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Abstract 
 

Extreme external events is emerged as significant risk contributor to the nuclear power plants after 
Fukushima Daiichi accident due to the catastrophic earthquake followed by great tsunami greater than a 
design basis. This accident shows that the extreme external events have the potential to simultaneously 
affect redundant and diverse safety systems and thereby induce common cause failure or common cause 
initiators. The probabilistic risk assessment methodology has been used for the risk assessment and safety 
improvement against the extreme natural hazards. The earthquake and tsunami hazard is an important issue 
for the nuclear industry in Korea. In this paper, the role and application of probabilistic safety assessment 
for the post Fukushima action will be introduced. For the evaluation of the extreme natural hazard, 
probabilistic seismic and tsunami hazard analysis is being performed for the safety enhancement. The 
research activity on the external event PSA and its interim results will be introduced with the issues to be 
solved in the future for the reliability enhancement of the risk analysis results. 
 
1. Introduction 
 
In Korea, 22 units of nuclear power plants (NPPs) are in operation, and 6 units are under construction. For 
the assessment of safety of NPPs against to the natural hazards, the seismic event and the meteorological 
tsunami rather than earthquake induced tsunami are considered. Other extreme natural hazards such as 
super typhoon or heavy rainfall are not considered yet. Hence, after the Tohoku earthquake and tsunami, 
many activities were launched to improve the PSA technology against to the extreme external hazards 
including beyond design level events. On the other hand, after the Fukushima Daiichi accident, about 50 
items of actions to improve plant safety against the extreme earthquake and tsunami was planned. In this 
paper, the role and application of probabilistic safety assessment for the post Fukushima action will be 
introduced. The current status and issues of external event PSA for extreme natural hazards in Korea also 
will be presented. 
 
2. Post Fukushima Actions In Korea 
 
After Fukushima Daiichi accident, total 50 items of actions to improve plant safety are planned and 
triggered. Some of important and major efforts for seismic and tsunami safety improvements are as 
follows: 

 
 Increase the height of the tsunami wall in Kori nuclear power plants site 

 
 Re-evaluation of seismic capacity of safety related SSCs 

 
 Re-evaluation of deterministic and probabilistic seismic hazard for a nuclear power plant site 

 
 Re-evaluation of design tsunami height for NPP sites 
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 Installation of watertight doors for the emergency power system and safety-related components 
 

 Construction of protection wall for yard tanks 
 
The risk reduction effect of these safety improvement actions is preliminary evaluated by the deterministic 
and probabilistic methods (Figure 1). In the probabilistic method, the risk reduction effect (CDF) prior to 
the enhancement and reinforcement is estimated by PSA (probabilistic safety assessment). 
 

Figure 1. Preliminary Evaluation of Risk Reduction Effect by Improvement 
 

 
 
After the Tohoku earthquake, the seismic and tsunami safeties are re-evaluated. For the seismic safety re- 
evaluation, the seismic hazard of Korea is re-estimated to include the consideration of the potential 
probabilities of the great earthquakes beyond the design level. The re-estimation of the seismic hazard is 
performed by both of the deterministic approach (DSHA, deterministic seismic hazard analysis), and 
probabilistic approach (PSHA, probabilistic seismic hazard analysis). For all operating nuclear power 
plants (22 units), the seismic safety assessment are performed by SMA (seismic margin analysis) and 
SPRA (seismic probabilistic risk assessment) methods. With the safety re-evaluation project using PSA 
approach, the internal and external event PSA on a full-power and a low-power shut-down state will be 
performed. After the post Fukushima actions in Korea, the seismic capacity of safe shutdown system will 
be improved to 0.3g which is same to the design level of new NPPs. For the enhancement of the seismic 
capacity level, firstly, the SSCs related to the safe shutdown were identified. The seismic capacities will be 
re-evaluated by fragility analysis. For weak links, a plan to improve seismic capacity will be made and 
reinforcement and replacement of weak SSCs will be performed. 

 
In Korea, the design wave height due to tsunami event also re-evaluated after the Tohoku earthquake and 
tsunami. To enhance the accuracy of tsunami PSA results, identification of tsunami-genic source around 
the Korean peninsula was performed and the numerical simulation technologies and models will be 
developed. The cooling water intake availability during high sea wave and tsunami by debris will be also 
evaluated. For the enhancement of the safety of NPPs against to tsunami event, the protection systems 
against tsunami were introduced as follows. 

