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ABSTRACT 
Research and development of three-dimensional vibration 

simulation technologies for nuclear facilities is one mission of 

the Center for Computational Science and e-Systems of the 

Japan Atomic Energy Agency (JAEA). A seismic intensity of 

upper 5 was observed in the area of High-Temperature 

Engineering Test Reactor (HTTR) at the Oarai Research and 

Development Center of JAEA during the 2011 Tohoku 

earthquake. In this paper, we report a seismic response analysis 

of this earthquake using three-dimensional models of the HTTR 

building. We performed a parametric study by using uncertainty 

parameters. Furthermore, we examined the variation in the 

response result for the uncertainty parameters to create a valid 

3D finite element model. 

 

1. INTRODUCTION 
The sway rocking (SR) model, which is a simple structural 

evaluation model, and the three-dimensional (3D) finite element 

(FE) model, which is used for detailed analysis, are the two 

most commonly used models in seismic response analysis for 

nuclear reactor buildings. The SR model is usually used in 

seismic design because of its simplicity and the reasonable 

accuracy of the analysis. The 3D FE model evolved with recent 

improvements in computational performance (Hijikata, 2011; 

Nakamura, 2008). Because the 3D FE model provides more 

detailed seismic response analysis, it is used for verifying the 

results of the SR model. In particular, it is necessary to evaluate 

the wave input to internal equipment at various locations, and 

the detailed 3D FE model is suitable for this purpose. However, 

the analytical results obtained using the 3D FE model are very 

sensitive to the input parameters, such as the connection 

conditions for soil-structure interaction, the soil properties, and 

so on. Because the parameter setting of the 3D FE model 

depends on the experience of the analysts and no clear criteria 

have been established yet, it is difficult to determine the 

reliability criterion of the analysis results. 

The aim of this study was to improve the reliability of 

results from 3D FE seismic response analysis of nuclear reactor 

buildings. We performed a parametric study of some uncertainty 

parameters. The target structure was the High-Temperature 

Engineering Test Reactor (HTTR) of the Japan Atomic Energy 

Agency, and the seismic wave corresponding to the main shock 

of the 2011 Tohoku earthquake was used as the input wave 

(Nishida, 2015; Iigaki, 2014). First, we performed a seismic 

response analysis by using a basic 3D FE model. To confirm the 

validity of the 3D FE model, we compared the analytical results 

of the 3D FE model with the observation records. Next, we 

performed a parametric study using some uncertainty 

parameters. Finally, we examined the variation in the response 

result for the uncertainty parameters to create a valid 3D FE 

model. 

2. OVERVIEW OF ANALYSIS MODELS 
The analysis model is the 3D FE model of the HTTR 

building. The same model was used for validating the results 

obtained by the conventional embedded SR model. An example 

of the 3D FE model and the embedded SR model of the HTTR 

building are shown in Figs. 1 and 2, respectively. The major 

natural periods of the 3D FE and embedded SR model are  
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Fig. 1 3D FE model of HTTR building (Nishida, 2015) 

 
Fig. 2 Embedded SR model (Nishida, 2015) 

 

Table. 1 Natural periods of 3D FE and embedded SR model 

 Mode 

North-south (NS) East-west (EW) 

Frequency 

(Hz) 

Period 

(sec) 

Frequency 

(Hz) 

Period 

(sec) 

Embedded 

SR 

1 3.43 0.29 3.41 0.29 

2 6.51 0.15 6.63 0.15 

3D FE 
1 3.94 0.25 3.93 0.25 

2 5.73 0.17 5.70 0.18 

 

shown in Table. 1. The both results of natural periods in North-

South (NS) and East-West (EW) are well matched. The first 

period of the 3D FE model are smaller than that of the 

embedded SR model. The positions of the seismographs 

installed in the HTTR are shown in Fig. 3. 

The main shock record observed during the 2011 Tohoku 

earthquake was used as the input ground motion, and seismic 

response analysis was performed to validate the results by 

comparing the analysis results with the observation record. 

Next, we conducted a parametric study including the connection 

conditions for the soil-structure interaction (SSI) effect, the soil 

properties, the reference positions (positions at which analysis 

results are expected to match the observation records), and the 

 
(a) Vertical section of the reactor building 

 
(b) Plan of the reactor building 

 
(c) Arrangement under the ground 

Fig. 3 Installation positions of seismographs 

 

element type and boundary conditions of the ground model. 

