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ABSTRACT 
After the 2011 Fukushima accident, engineers of nuclear 

power plants are looking beyond the basic design requirements 
and ensuring that countermeasures are built in to avert possible 
nuclear accidents. In seismic probabilistic risk assessment 
(SPRA), uncertainties can be classified in two ways as aleatory 
uncertainties or epistemic uncertainties. To improve the 
reliability of SPRA, the difference in seismic response due to 
difference of building modelings related to epistemic 
uncertainty was focused on. Two modeling methods were used 
for a seismic response analysis: a three-dimensional finite-
element model and a conventional sway-rocking stick model. 
Simulated input ground motions related to aleatory uncertainty 
were generated for the input waves. Then, the seismic floor 
response results of the various input ground motions of the two 
modeling methods were quantified. For the uncertainty 
quantification related to the different building modelings, a 
statistical analysis of the floor response results of the nuclear 
reactor building were further performed. Finally, for the 
quantification of the uncertainty in the fragility analysis for 
SPRA, the way to use of these results were discussed. 
 
1. INTRODUCTION 

In seismic probabilistic risk assessment (SPRA), 
uncertainties can be classified into two ways: aleatory 
uncertainties (which involve randomness and cannot be 
reduced) and epistemic uncertainties (which involve the lack of 
knowledge and can be reduced with additional knowledge 
and/or information). To improve the reliability of SPRA, it is 
needed to identify and reduce the epistemic uncertainty, if 
possible, due to the lack of knowledge. However, epistemic 

uncertainty has neither been well recognized and nor properly 
quantified because it is difficult to estimate. In this study, two 
modeling methods related to epistemic uncertainty were used 
for a seismic response analysis: a three-dimensional finite-
element (3D FE) model and a conventional sway-rocking (SR) 
stick model. The input waves were generated to simulate 
various input ground motions related to aleatory uncertainty. 
Then, the floor response results of the different modeling 
methods were observed and statistically studied for the 
quantification of the epistemic uncertainty.  
 
2. ANALYTICAL CONDITIONS 
2.1 Hazard-consistent Ground Motions 

In this study, the 200 waves of hazard-consistent ground 
motions (HCGM) are used for the input waves. (Nishida et al. 
2015). The target site is Oarai, Japan (Latitude: 36.26°N; 
Longitude: 140.55°E), where the target nuclear reactor building 
is located. The target annual exceedance probability of ground 
motions is from 10-4 to 10-5, which corresponds to PGA from 
700 to 1100 cm/s2 at the plant site. This PGA range is divided 
into four intervals of 100 cm/s2 each, and 50 ground motions 
are generated in each interval, producing a total of 200 ground 
motions within this range. Seismic sources generating these 
motions are chosen according to their contributions to the site 
hazard based on a stochastic fault–rupture model, which are 
obtained by the disaggregation of the seismic hazard curve.  

Figure 1 shows examples of response spectra and 
acceleration time history waveforms that are generated from 
different seismic sources. According to Figure 1 (a), it can be 
confirmed that the shape of the response spectra are quite 
different. Also, according to Figure 1 (b), input ground motions  
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(a) Acceleration response spectra (700–800 cm/s2). 

 
(b) Time history waveforms (1000–1100 cm/s2, E–W direction)  

Figure 1. Examples of input ground motions from different sources 
(Nishida et al. 2015) 

 
are of the same hazard level (1000–1100 cm/s2, E–W direction); 
however, the arrival time and duration are diverse. The 
examples demonstrate that the acceleration waveforms have 
advantages over the conventional SPRA, in which the shape of 
the input seismic motion spectrum is assumed to be the same as 
the uniform hazard spectrum or that of the design basis 
earthquake for the plant and the variability of the spectrum is 
not considered. 

 
2.2 Analytical Models and Conditions 

The nuclear reactor building was modeled in two ways: (i) 
as a 3D FE model with shell elements and (ii) as a conventional 
lumped mass with SR springs model (Choi et al. 2017). The 
differences of seismic responses between the two models will 
be quantified. The 3D FE model mainly uses shell elements for 
the walls and slabs, as shown in Figure 2(a). The number of 
nodes is approximately 50,000, and the number of elements is  

 
(a) Three-dimensional finite-element (3D FE) model (shell). 

 
(b) Embedded swaying-rocking (SR) model 

(left: horizontal, right: vertical). 
Figure 2. Overview of the analytical models. 

