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ABSTRACT 
 

In this study, a series of dynamic numerical analysis was conducted for deep 
underground structures for various conditions. Dynamic numerical analysis model was 
developed based on the PLAXIS2D and calibrated with centrifuge test data from Kim et 
al (2016). The hardening soil model with small strain stiffness (HSSMALL) was adopted 
for soil constitutive model, and interface elements was employed at the interface between 
plate and soil element to simulate dynamic interaction effect. In addition, parametric study 
for fixed condition and embedded depth were conducted. Finally, the dynamic behavior 
of underground building structure was evaluated. 
 
 
1. INTRODUCTION 

 
Deep underground structure is significant infrastructure in urban zone and extensively 

utilized as complex chopping malls, building, and even skyscrapers. In Republic of Korea, 
a number of buildings have had deep underground structures installed and used as 
commercial facilities and parking lots to overcome shortage of land space. Korean 
society experienced successive earthquakes of a magnitude exceeding 5.0 in five years 
and Gyeong-ju earthquake (M5.7, 2016) was the largest earthquake ever recorded in 
Republic of Korea. These events have caused great concerns for earthquake stability of 
major facilities in downtown area, and seismic design criteria for many facilities have 
been revised and significance of appropriate design approach for underground structure 
is strengthened. 

 
For seismic design, the ground floor is assumed to behave similar with the ground, and 

the ground factor for ground surface is applied to design the superstructure. However, 
the deep underground structure such as deep basement parking lot is not included in the 
structural analysis and design for earthquake. In addition, the amplification of the 
structure response due to the ground is reduced by the underground structure assumed 
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to be a rigid body without mass (ASCE, 2000; FEMA 440, 2004; Elsabee and Morray, 
1977). However, the motion of the ground, which is a semi-infinite body and actually has 
mass, could affect the response of the deep underground building structure by occurring 
an inertial force to structure. In addition, the nonlinear boundary condition between the 
ground and structure should be considered. In spite of these conditions, there are few 
numerical and experimental results on the interaction between the ground and the 
underground structure. 

 
In this study, a series of dynamic numerical analysis was conducted for deep 

underground structures for various conditions. Dynamic numerical analysis model was 
established by using the PLAXIS2D and calibrated based on centrifuge test data from 
Kim et al (2016). Primary parameters including embedded depth, embedded condition, 
and applied seismicity level were varied and employed for analysis with 8 cases. Each 
analysis case was set to reflect revised Korean seismic design criteria (Ministry of Interior 
and Safety, 2017).  
 
2. NUMERICAL MODELING METHOD AND CONDITION 
 

In this study, seismic responses of deep underground building structure were 
calculated by PLAXIS2D, which is two-dimensional numerical simulation tools. The 
numerical model system was simulated based on centrifuge tests from Kim et al (2016) 
and the analysis results was compared with centrifuge test data for verifying analysis 
model. 

 
The centrifuge tests were conducted at a centrifugal acceleration of 20g, and the 

schematic view of the target system is depicted in Fig. 1. The Northridge earthquake with 
acceleration of 0.16g was applied to the deep underground building system and shear 
wave velocity of ground is 194m/s. 

 

 
Fig. 1. Schematic drawing of test section (unit: mm) (Kim et al, 2006) 

 
Figure 2 shows the primary test results of the centrifuge tests. The maximum 

displacement of fixed basement was 5.31mm, which is smaller than ground surface 
displacement of 4.45mm. The measured displacement of ground surface and 
underground was in-phase, and the maximum displacement of fixed underground 
structure without soil was 2.78mm, which is smaller than that with soil. This kind of 
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phenomenon implies that the kinematic force by soil was applied to underground 
structure as external force. On the other hands, the maximum displacement of half-
embedded basement was very similar with that of ground surface. It signifies that the soil 
and structure behave simultaneously.  

 

Fig. 2. Time history response of centrifuge tests (Kim et al, 2006) 
 

In this study, seismic responses of deep underground building structure observed in 
centrifuge model tests were calculated by PLAXIS2D. Schematic view of the target 
system is depicted in Fig. 3. To simulate fixed base condition, bottom section of the soil 
layer was modeled as rock base condition (green section). Soil and structure model was 
modeled with prototype scale, and every result obtained from numerical analysis was 
described with prototype scale as well. Hardening soil model with small strain stiffness 
(HSSMALL) was adopted for soil constitutive model. This criterion can consider stress 
dependency of soil shear modulus and hysteretic damping which can simulate 
nonlinearity of shear modulus and damping ratio as increase of shear strain was applied. 
Deep underground building structure was modelled with elastic model and plate element 
was applied for every part of the structure model. Interface elements was adopted at the 
interface between plate and soil element to simulate dynamic interaction effect such as 
stiffness degradation at soil-structure interface under earthquake. Dynamic analysis was 
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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 building structure and attainment of static equilibrium for 
overall system, and 3) dynamic analysis.  

 

 

 

(a) Fixed basement with soil (b) Half-embedded with soil 
 

Fig. 3. Schematic view of the target system (calibration case) 

 
Material properties of the model soil and deep underground building structure are 

presented in Table 1. To verify reliability of the numerical model used in this study, 
calibration of the numerical model with representative experimental results was carried 
out. For calibration of the numerical model, experimental results of case with Northridge 
earthquake (input PGA=0.16g), soil depth of 12m in 20gc (see Fig. 3) was used. Table 
2 shows the representative maximum seismic responses calculated from numerical 
model. Fig. 4 depicts representative time histories obtained in calibration process. The 
maximum acceleration and relative displacement calculated by numerical model well 
matched with those observed from centrifuge model tests.  