3. PARAMETRIC STUDY 
Parametric study’s results are shown in this chapter. 

Analyses were performed for the input waves of three 

directions, NS, EW, and UD (Up-Down), but we used the 

results of only the EW direction for comparison. 

 

3.1 Connection Conditions for the SSI Effect 
We tried to change the boundary conditions between the 

soil and the building, because the stiffness of surrounding soil 

of the building is lower for the reason of backfilled soil. To 

consider the connection conditions for the SSI effect, the 

following four parametric cases were examined. The 

characteristics of each model are shown in Fig. 4. 

(a) Case 2: Rigidly connected.  

(b) Case 3: Rigidly connected in only the vertical direction for 

walls. 
(c) Case 4: EW direction: rigidly connected; NS direction: 

rigidly connected in only the vertical direction for walls. 

(d) Case 5: Free for walls shallower than ground level (G.L.) -

3.3 m; rigidly connected for walls deeper than G.L. -3.3 m.  

Fig. 5 (a) shows the acceleration response spectrum in the 

EW direction at observation point UT08 on the second floor. 
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Fig. 5 (b) shows the response ratio based on the observation 

records. The peak observation records appeared in near 0.3 s 

and 0.2 s periods, which are estimated to correspond to the 

natural periods (Table. 1), and also appeared in 0.1 s periods. 

Overall response results are consistent with the observation 

records, but the variation was large between 0.2 and 0.3 s 

periods and near 0.1 s periods. For the rigidly connected case 2 

results, a large response appeared at approximately 0.07 s 

periods, and the response at 0.1 s was smaller than that in the 

observation records. The results for case 3 showed that the peak 

value in 0.2 s periods was closer to the observation records, 

although the response value at 0.1 s periods was still smaller 

than that in the observation records. The results for case 4 show 

that the response at 0.2 s periods was small, although it 

reproduced the observation records. In case 5, response results 

matched the observation records better than in case 2. Because 

the rigidity between the soil and the building was reduced, the 

peak response at 0.07 s periods moved to longer periods. In the 

longer period than 0.4 s, only forced vibration component 

appeared. In these periods, the results of embedded SR model 

and 3D FE model fitted well with the observation records. 

 

3.2 Soil Properties 
Because soil properties has non-linear characteristic, the 

soil properties are affected by the seismic waves and 

construction conditions, which were used for the calculation in 

general. To investigate the soil properties, the following four 

parametric cases were examined. The characteristics of each 

model are shown in Fig. 6. 

(a) Case 6: Using analytical results from the main shock of the 

earthquake on January 26, 2012.  

(b) Case 7: Re-examination of the analysis results of the main 

shock of the earthquake on March 11, 2011.  

(c) Case 8: Re-examination of the analysis results of the main 

shock of the earthquake on March 11, 2011, considering man-

made rock (MMR). 
(d) Case 9: Re-examination of the analysis results of the main 

shock of the earthquake on March 11, 2011, considering MMR, 

modifying the damping ratio of the Ishizaki layer. 

The parametric study results for soil properties (EW 

direction, UT08) are shown in Fig. 7. Overall response results 

are consistent with the observation records, but the variation 

was large between 0.2 and 0.3 s periods. The results of case 6 

show that the peak response value at 0.2 s periods was smaller 

than that in the observation records. To improve the 

reproducibility of the observation records, we reduced the shear 

wave velocity (Vs) for the building backfill soil and the soil-

damping ratio. As a result, the peak response at 0.2 s periods 

matched the observations recorded, although they did not fit the 

0.1 s periods. In case 8, we added the MMR to the ground 

surrounding the building; however, this decreased the 

consistency. In case 9, we reduced the damping ratio of the 

Ishizaki layer just below the building. As a result, the response 

of 0.07 s periods became very large.  

   
(a) Case 2 (b) Case 3 

  
(c) Case 4 (d) Case 5 

Fig. 4 Connection conditions for SSI effect 

(soil properties: Case 6, reference position: UT09) 

 

 
(a) Acceleration response 

 
(b) Response ratio 

Fig. 5 Comparison of observation records and analytical results 

(connection conditions for the SSI effect, EW direction, @UT08) 

 



 4 Copyright © 2016 by ASME 

  
(a) Case 6 (b) Case 7 

  
(c) Case 8 (d) Case 9 

Fig. 6 Soil properties 

(connection conditions for SSI effect: Case 5,  

reference position: UT09) 

 

 
(a) Acceleration response 

 
(b) Response ratio 

Fig. 7 Comparison of observation records and analytical results 

(soil properties, EW direction, @UT08) 

  

3.3 Reference Position 
In the method of generating the input ground motion of 

seismic response analysis, there is a method of obtaining the 

input seismic wave by matching the observation records and 

analysis results at the reference position. To examine the effect 

of the reference position, the following six parametric study 

cases were performed. The reference positions are shown in 

Fig. 8. 