 
 Increase the height of tsunami wall in Kori NPPs site to 10.0 m 

 
 Watertight  door  for  all  the  openings  and  doors  on  the  1st   floor  including  entrance  doors, 

equipment hatches and ventilating openings. 
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 Flood protection wall for yard tank 
 
3. Research Activities in Korea 
 
The final goal of research activities on risk assessment for extreme external events in Korea, especially for 
KAERI (Korea Atomic Energy Research Institute) is the development of site risk assessment & 
management technology for extreme external events. The key research topics are risk evaluation 
methodology for extreme external events, integrated risk assessment technology for multiple units, and 
advanced AM (accident management) and EM (emergency mitigation) technology for internal and external 
events. 

 
For the risk evaluation against extreme external events, structural safety for beyond-design basis 
earthquake ground motion will be developed. The new risk assessment technology for tsunami, super 
typhoon, heavy rainfall, aircraft impact accident, and other important external events are also being 
developed now. To develop the integrated risk assessment technology for multiple units, we are developing 
the site risk assessment methodology and models. To improve the AM and EM technology, we are 
focusing to the advances of the integrated severe accident management (ISAM), risk-informed emergency 
preparedness (RI-EP), and Spent fuel pool risk management (SFP-RM). 

 
3.1. On the Seismic Event PSA 

 
For the improvement of the PSA against to the seismic event, KAERI performed researches to reduce 
uncertainties in PSHA procedure. In Korea, because of the lack of strong earthquake data, historical 
earthquake data was over estimated and conservative approach for estimation of PSHA parameter for NPP 
sites was used. To reduce the conservative parameter, firstly, we performed sensitivity analysis for PSHA 
input parameters which have uncertainties such as the seismic source map, Gutenberg-Richter a & b value, 
maximum magnitude for seismic source, focal depth, and attenuation equations. From the results of the 
sensitivity analysis, it was concluded that the dominant parameter is Gutenberg-Richter a, b value and 
attenuation equations (Figure 2). 
 
Based on the sensitivity analysis, KAERI re-evaluated input parameters for PSHA. The historical 
earthquake data of Korea were re-estimated. The best estimate values for Gutenberg-Richter a, b value and 
the best estimated seismic source map were adopted by the consideration of experts’ opinion. We also 
constructed logic tree for PSHA considering improved PSHA input parameters. Figure 3 shows the result 
of the refined seismic hazard curves for Ulchin NPP site compared to the conservative ones. Based on 
these results, the probabilistic methodology to evaluate the UHS of the soft soil site by multiplying the 
amplification factor to that of the bedrock site was also proposed [1]. 
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Figure 2. PSHA Sensitivity Analysis Results with respect to Uncertain Input Parameters 
 

 
 

Figure 3. Improved Seismic Hazard Curves compared to Conservative Seismic Hazard Curves 
 

 
 

For operating NPPs, KAERI also proceeded a research to develop a realistic seismic risk evaluation system 
which includes the consideration of aging of structures and components [2, 3]. A condensate storage tank 
(CST) located at the Ulchin NPP of Korea was selected to demonstrate the applicability of the developed 
methodology since that CST is one of the most important SSCs in the seismic PSA, and some degradation 
phenomena was observed from CSTs (Figure 4). In U.S. NRC Regulatory Guide (RG) 1.174, Rev. 2 [4], 
“An Approach for Using Probabilistic Risk-Informed Decisions on Plant-Specific Changes to the 
Licensing Basis,” defines the acceptable level of changes of NPPs in terms of risk, i.e., the core damage 
frequencies (CDFs). Hence, we performed the PSAs to obtain the CDFs for a series of fragility capacities 
of degraded CST. 
 
