 

 

Table 5 Material properties of base rock (Ministry of 

Interior and Safety 2017) 

Unit weight (kN/m3) 23 

Elastic modulus (kN/m2) 3,600,000 

Friction angle (˚) 42 

Cohesion (kN/m2) 300 

 
 
HSSMALL model were artificially created and adjusted by 
matching with Korean seismic design criteria (Ministry of 
Interior and Safety 2017). Fig. 4 exhibits the example of 
representative modeling mesh of target system (Case 2) 
used to calculate seismic responses of underground railway 
station in this study. Walls and slabs of the underground 
railway station fabricated with reinforced concrete were 
modeled by 2D plate element, and center columns were 
modeled by node-to-node anchor element with spacing of 5 
m. Primary properties used in each structural model as 
flexural rigidity and axial stiffness were estimated based on 
the material properties summarized in Table 1. Interface 
elements were adopted at the interface between plate and 
soil elements to simulate dynamic interaction effect such as 
stiffness degradation at soil-structure interface under 
earthquake (Rinter=2/3). Separation, overlapping, and 
slippage of the soil and structure were simulated in the  

 
(a) Return period of 500 years 

 
(b) Return period of 1000 years 

 
(c) Return period of 2400 years 

Fig. 5 Time histories of input earthquake motion 

 
 
interface model. Soil and base rock was modeled with 
identical solid element, and interface zone of the soil and 
rock media had no independent interface elements. Viscous 
boundary was applied for the lateral boundary condition of 
the model for proper simulation of energy dissipation. 
Dynamic analysis was then carried out based on two-
dimensional plain strain condition and proceeded following 
steps according to the construction and loading phases: 1) 
static equilibrium of soil media, 2) construction of 
underground railway station and attainment of static 
equilibrium for overall system, and 3) dynamic analysis. 

Input earthquake motion used in this study was 

artificially created based on recorded values from Pohang 

earthquake (M 5.4, Observatory PHA2, NS direction), and 

spectrum amplitude was calibrated by Korean standard 

response spectrum (Ministry of Interior and Safety 2017). 

Three types of input earthquake motion were estimated 

according to the return period (500, 1000, 2400 years), and 

they were input at the bottom level of the model in the form 

of acceleration-time histories. Acceleration-time histories of 

each earthquake motion used in this study is shown in Fig. 

5. 
 

 

3. Results of numerical simulation 
 

Repetitive analysis was carried out for every case shown  
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Table 6 Damage state 

Damage state 
Damage index, M/ Md  

(Argyroudis and Pitilakis 2012) 
Damage index M/My (Park et al. 2016) 

None DI < 1.0 DI < 1.0 

Minor/slight 1.0 < DI < 1.5 1.0 < DI < 1.4 

Moderate 1.5 < DI < 2.5 1.5 < DI < 2.3 

Extensive 2.5 < DI <3.5 2.3 < DI 

  

(a1) Maximum shear force profiles (Vmax = 896.6 kN) (a2) Maximum moment profiles (Mmax = 1299 kN·m) 

 
 

(b1) Maximum shear force profiles (Vmax = 962.4 kN) (b2) Maximum moment profiles (Mmax = 1918 kN·m) 

(b) Case 9 

 
 

(c1) Maximum shear force profiles (Vmax = 939.4 kN) (c2) Maximum moment profiles (Mmax = 1455 kN·m) 

(c) Case 17 

 
 

(d1) Maximum shear force profiles (Vmax = 988.7 kN) (d2) Maximum moment profiles (Mmax = 2112 kN·m) 

(d) Case 20 

Fig. 6 Maximum shear force and bending moment profiles of underground railway station calculated from numerical 

simulation for Representative analysis cases 
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in Table 2, and Fig. 6 demonstrates the representative 

maximum shear force, bending moment, and lateral 

displacement profiles of underground railway station for 

Cases 6, 9, 17, and 20. In these cases, station structure was 

located at identical depth but ground information and input 

earthquake level was different as Table 2 and Fig. 3. Trend 

of seismic response profiles was similar but detailed values 

at each critical location such as both ends of the slabs and 

walls was different because of the analysis condition.  

Maximum seismic responses induced in Case 9 were 

generally larger than those in Case 6. It can be 

demonstrated that difference in soil stiffness caused 

difference in structural seismic responses. Shear wave 

velocity of Case 9 was much lower than that of Case 6, it 

can cause relatively larger site amplification effect in Case 

9. These kinds of phenomenon also observed in Case 17, 

20.  