(a) Case 9-UT12: In the ground at a distant position.  

(b) Case 9-UT12UD: In the ground at a distant position, 

modified. 

(c) Case 9-UT14: In the ground close to the building. 

(d) Case 9-UT14UD: In the ground close to the building, 

modified. 

(e) Case 9-UT09: On the lowest floor of the inner concrete. 

(f) Case 9-UT02-AVE: On the basemat. 

The parametric study results for the soil properties (EW 

direction, UT08) are shown in Fig. 9. The results for the 

reference position at the UT12 or UT14, which is in the ground 

out of the building, the difference between the observation 

records appeared in the long-period components. It was also 

confirmed that the peak response at 0.07 s periods (Case 9-

UT09) was disappeared by changing the reference position to 

UT02 (Case 9-UT02-AVE). The cause was considered 

numerical errors due to the reference positions. Finally, Case 9-

UT02-AVE show the best consistency with the response results 

and observation records.  

 

3.4 Element Type and Boundary Conditions of the 

Ground Model 
To investigate the effect of the element type of the ground 

model, the following three parametric study cases were 

performed. We set free in the horizontal direction for the 

boundary conditions of the ground model. 

(a) Tetrahedral element (four-noded). 

(b) Tetrahedral element (10-noded). 

(c) Pentahedral element. 

Next, to examine the effect of the boundary condition of 

the ground model, we set the element type as pentahedral, and 

the following five parametric study cases were carried out. 

(a) Free in the horizontal direction. 
(b) Periodic boundary. 

(c) Modified periodic boundary (concentrated mass). 

(d) Modified periodic boundary (distributed mass). 

(e) Modified periodic boundary (averaged mass). 

The cross-sectional view of the response results for the 

element type of the ground model is shown in Fig. 10. The non-

uniformity in the height direction that appears in the four-noded 

tetrahedrons was improved by the 10-noded tetrahedral 

elements and by the pentahedral elements.  

The parametric study results for the boundary conditions of the 

ground model are compared in Fig. 11. The results in Fig. 11 (a) 

in the height direction were uniform for free boundary  
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Fig. 8 Reference positions 

(connection conditions for SSI effect: Case 5,  

soil properties: Case 9) 

 

 
(a) Acceleration response 

 
(b) Response ratio 

Fig. 9 Comparison of observation records and analytical results  

(reference position, EW direction, @UT08) 

 
conditions in the horizontal direction. However, for the periodic 

boundary conditions, the results in the height direction were 

non-uniform (Fig. 11 (b)). We modified the mass matrix of the 

periodic boundary to obtain uniform response results in the 

height direction. Changing the mass matrix to the concentrated 

mass and the distributed mass system improved the results 

uniformly (Figs. 11 (c) and 11 (d)). Finally, by using the 

average of the concentrated mass system and the distributed 

mass system, we obtained results equivalent to the system free 

in the horizontal direction. 

 

  
(a) Tetrahedral (four-noded) (b) Tetrahedral (10-noded) 

 

 

(c) Pentahedral  

Fig. 10 Comparison of parametric study results for the element 

type of the ground model (free in the horizontal direction) 

 

  
(a) Free in the horizontal 

direction 

(b) Periodic boundary 

  
(c) Modify periodic boundary 

(concentrated mass) 

(d) Modify periodic boundary 

(distributed mass) 

 

 

(e) Modify periodic boundary 

(averaged mass) 

 

Fig. 11 Comparison of parametric study results for the boundary 

conditions of the ground model (pentahedral element). 
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4. VARIATION IN THE RESPONSE RESULT 
By using the acceleration response spectrum results from 

the parametric studies, an example of the response ratio and the 

variation for each floor were obtained based on the observation 

records arising from the connection conditions for SSI effect 

(Fig. 12). Similarly, the variations of the soil properties and the 

reference positions for each floor were obtained (Figs. 13 and 

14). The parametric study result of element type and boundary 

conditions of ground model is not used in the sensitivity 

analysis, because it was difficult to quantify.  