 

 
(a) Side springs 

 
(b) Bottom springs 

Figure 3. Attachment location of soil springs for the soil–
structure interaction (3D FE model). 
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(a) First mode of 3D FE model 

(0.31 s). 

 
(b) First mode of SR model 

(0.29 s). 

 
(c) Second mode of 3D FE 

model (0.17 s). 

 
(d) Second mode of SR 

model (0.15 s). 
Figure 4. Results of eigenvalue analysis of the reactor building 

models (N–S direction) 
 
approximately 60,000. The soil–structure interaction (SSI) of 
3D FE model is expressed in terms of Winkler type soil springs, 
its attachment location is shown in Figure 3. Seismic response 
analyses using 200 HCGM waves are performed by excitation 
in three directions (horizontal two direction simultaneous input 
and vertical input). The Rayleigh-damping and direct time 
integration methods using the Newmark-β method (β = 1/3 and 
γ = 1/2) are used in the analyses. The integration time interval 
Δt is 0.005 seconds. Bilinear soil damping for the nonlinear SSI 
effects (frequency dependent in the low frequency and constant 
in the high frequency) are used and nonlinear material 
properties of the reactor building and soil are considered.  
 
2.3 Results of Eigenvalue Analysis and Verification of 
the Response Models by Comparison 

To verify the constructed analytical models, an eigenvalue 
analysis was performed. The results obtained from the 3D FE 
and SR models in the N–S direction are shown in Figure 4. 
Based on the results, the natural period of the first mode of the 
building was approximately 0.3 seconds, whereas the second 
mode was approximately 0.17 seconds. The first and second 
natural periods in each model correspond to each other. 
Focusing on the natural mode shape in the 3D FE model, it was 
confirmed that the out-of-plane deformation in the upper part of 
the building could not be expressed using the SR model. Similar 
results were obtained in the E–W direction. 

3. ANALYTICAL RESULTS 
3.1 Response Analyses Results of the Reactor 
Building 

In this paper, we focused on the difference of variations in 
the reactor building responses due to modeling methods. The 
overview of the 3D FE building model and target floors are 
shown in Figure 5. The color indicates thickness of each 
element in meters. The elevations (Tokyo Peil, abbreviated as 
TP) of the three target floors, 1F, B1F and B2F, were 36.7, 29.7 
and 22.7 meters, respectively. For reference, the ground surface 
is TP 35.5 meters. Further, each floor is divided into four zones, 
as shown in Figures 5(b)–5(d). However, it was confirmed that 
the influence by different zone is small, only the result of Zone 
1 will be shown. 

 

 
(a) Overview of the building model. 

 
(b) 1F (TP = 36.7 meters). 

 
(c) B1F (TP = 29.7 meters). 

 
(d) B2F (TP = 22.7 meters). 

 

Figure 5. Overview of 3D FE building model 
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(a) N–S direction. 

  
(b) U–D direction. 

Figure 6. An example of the floor maximum acceleration result  
(1F; 3D FE; 700–800 Gal). 

 
Figure 6 shows an example of the floor maximum 

acceleration results for the first floor. The average of maximum 
acceleration along ΔY for in-plane (N–S direction) and out-of-
plane (U–D direction) for Zone 1 were calculated and expressed 
in the X–axis (E–W direction) are shown in Figures 7.  

Figures 7(a) and 7(b) show the floor maximum 
acceleration responses for the 3D FE model in the N–S and U–
D directions in response to 50 HCGMs of 700–800 Gal in Zone 
1 at TP 36.7 meters (1F). Also Figures 7(c) and 7(d) show the 
floor maximum acceleration response for the embedded SR 
model with same condition. Here, the results of the SR model 
are constant for the same height and are represented by a 
straight line for comparison with the 3D FE model. The median 
and variation (natural logarithm standard deviation) of the 
Figure 7 results are shown in Figures 8 and 9, respectively. 

 
(a) N–S direction (Zone 1, 3D FE model). 

 
(b) U–D direction (Zone 1, 3D FE model). 

 
(c) N–S direction (Embedded SR model). 

 
(d) U–D direction (Embedded SR model). 

Figure 7. Floor maximum acceleration response  
(1F; 700–800 Gal). 
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(a) N–S direction. 

 
(b) U–D direction. 

Figure 8: Comparison of median based on modeling methods 
(1F; Zone 1 (3D FE); 700–800 Gal). 

 

 
(a) N–S direction. 

 
(b) U–D direction. 