The CDFs and ΔCDFs for degraded CST were estimated by the seismic PSA procedure, and the ΔCDF 
values versus the baseline CDF, i.e., the CDF for fresh condition are plotted in Figure 5, overlapping the 
risk acceptance regions as prescribed in the U.S. RG 1.174, Rev. 2. The degradation acceptance criterion in 
terms of HCLPF was estimated by 0.422g for ΔCDF of 1.0E-6, which means the CDF & ΔCDF remains in 
Region III, the proposed acceptable criteria for degradation of NPPs. 
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Figure 4. Condensate Storage Tank & Its Degradation Phenomena 
 

 
 

 
 
 

Figure 5 respect to Degradation of CST 
 

 
 
 
 

3.2. On the Tsunami Event PSA 
 
Before the Tohoku earthquake and tsunami, a methodology of tsunami PSA for Korea peninsula was 
developed by KAERI [5]. This tsunami PSA method includes tsunami hazard analysis, tsunami fragility 
analysis and system analysis. In the case of tsunami hazard analysis, evaluation of tsunami return period 
was a major task. For the evaluation of tsunami return period, empirical method using historical tsunami 
record and tidal gauge record was applied (Figure 6). For the performing a tsunami fragility analysis, 
procedure of tsunami fragility analysis was established and target equipments and structures for 
investigation of tsunami fragility assessment were selected. In the case of system analysis, accident 
sequence of tsunami event was developed by according to the tsunami run-up and draw down, and tsunami 
induced core damage frequency (CDF) is determined. 
 
In Korea, for the advanced PSA against to the tsunami event, 5-year research project was launched in 2012 
by KAERI. With the new project, the probabilistic tsunami hazard analysis (PTHA) will be performed by 
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numerical simulations using the identification of potential tsunami-genic sources (Figure 7), newly 
developed tsunami simulation code (Figure 8), and geographical data near and at NPP sites. Tsunami PSA 
methodology and risk quantification model will be also improved by the evaluation of hydrodynamic force, 
effect of debris, structural failure probability of break water structure and intake structure, and functional 
failure criteria for offsite power, etc. 
 

Figure 6. Tsunamis Return Period Evaluation by using Empirical Method 
 

 
 

 
 
 

Figure 7. Considered Seismic Sources for Tsunami Hazard Analysis 
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Figure 8. Example of Tsunami Wave Propagation Simulation Result 
 

 
 
 

 
3.3. On the Other External Event PSA 

 
3.3.1. Other Extreme Natural Hazards 

 
With the research plan for the advanced seismic and tsunami PSA, KAERI made the parallel research plan 
to develop the new external PSA technologies to consider other extreme natural hazards which could be a 
severe threat to NPPs such as super typhoon, heavy rainfall, landslide, etc. For the development of PSA 
against to these other extreme natural hazards, the most severe and critical potential external events were 
selected among the all kind of external event catalog in Korea. From the historical records of wind speeds 
of typhoon and maximum rainfalls in Korea, we found the tendency of increase of the maximum values, 
i.e. maximum wind speeds of typhoon, and maximum rainfalls per 1hr or 1day (Figure 9 & 10). According 
this tendency, we choose the super typhoon and heavy rainfall for the most important and severe natural 
hazards except the earthquakes and tsunamis. Against these external events, KAERI will develop the 
hazard analysis method, fragility analysis method, and the risk quantification methodology and models. 
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Figure 9. Maximum Wind Speed and Instance Wind Speed in Korea 
 

 
 

Figure 10. Maximum Rainfalls /1hr & 1day in Korea 
 

 
 

 
 
 

3.3.2. Aircraft Impact Accident 
 
Aircraft impact accident might be classified to the human induced hazard rather than the natural hazard. 
But its phenomena and consequences to NPPs are very similar to those of the other extreme natural 
hazards. Hence, in Korea, a research to develop the aircraft impact risk quantification technologies was 
initiated in 2012. Figure 11 shows the procedure to estimate the probabilistic risk of NPPs against to the 
aircraft impact accident. The left items were performed in the first year, 2012, and the items in right 
column have been planned to be performed through 2013 to 2016. 
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Figure 11. Risk Assessment Procedure for Aircraft Impact Accident 
 

 
 

 
 
 
4. Conclusions 
 
The role and application of probabilistic safety assessment for the post Fukushima actions were introduced. 
It can expected that NPPs will be safer after the post Fukushima actions. The research activity in Korea on 
the external event PSA and its interim results was also introduced with the issues to be solved in the future 
for the reliability improvement of the risk analysis results. For the conclusions, we propose some 
suggestions to enhance the external event PSA for extreme natural hazards after Fukushima accident: 

 
 Exclude excessive conservatism in external events hazard analysis owing to a double standard for 

non-nuclear and nuclear facilities 
 

 Need to develop external risk acceptance criteria with technical basis and public acceptance 
 

 International cooperation is essential for external hazard assessment 
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