To investigate seismic ground responses which can 

significantly affect seismic behaviour of the underground 

structure, variation of input acceleration in the ground was 

analysed. Fig. 7 shows acceleration-time histories of the 

model ground according to the depth for Case 27 which has 

S3 soil and largest seismicity level (return period of 2,400 

years). In the figure, acceleration responses were 

significantly varied for each observed location. Input 

earthquake motion with return period of 2400 years was 

properly induced at the bottom of the model as shown in 

Fig. 7(e). Then input motion was substantially amplified in 

rock media, and reached to peak response at the interface of 

soil and rock (Fig. 7(c), 7(d)). Amplified earthquake wave 

was slightly damped when it escape the soil-rock interface 

area, and somewhat re-amplified during approaching to the 

ground surface (Fig. 7(a), 7(b)). However site amplification 

effect in the soil media was somewhat limited. It is not 

typical phenomena because, in general, it is known that site 

amplification effect is dominant in soft soil layer not in rock 

layer. It seemed that this phenomenon occurred due to input 

earthquake characteristics and soil-rock interface effect. The 

Pohang earthquake was applied as input earthquake motion, 

and this earthquake motion was short period earthquake. In 

this kind of earthquake, response amplification can be 

occurred significantly in rock layer rather than in soft soil 

layer because of the frequency based wave characteristics. 

And earthquake wave can be significantly amplified when 

dynamic characteristic of medium is suddenly changed such 

as at the interface of soft soil and rock. This phenomenon 

can be seriously affect seismic responses of underground 

structure especially the target structure is located in rock 

media of at the soil-rock interface. 

Overall, results from the 33 cases were derived, 

analysed by data tables and diagrams, and utilized for the 

damage index analysis for earthquake risk assessment of the 

underground railway station. 
 

 

4. Damage index analysis of underground structure 
 

Earthquake risk assessment was performed by 

comparing measured moment and shear force obtained from 

numerical analysis with yielding moment and allowable 

shear force of underground structure. Damage state of the  

 
(a) Ground surface 

 
(b) Depth of 8.55 m (in soil media) 

 
(c) Soil-rock interface 

 
(d) Depth of 26 m (in rock media) 

 
(e) Bottom of the model 

Fig. 7 Ground acceleration-time history according to the 

depth (Case 27) 
 

 

underground structure could be classified three states as 

minor/slight, moderate, and extensive. Argyroudis and 

Pitilakis (2012) suggested damage index applying failure 

moment (Md) and measuring moment at plastic hinge. In 

addition, damage state using ratio of measuring moment to  
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(a) Damage index for S1 soil 

 
(b) Damage index for S2 soil 

 
(c) Damage index for S3 soil 

 
(d) Damage index for S4 soil 

 
(e) Damage index for S5 soil 

Fig. 8 Damage index analysis results 

 

 

Fig. 9 Damage index for variation of soil class 

 

 

Fig. 10 Damage index for variation of depth of the 

railway station 

 

 

yield moment (My) was developed by Park et al. (2016). 

When the damage state was determined using Md value, 

predicted damage state was significantly conservative 

comparing actual seismic performance. Therefore, in this 

study, My was applied for determining damage state to 

consider performance uncertainty of reinforced concrete 

structure (Park et al. 2016). Damage state from shear force 

was determined using same criteria with yield moment. 

Yield moment and allowable shear force value was referred 

in design document of tunnel structure. The damage states 

of preceded research were summarized in Table 6. 

Base on numerical analysis results, damage index values 

were calculated for each case using damage state of Park et 

al. (2016). Fig. 8 describes the damage index results for 

each soil classification. Underground railway station in S1 

soil (Fig. 8(a)) could be damaged slightly when the 

earthquake with return period of 2,400 years occurred. In 

Case of S2 soil deposit (Fig. 8(b)), case with 6m depth of 

railway station could be damaged slightly as the earthquake 

with return period of 2,400 years occurred. The damage 

index value in case with depth of 6m is higher than that in 

case with depth of 1m. It denotes that the observed moment 

and shear force of deep structure were higher than that of 

shallow structure. In addition, the lower member of 

underground structure was placed at soil-rock layer 

interface in case with depth of 6m, and the structural 

moment from earthquake tends to increase at that location. 

This  p heno menon re f lec ts  inp ut  ear thq uake 

characteristics and soil-rock interface effect presented in 

Fig. 7. In case of S3 soil (Fig. 8(c)), similar trends were also 

observed in S2 soil case. In addition, the moment damage 

index exceeded 1.4 value, it stands for that the damage state 

was moderate. In case of S4 and S5 soils (Fig. 8(d) and  

149



 

Sun Yong Kwon, Mintaek Yoo and Seongwon Hong 

 

 

 

8(e)), damage index of all cases was greater than 1.0 value. 

At least, minor damage could be occurred to the 

underground structure constructed in S4 or S5 soil deposit. 