Figure 9: Comparison of variation based on modeling methods 
(1F; Zone 1 (3D FE); 700–800 Gal). 

 

According to the median result of the 3D FE model 
obtained in the N–S direction, it is confirmed that the result in 
the central part (X-axis = 20–30 meters) is larger than that at 
either end of the floor. On the other hand, the median result of 
the SR model was smaller than the result of the 3D FE model. 
In addition, in the U–D direction, the response results of the 3D 
FE model at 0, 10, 31 and 49 meters along the X-axis where the 
shear wall exists were small and the maximum values appeared 
at midpoints between each of shear wall locations. Also in the 
U–D direction, the median result of the SR model was also 
smaller than that of the 3D FE model and the difference in 
response by the modeling methods has increased. The reason of 
this difference is estimated that is a three dimensional effect due 
to the opening of the floor or shear wall which cannot be 
expressed by the SR model. 

According to Figure 9, the variation of the 3D FE model in 
the N–S direction was approximately 0.2, which was slightly 
smaller than the corresponding value of the SR model. The 
response ratio of the 3D FE model based on the SR model was 
about 0.9 on average and 0.8 at the maximum. Also, in the U–D 
direction, the maximum variation of the 3D FE model occurred 
around the 5 meters on the X-axis. This was presumed to be due 
to the influence of the opening in the floor shown in Figure 
5(b). Also, the variations in the U–D direction on the shear wall 
position were small. Overall, regardless of the direction, the 
variation of the SR model was larger than that of the 3D FE 
model. The response ratio was about 0.8 on average and 0.6 at 
the maximum. From the above comparison between the 3D FE 
and SR models, it is confirmed that the possibility of the 
reduction of the epistemic uncertainty by using 3D FE model 
for a more realistic response evaluation. 

 
3.2 Comparison Based on Input Level 

We observed the change in the response variation due to 
an increase in the input level. The median and the natural 
logarithm standard deviation of the maximum acceleration 
response at HCGM input levels in the ranges of 700–800, 800–
900, 900–1000, and 1000–1100 Gal are compared in Figure 10 
and 11 respectively. Here, the target floor of the 3D FE model 
was Zone 1 on the first floor (TP 36.7 meters; same as that in 
the previous section). According to the results in the N–S 
direction, the median of the maximum acceleration increased as 
the input level increased. In addition, the increase in response 
tended to be smaller than the increase in input level. It is 
considered to be the influence of nonlinear SSI effects. 
However, the response results were almost within elastic range. 
Also, the results of the SR model showed the similar trend, but 
it was smaller than the result of the 3D FE model. On the other 
hand, there was low correlation between the logarithm standard 
deviation and the input level; the logarithm standard deviation 
was approximately 0.2 or less. The variation of the embedded 
SR model tended to be larger than that of the 3D FE model. 
Also, the results in the U–D direction were similar to those in 
the N–S direction. Therefore, in the following section, only the 
N–S direction responses were statistically analyzed. 
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(a) N–S direction (Zone 1, 3D FE model). 

 
(b) N–S direction (Embedded SR model). 

 
(c) U–D direction (Zone 1, 3D FE model). 

 
(d) U–D direction (Embedded SR model). 

Figure 10: Comparison of medians based on input level (1F). 
 

 
(a) N–S direction (Zone 1, 3D FE model). 

 
(b) N–S direction (Embedded SR model). 

 
(c) U–D direction (Zone 1, 3D FE model). 

 
(d) U–D direction (Embedded SR model). 

Figure 11: Comparison of variation based on input level (1F). 
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(a) N–S direction (Zone 1, 3D FE model). 

 
(b) N–S direction (Embedded SR model). 

Figure 12: Comparison of Median based on floor height 
(700–800 Gal). 

 

 
(a) N–S direction (Zone 1, 3D FE model). 

 
(b) N–S direction (Embedded SR model). 

Figure 13: Comparison of variation based on floor height 
(700–800 Gal). 

