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INTRODUCTION 
 

Since the 1980s, the United States has been using a uniform hazard spectrum for the design and 
qualification of Nuclear Power Plant equipment. However, in South Korea, design spectra based on 
R.G. 1.60 are still being used for design and qualification. Continuous studies on the uniform hazard 
spectrum in South Korea have been carried out since the 1990s. It was confirmed that the response 
spectra of large earthquakes in South Korea are similar to the uniform hazard spectra, especially 
following the earthquakes in 2006 and 2007. 

In South Korea, test response spectra from seismic qualification tests are typically used for the 
fragility analysis of most nuclear power plant equipment, rather than those from fragility tests. This is 
because fragility tests are not a requirement for the qualification test. Therefore, the results of these 
fragility analyses may be conservative. Furthermore, it may be practical to perform fragility analysis 
using the required response spectra from the uniform hazard spectra instead of relying on design 
response spectra based on R.G. 1.60. 

In the study, fragility analysis is conducted for a Motor Control Center. This selection was made 
considering with the existing fragility results of primary safety-related electrical devices and the 
performance limits of the shaking table used for the fragility test. The analysis was performed with 
design response spectra and uniform hazard spectra, respectively. The maximum test response spectra 
obtained from fragility tests, which do not exhibit functional or structural malfunction, are employed in 
this analysis. 
 
SELECTION OF TEST EQUIPMENT 
 

In South Korea, safety-related electrical devices for nuclear power plants with low High 
Confidence Low Probability of Failure (HCLPF) are commonly located in various areas within the 
auxiliary building. To perform fragility tests on these devices, a shaking table with high acceleration 
exceeding 3 g and a minimum installation area of over 4 m2 are necessary. However, due to the 
limitation that only a limited number of bays can be tested on a shaking table, Motor Control Center 
(MCC) was selected for the fragility test among several equipment options listed in Table 1. 

 
Table 1: Primary safety-related electrical devices of N.P.P. 

No. Equipment Location 
Resonance Frequency 

(Hz) 
Failure mode 

HCLPF 
(g) 

1 Battery Charger PAB 100’-6” 11.5 
Functional 0.41 
Structural 0.52 

2 Inverter PAB 100’-6” 13.8 
Functional 0.49 
Structural S/O 

3 Motor Control Center PAB 100’-6” 8 
Functional 0.57 
Structural S/O 

4 4.16kV Switchgear PAB 100’-6” 6 
Functional 0.48 
Structural 0.68 

5 480V Load Center PAB 100’-6” 5.5 
Functional 0.54 
Structural S/O 
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Table 2: Test specimen characteristics 
No. Equipment Weight (kg) 

Including test jig 
Number of 
test panel 

Number of panels 
on a field 

Remark 

1 Motor Control Center 1 934 3 About 10  
 

The characteristics of the MCC for the fragility tests are shown in Table 2. MCC is normally 
installed about 10 bays side by side in a field, only 2 bays are installed on the shaking table due to 
limitation of installation area. Although this number of bays is smaller than a number of bays for normal 
qualification tests, it was assumed that the number of bays could not large effect to the test results. 

 
SEISMIC FRAGILITY TEST 
 

The fragility test method in IEEE 344 is typically employed for fragility testing. In this method, 
the seismic load is incrementally increased by 20% of the SSE (Safe Shutdown Earthquake) level at 
each step until functional or structural malfunctions are observed. In South Korea, the increment for 
each step-in fragility testing using IEEE 344 is about 0.05 g, which aligns with the peak ground 
acceleration range of 0.2 g to 0.3 g used in nuclear power plant design. In such cases, there is a 
possibility that the limit state of the specimen may be underestimated due to the cumulative damage 
resulting from these small incremental increases. Therefore, in this study, we applied the HCLPF (High 
Confidence Low Probability of Failure) level, previously determined in a fragility analysis, to the 
subsequent SSE level test in the fragility testing process. If no abnormalities were observed at the 
HCLPF level, we then applied the fragility level at 10%, which had been determined in a previous 
fragility analysis, to the next step. 

The MCC, test specimen, was connected to shaking table by 14 of M24 bolts with about 6 tonf 
of axial force for each bolt as shown in Photo 1. Total 6 accelerometer was installed on the shaking 
table and specimen for estimating the resonance frequencies and time histories of input motion. 

Figure 1 displays acceleration time histories, test response spectra (TRS) for each time history, 
and floor response spectra (FRS) used as required response spectra (RRS) in fragility analysis. The 
zero-period acceleration of FRSs in Figure 3.2 is 0.6 g, which was obtained through numerical analysis, 
considering the SSE level of the Uniform Hazard Spectrum (UHS) with a peak ground acceleration of 
0.273 g. The target ZPA for the floor response spectra of TRS was 2.44 g, which had been evaluated 
based on the FRS by 1.1 g of PGA for a 10% probability of failure. 
 

 
Photo 1. Test specimen and accelerometer location for shaking table test 



27th International Conference on Structural Mechanics in Reactor Technology 
Yokohama, Japan, March 3-8, 2024 

Division VII 

 
(a) R.G. 1.60                                  (b) UHS     

 
(b) Combined response spectra 

Figure 1. Time histories, TRS and RRS for each Fragility test (PGA = 1.1 g) 
 
TEST RESULTS 
 

Structural and functional abnormalities were observed at the PGA (Peak Ground 
Acceleration) level of 1.32 g for R.G. 1.60 and UHS. However, in the test with combined 
response spectra, structural and functional failures were observed at the 1.10 g level. The 
observed failure summary is presented in Table 3. 