Especially, the damage index of moment in Case 11 

exceeded 2.3 value, it implies that the extensive damage 

could occur as the earthquake with return period of 2,400 

years occurred. In this case, the location where maximum 

bending moment occurs was at the top left corner of the 

underground railway station. 

Effect of soil class and depth of the railway station was 

explicitly analyzed in Figs. 9 and 10. To investigate effect 

of soil class, Cases 12, 13, 15, 17, and 20 were plotted in 

Fig. 9. For cases 13 and 15, soil class was varied (S2 & S3), 

while other variables were fixed. For cases 17 and 20, soil 

class was varied (S4 & S5), whereas other variables were 

fixed and summarized in Table 2. Case 12 was drawn 

together to show gradual effect of soil class. In Fig. 9, it is 

identified that damage index increases as soil class varies 

from S1 to S5. It signifies that when ground has deep and 

stiff characteristics underground structure is more likely to 

suffer damage than ground has shallow and stiff 

characteristics. On the other hand, increment of damage 

index between S1 and S2, S3, and S4 is less significant than 

that between S2 and S3, S4, and S5. It can be demonstrated 

that stiffness of the ground is relatively more dominant for 

damage index of the underground structure than depth of 

the base rock. To investigate effect of depth of the railway 

station, Cases 17, 18, and 19 were plotted in Fig. 10. In 

these cases, depth of the railway station was only varied 

(11, 25, and 21m), whereas other variables were fixed. In 

Fig. 10, it can be identified that damage index increases as  

 

 

 
depth of the railway structure increases due to the input 
earthquake characteristics and soil-rock interface effect. It is 
similar trend with discussion above. 

In order to evaluate seismic risk of underground railway 
station, risk assessment frame work was constructed based 
on damage index analysis results of bending moment. The 
column is the return period of earthquake denoting the 
hazard intensity. The row is the case number standing for 
site classification and depth of structure. As shown in Fig. 
11, the risk index is more severe with increasing the hazard 
intensity. The risk index is also riskier when site class 
number and depth of underground structure increased. The 
structure in S1 and S2 class ground is mostly safe regardless 
of hazard intensity. In case of S3 class ground, the deep 
structure could suffer moderate damage by bigger hazard 
intensity. The deep structures in S4 class ground have 
possibility suffering moderate damage regardless of hazard 
intensity. The structures in S5 class ground could be 
damaged more than moderate state regardless of depth and 
hazard intensity. 

Fig. 12 shows each damage state according to hazard 

intensity level. In case of return period of 500 years 

earthquake, 7 of 11 cases are safe and minor damage state. 

In addition, only one case could suffer extensive damage 

state by earthquake. However, in case of return period of 

2400 years earthquake, 7 of 11 cases are moderate and 

extensive damage state, and only two cases are safe. It 

implies that underground structures constructed high 

earthquake risk area have potential risk due to earthquake. 

In addition, the structures which required high seismic 

capacity due to seismic design criteria should consider 

earthquake risk. 

 

Fig. 11 Risk assessment framework based on damage index results 

 

Fig. 12 Damage state of structure according to hazard intensity 
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5. Conclusions 
 

Earthquake risk assessment of the railway station 

structure virtually modeled based on OOO Station in Seoul 

was carried out by deriving fragility curve based on 

numerically obtained seismic response of the target system. 

Followings are detailed concluding remarks. 

• Seismic responses of underground railway station 

were calculated by PLAXIS 2D which is two-dimensional 

numerical simulation tool for the 33 analysis cases with 

depth of the base rock, depth of the railway station, and 

class of input earthquake motion. 

• HSSMALL was adopted for soil constitutive model, 

and interface elements was adopted at the interface between 

plate and soil element to simulate dynamic interaction 

effect. Input earthquake motion was artificially created 

based on recorded values from Pohang earthquake. 

• Maximum shear force and bending moment profiles 

were derived from numerical simulation for every case, and 

each data was utilized to obtain damage index. The damage 

index value of deep structure was higher than that of 

shallow structure. This phenomenon occurred due to input 

earthquake characteristics and soil-rock interface effect. In 

addition, cases with lower Vs value shows higher damage 

index than cases with higher Vs value. 

• Based on analysis results, it was concluded that the 

minor and slight damage could occur on the underground 

structure constructed in S1, S2 and S3 soil deposit with 

return period of 1,000 years or 2,400 years earthquakes. 

However, moderate or extensive damage could occur the 

structures constructed in S4 and S5 soil deposit even with 

return period of 500 years earthquake. 

• The risk assessment framework was constructed based 

on damage index analysis results. The risk index is more 

severe when the hazard intensity increases. The risk index is 

also riskier when site class number and depth of 

underground structure increases. 
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