 
 

3.3 Comparison Based on Floor Height 
Using the response results by the 200 input waves of the 

previous section, to analyze the response change based on the 
spatial position of the floor, the responses were analyzed as a 
function of the floor height at the same floor zone of the 3D FE 
model (zone 1). The medians and natural logarithmic standard 
deviations for each of these profiles are shown in Figures 12 
and 13, respectively. In Figure 12(a), the median of the 3D FE 
model was the lowest on the basement second floor (B2F; TP = 
22.7 meters), and the maximum variation was approximately 4 
m/s2. In addition, the medians of the B1F and the 1F were larger 
than that of the B2F, and the maximum value was 
approximately 5 m/s2. We confirmed that the height differences 
were small at both ends of the floor but was large in the central 
part. However, in the result of the embedded SR model, the 
median of the B1F was marginally smaller than that of the B2F. 
These results are considered to be related to factors, including 
the thickness of the shear walls and SSI effects. However, 
Figure 13 shows that although the logarithmic standard 
deviation of the 3D FE model was large near the opening at the 
5-m position on the X-axis, the correlation between the 
variation and the floor height was small; the variation remained 
nearly constant at approximately 0.15 or less. In the case of the 
SR model, the variation tended to increase as the floor height 
increased, which was approximately in the range of 0.14–0.18. 
The difference of variation between 3D FE model and the 
embedded SR model was greater on the 1F than on the B2F.  

4. SPATIAL VARIATION ON FLOOR RESPONSE 
SPECTRA OF 3D FE MODEL 

In the case of the conventional embedded SR model, the 
spatial variation of the floor response on the same floor cannot 
be evaluated. In contrast, in the 3D FE model, the responses in 
various places on the same floor can be evaluated. We focused 
on the floor response spectrum in the 3D FE model and 
evaluated its spatial variation. Figure 14 shows the output 
positions on the first floor. As an example, one HCGM wave of 
700–800 Gal was used as the input ground motion.  

 

 
Figure 14. Response output positions (1F). 
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(a) N–S direction. 

 
(b) U–D direction. 

Figure 15. Spatial variation on floor response spectra (3D FE) 
(h = 5%; 1F, 700–800 Gal). 

 

 
(a) Median. 

 
(b) Natural logarithmic standard deviation. 

Figure 16. Stochastic result of floor response spectra (3D FE) 
(h = 5%; 1F, 700–800 Gal). 

Figure 15 shows the spatial variations of the floor 
acceleration response spectra (h = 5 %) for each direction in 
various places on the first floor. Statistical analysis is performed 
on the response results in Figure 15, and the median and the 
natural logarithm standard deviation are shown in Figure 16. 
According to Figure 16(a), it can be confirmed that the median 
of the floor response due to the difference in position on the 
same floor tends to be larger in the U–D direction than in the 
N–S direction nearby the natural period of the building. Also, 
Figure 16(b) shows that the natural logarithmic standard 
deviation in the U–D direction tended to be larger than that in 
the N–S direction. In particular, a large variation was observed 
at periods shorter than 0.1 seconds, which is expected to have a 
large influence on equipment. 

5. CONCLUSIONS 
In this study, we performed a seismic response analysis for 

the 3D FE model and the conventional embedded SR model for 
the nuclear building using 200 HCGM waves as the input. We 
investigated the variation of the maximum acceleration response 
and floor response spectra of the nuclear building to estimate 
the uncertainty related to the different modeling methods. We 
obtained the following results: 
・Differences in responses were confirmed due to modeling 
methods. In the case of the 3D FE model, in the N–S direction, 
the maximum acceleration response at the center part of the 
floor tended to be larger, whereas in the U–D direction, the 
influence of the shear wall remarkably appeared: the maximum 
median values at the shear wall were small and corresponding 
values at midpoints between each of shear wall were large. On 
the other hand, the median result of the embedded SR model 
tended to be smaller compared to the 3D FE model. In addition, 
the variation of the SR model was larger than that of the 3D FE 
model. In the N–S direction, the response ratio of the variation 
of the 3D FE model based on the SR model was about 0.9 on 
average and 0.8 at the maximum.  
・In the comparison based on the floor height, the response 
which cannot be expressed in the embedded SR model could be 
represented by 3D FE model. For example, the difference of 
median in height was small at either end of the floor, but that in 
the central part was large. The variation of the 3D FE model 
was large near the opening. 
・Using the 3D FE model, the spatial variation of the floor 
response spectra on the same floor were investigated. The 
variation in U–D direction tended to be larger than that in the 
N–S direction. In particular, a large variation was observed at 
periods shorter than 0.1 seconds, which is expected to have a 
large influence on equipment. 

In the future studies, we propose to further examine the 
differences in modeling methods and the variation indices 
arising from periods of the input ground motions. Also, a 
method to reflect the three-dimensional effect obtained in this 
study into the fragility assessment will be examined. This will 
help us to obtain a more realistic response evaluation in the 
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SPRA for nuclear reactor buildings. 
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