No failure modes were observed during or after the HCLPF level test in all cases. Several 
functional and structural failure modes were observed for the first time during the PGA 1.32 g level test 
for both R.G. 1.60 and UHS cases. However, in the case of the combined response spectra, similar 
failure modes were observed for the first time during the 1.10 g level test. 

 
Table 3: Observed functional and structural failures from tests. 

Direction 
R.G. 1.60 UHS R.G. 1.60+UHS 

Function Inspection Function Inspection Function Inspection 

After HCLPF 
(PGA 0.47 g) 

No Abnormal 

After Fragility 10% 
(PGA 1.10 g) 

No Abnormal 
Chattering, 

Trip 
Bolt pulled 
out/broken 

After Fragility 20% 
(PGA 1.32 g) 

Chattering, 
Trip 

Bolt pulled 
out/broken 

Chattering, 
Trip 

Under voltage 
relay pulled out 

from body 
X X 
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FRAGILITY ANALYSIS 
 

The fragility analysis of electrical cabinets for nuclear power plants can be conducted using RRS 
and TRS in accordance with EPRI-TR-103959. Although the technical report EPRI-3002012994, 
published by EPRI in 2018 for the update of seismic probabilistic risk assessments, is available, EPRI-
TR-103959 was applied in this study for fragility analysis to facilitate comparison with previous 
researches. 

In accordance with TR-103959, the probability of failure is assumed to follow a standard 
lognormal distribution. The concept of High Confidence and Low Probability of Failure (HCLPF), 
signifying a 5% probability of failure with 95% reliability, can be expressed through equation (1). This 
equation utilizes the median (A�), aleatoric uncertainty (�	), and epistemic uncertainty (�
). 

 
    HCLPF = A�  ∙ ���.��(�����)     (1) 
 

Here, the median acceleration A can be calculated by equation (2); 
 

    A� =  
�	��

		��
∙ �� ∙ �	� ∙ PGA       (2) 

 
Here, �� and �	� represent the broad frequency input spectrum device capacity factor and the 

response factor for building for the installation of equipment, respectively. PGA means peak ground 
acceleration of reference earthquake for design or requirement. !"#$ and ""#$ refer to clipped TRS 
and clipped RRS, respectively. They can be calculated using equations (3) and (4), respectively. 

 
    !"#% =  !"# ∙ &� ∙ &'      (3) 
 
    ""#% =  ""# ∙ &$ ∙ (	      (4) 
 

The clipping factor of TRS (&�) was applied as 1, considering the shapes of response spectra in 
this study. The clipping process was only applied to the RRSs due to the shape of the spectrum. The 
clipping factor of RRS (&$), the capacity increase factor (&') and the demand reduction factor ((	) were 
applied as recommended values for calculating the probability of failure for cabinets in EPRI-TR-
103959. The TRSs were applied to the response spectra of PGA 1.1 g. Functional and structural failures 
occurred only in the combined response spectra case, as shown in Table 3. In equation (2), F_D was set 
to 1.1 for R.G. 1.60 and UHS, as it was estimated that a small margin remained in those cases. For the 
combined response spectra, F_D was applied as 1.0, the maximum value for an abnormal case. The 
RRS refers to the floor response spectra for the installation location of the MCC, considering a PGA of 
0.273 g. Although the fragility test had been conducted in three axial directions, this study focused 
exclusively on fragility analysis in the horizontal axes due to the distinct shapes of TRS compared to 
RRS in the vertical direction. Figure 2 shows fragility curves for each test case and median with 95% 
reliability and HCLPF values are summarized in Table 4.  

 
Table 4: Median and HCLPF values with 95% of reliability from fragility test with shaking table 

Direction R.G.1.60 UHS  Comb. 

 
Median 

(g) 
HCLPF 

(g) 
Median 

(g) 
HCLPF 

(g) 
Median 

(g) 
HCLPF 

(g) 

X 0.797 0.522 1.014 0.664 0.558 0.364 

Y 0.930 0.609 1.075 0.704 0.842 0.551 
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(a) Fragility curves for X direction 

 

 
(b) Fragility curves for Y direction  

Figure 2. Fragility curves from limit state shaking table test 
 

CONCLUSIION 
 

In this study, limit state shaking table tests were conducted on electrical equipment for a nuclear 
power plant, followed by fragility analysis using the test results. The applied response spectra included 
design response spectra based on R.G. 1.60, floor response spectra derived from the uniform hazard 
spectrum in a N.P.P., and combined response spectra derived by considering both of these response 
spectra. 

In the test results, the failure modes were consistent across all limit state tests. However, the 
failure modes observed in the test with combined response spectra occurred at a PGA level of 1.1 g, 
while the failure modes in the other tests occurred at a PGA level of 1.32 g. Test response spectra with 
a PGA of 1.1 g were used for fragility analysis. The broad frequency input spectrum device capacity 
factors for R.G. 1.60, UHS, and combined response spectra were 1.1, 1.1, and 1.0, respectively. 
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The horizontal HCLPFs from UHS are higher about 15 % ~ 27 % than those from R.G 1.60. 
However, the HCLPFs from combined response spectra are lower about 10 % ~ 30 % than those from 
R.G. Therefore, in this study, it was observed that the fragility analysis results with the design spectrum 
could be more conservative than those with UHS. It is also estimated that using both response spectra 
simultaneously may be challenging due to the conservative nature of the results. 
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