 
Table 1. Input properties of model soil and structure 

Void ratio 0.5 EI of structure (MPa) 200 

Poisson’s ratio 0.3 EA of structure (MPa) 12,000 

Dry density(kN/m3) 20 Unit weight of structure(kN/m3) 25 

Friction angle(˚) 30 Cohesion(kN/m2) 5 

 
Table 2. Representative maximum seismic responses calculated from numerical model 

 Fixed basement Half-embedded basement 

Maximum acceleration in 
far-field ground 

0.36g 0.28g 

Maximum acceleration in 
structure 

0.33g 0.25g 

Maximum relative 
displacement in far-field 

0.0054m 0.0060m 
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ground 

Maximum relative 
displacement in structure 

0.0047m 0.0053m 

 
 

  

(a) Fixed basement with soil (b) Half-embedded with soil 
 

Fig. 4. Time history response of numerical model (calculated acceleration) 

 
 
3. PARAMETRIC STUDY USING NUMERICAL MODEL 
 

Based on the calibration of numerical model, parametric study was performed based 
on various analysis conditions. Eight analysis cases were constituted with structure 
embedded depth, thickness of the soil layer, class of input earthquake motion, and 
summarized in Table 3. Input earthquake motion used in this study was Northridge 
earthquake, two types of input earthquake motion were estimated for parametric study 
according to the return period (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. 
 
Table 3. List of the analysis cases 
 

Case number 
Thickness of 
the soil layer 

Structure 
embedded depth 

Return period of input motion 

1 

12 

12 
1000 

2 2400 

3 
6 

1000 

4 2400 

5 

18 

18 
1000 

6 2400 

7 
9 

1000 

8 2400 
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(b) Return period of 1000 years 

 

(c) Return period of 2400 years 

Fig. 5. Time histories of input earthquake motion (Northridge earthquake) 
 

Figure 6 shows results of parametric study calculated by numerical model for 
representative cases. Table 4 shows maximum seismic responses for every analysis 
case. The maximum acceleration and relative displacement obtained both from far-
field ground and structure (top section near ground surface) generally increased with 
thickness of the soil layer increased, as exhibited in Fig. 7. It can be demonstrated that 
site amplification phenomena occurred more in model with thicker soil layer than 
thinner soil layer.  
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(a) Case No.2 (b) Case No.6 

  

(c) Case No.7 (d) Case No.8 
 

Figure 6. Relative displacement-time history response of top section of the structure 

 

  

(a) Case No.2 (b) Case No.6 

  

(c) Case No.7 (d) Case No.8 
 

Fig. 7. Acceleration-time history response of far-field ground and structure 

 
 
 
Table 4. Maximum seismic responses for every analysis case 

Case number ACCmax,far-field ACCmax,str. Dismax,far-field Dismax,str. 
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1 0.360g 0.330g 0.0054m 0.0047m 

2 0.451g 0.446g 0.0096m 0.0065m 

3 0.280g 0.250g 0.0060m 0.0053m 

4 0.424g 0.332g 0.0116m 0.0068m 

5 0.370g 0.312g 0.0127m 0.0055m 

6 0.464g 0.420g 0.0191m 0.0120m 

7 0.359g 0.308g 0.0099m 0.0055m 

8 0.454g 0.400g 0.0153m 0.009m 

 
4. Discussion 

 
The displacement value obtained from numerical analysis at ground surface and 

underground structure was analyzed. Fig. 8 demonstrates the maximum displacement 
of underground structure and ground surface with fixed structure case. The displacement 
of underground structure is smaller than ground displacement due to stiffness difference. 
Comparing the cases of different structural depth, the ground displacement increases 
almost twice while structural displacement increases less rapidly. Because the structure 
stiffness was sufficiently large, the structure displacement did not increase as much as 
the ground displacement. 

 

 
(a) Depth of underground structure = 12m        (b) Depth of underground structure = 18m 

Fig. 8. Obtained displacement at ground surface and underground structure (fixed 
structure case) 

 
Figure 9 presents the maximum displacement of underground structure and ground 

surface with half embedded structure case. The displacement of underground structure 
is similar with that of fixed structure cases. It denotes that the kinematic force by ground 
movement is dominant factor for embedded underground structures.  
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(a) Depth of underground structure = 3m        (b) Depth of underground structure = 6m 

Fig. 9. Obtained displacement at ground surface and underground structure (half 
embedded structure case) 

 
The dynamic centrifuge tests were performed in dry dense sand condition. Therefore, 

the amplification of seismic loading and ground movement is very small. The numerical 
analysis model also shows significantly small movement. In these cases, the structure 
and soil behave with in-phase. Therefore, the further study for evaluating underground 
structure in soft ground condition which could occur large ground displacement such as 
liquefiable ground, should be conducted. 

 

5. CONCLUSIONS 
 
A series of dynamic numerical analysis conducted to evaluate seismic behaviors of deep 
underground building structures. Following detailed conclusions are drawn.  
 

1) Seismic responses of deep underground building structure were calculated by 
PLAXIS2D, which is two-dimensional numerical simulation tools. The numerical model 
system was simulated based on centrifuge tests from Kim et al (2016). In addition, the 
analysis results were compared with centrifuge test data for verifying analysis model. 
 
 
2) HSSMALL was adopted for soil constitutive model, and interface elements was 
adopted between plate and soil elements to simulate dynamic interaction effect. 
Moreover, parametric studies for fixed condition and embedded depth were conducted. 
 
3) The dynamic centrifuge tests were performed in dry dense sand condition. Therefore, 
the amplification of seismic loading and ground movement is very small. The numerical 
analysis model also shows significantly small movement. In these cases, the structure 
and soil behave with in-phase. 
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