First, in each of the parameters, it was confirmed that the 

variation was different by the periods. In particular, it was found 

that the variation increases near the natural period (around 0.2 

to 0.3). According to Fig. 12, variations on the UT02 was small, 

it became larger in the upper part, and it was the largest on the 

UT08. In addition, extreme value appeared in the period 0.25, 

0.15, 0.1 and 0.07 s. Similarly, in Fig. 13, the variation on the 

UT02 was small, the variation on the UT08 was large. In 

particular, variation at 0.1 s periods was remarkable. The cause 

was a numerical error by the reference positions. On the other 

hands, in the Fig. 14, the variation caused by the reference 

positions was large in all the periodic region, including beyond 

the 0.4 s periods. It was found that there was no change between 

the variation due to the reference position in the underground 

part and the upper part.  

In order to carry out the sensitivity evaluation of the 

response, a comparison of the variations among the parameters 

is shown in Fig. 15. Fig. 15a shows the average value of the 

first mode (period: 0.25s) on the same floor; the variation 

tended to be higher in the upper part of the building for the soil 

properties and connection conditions for the SSI effect, but the 

variation caused by reference positions were not changed. This 

is due to the change of input seismic wave. The maximum value 

of the variation was approximately 0.3 near the natural period at 

the second floor due to the connection conditions for the SSI 

effect. In addition, the variation caused by the connection 

conditions for the SSI effect sharply increased in the height 

direction. On the other hands, Fig. 15 (b) shows the average 

value of the second mode (period: 0.18s) on the same floor. The 

variations due to the reference position were smaller than the 

first mode, and the variation due to the soil properties and 

connection conditions for the SSI effect on the second floor and 

first floor were significantly decrease than the first mode. This 

is presumed that the influence of the natural mode shapes.  

If the reference position is fixed to a particular point (here, 

on the basemat), the average variation of the first mode 

(dominant period) due to the connection condition for SSI 

effect was about two times larger than the variation due to soil 

properties. This means that the sensitivity of the connection 

condition for SSI effect is about two times higher than the 

sensitivity of the soil properties in the first mode. 

 

UT08 

(2F) 

:8.2m 

  

UT07 

(1F) 

:0.2m 

  

UT05 

(B1F) 

:-6.8m 

  

UT02 

(B3F) 

:-24m 

  
 (a) Response ratio (b) Variation 

Fig. 12 Variation examples caused by the connection conditions 

for the SSI effect 

 

UT08 

(2F) 

:8.2m 

  

UT07 

(1F) 

:0.2m 

  

UT05 

(B1F) 

:-6.8m 

  

UT02 

(B3F) 

:-24m 

  
 (a) Response ratio (b) Variation 

Fig. 13 Variations examples caused by the soil properties 
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UT08 

(2F) 

:8.2m 

  

UT07 

(1F) 

:0.2m 

  

UT05 

(B1F) 

:-6.8m 

  

UT02 

(B3F) 

:-24m 

  
 (a) Response Ratio (b) Variation 

Fig. 14 Variation examples caused by the Reference Positions 

 

  
(a) Average of first mode  

(period: 0.25s) 

(b) Average of second mode  

(period: 0.18s) 

Fig. 15 Comparison of the variations of each parameters 

 

5. CONCLUSIONS 
A parametric study of some uncertainty parameters 

(connection conditions for the SSI effect, soil properties, and 

reference positions) was performed by using a 3D FE model of 

the HTTR building, and we obtained the following results.  

・The results of analysis for a 3D FE model and an embedded 

SR model were compared with the observation records. The 3D 

FE model showed better reproducibility of the observation 

records than the embedded SR model did. 

・The variation was significantly different by the period. In 

particular, it was confirmed that the variation increases near the 

natural periods.  

・The variation due to the connection condition for SSI effect 

and the soil properties tended to be higher in the upper part of 

the building, its maximum value was approximately 0.3 near the 

natural periods.  

・The sensitivity analysis results showed the variation of the 

average of the first mode and the second mode were 

summarized. In the first mode, if the reference position is fixed 

on the basemat, the sensitivity of the connection condition for 

SSI effect is about two times higher than the sensitivity of the 

soil properties. 

Predicting the seismic behavior of actual structures is 

important for post-earthquake safety assessment. In future work, 

we will perform seismic response simulations for a large 

number of seismic events, and work toward a standard analysis 

model for considering the variation. 
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