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ABSTRACTS

The necessity for research on the seismic safety of multi-units has been highlighted following the Fukushima nuclear disaster. Since nuclear power plants built on the same site exhibit similar seismic responses, there is a correlation in seismic failure among the Structural, System, and Components (SSCs) of nuclear power plants. Therefore, it is essential to consider this seismic failure correlation for a rational seismic probabilistic safety assessment. In this study, a seismic probabilistic safety assessment was conducted for the loss of essential power event in twin units, with the distance between the two units set at 1000 meters. A probabilistic seismic response analysis was performed to derive appropriate seismic failure correlation coefficients. The External Event Mensuration System program (EEMS) was utilized to construct a fault tree for the loss of essential power events in multi-units and to analyze seismic fragility.


INTRODUCTION

The 2016 Gyeongju and 2017 Pohang earthquakes in South Korea have significantly raised concerns about the seismic resilience of nuclear power plants. This worry was further amplified by the 2011 Fukushima disaster, which demonstrated the extensive impact of earthquakes and necessitated more extensive safety research for nuclear facilities, especially those multi-units (Eem et al., 2021a, 2021b). Previously, seismic safety evaluations, which are vital in assessing the risk to nuclear power plants, were mostly limited to individual units. However, post-Fukushima, the focus shifted towards assessing the safety of multi-units, recognizing the interconnected risks they pose (Eem et al., 2021b; Choi et al., 2021; Smith et al., 1981).

Research in this field, including the Seismic Safety Margins Research Program by the Lawrence Livermore National Laboratory, has explored various methods to quantify and understand seismic risks, emphasizing the correlation between seismic responses and damage across different structure, systems and components (Smith et al., 1981; Ebisawa et al., 1994). These studies contribute significantly to determining seismic damage correlation coefficients and evaluating seismic vulnerability and Core Damage Frequency (CDF) for multiple units, a crucial aspect of nuclear plant safety in regions like South Korea where multiple plants often share the same site (USNRC, 1990; Eem et al., 2021c; Kwag et al., 2020; Kwag et al., 2021; Eem and Choi, 2019a). Despite advances, research in the area of seismic damage correlation for multi-unit settings remains underdeveloped.

In this study utilized the methods developed so far to conduct seismic safety assessments for multi- units. After calculating the seismic failure correlation coefficients among SSCs for the loss of essential power events in multi-units, the seismic fragility were derived for multi units.

LOSS OF ESSENTIAL POWER EVENTS IN MULTI-UNITS

In South Korea, many nuclear power plants are constructed on the same site. Consequently, this study calculated the seismic fragility for the loss of essential power events in twin units located 1,000 meters apart. It is assumed that the two units are separated by a distance of 1,000 meters, as depicted in Figure 1. Given that 1,000 meters is relatively close in comparison to the area affected by an earthquake, the input earthquake for the twin units is considered similar. Therefore, there exists a correlation of seismic failure among the Structural, System, and Components (SSCs) constituting the twin units.

[image: ]
Figure 1. Figures should be centred and followed by a numbered caption.

A loss of essential power event occurs when there is no external power supply to a nuclear power plant, leading to a disruption in power supply to the plant's safety-related systems, causing damage to the reactor core. The power supply system of the nuclear power plant is briefly illustrated in Figure 2 (Eem and Choi, 2019b). In this study, the events constituting the loss of essential power and their seismic fragility were simplified to perform a probabilistic seismic safety assessment. The events related to the loss of essential power and information on their seismic fragility were utilized as provided in the paper by Eem et al., 2021a. The fault tree for the loss of essential power event in Unit 1 is illustrated in Figure 2 (Eem et al., 2021c).
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Figure 2. Fault tree of seismic-induced loss of essential power for 1st unit(Eem et al., 2021c)


SEISMIC FAILURE CORRELATION COEFFICIENTS OF MULTI-UNIT SSCs

The seismic failure correlation coefficients for the SSCs of nuclear power plants are calculated using the following formula (Eem et al., 2021c):


			 (1)


Here, ρ₁₂ is the seismic failure correlation coefficient between the two SSCs. ρᵣ₁ᵣ₂ represents the seismic response correlation coefficient between the two SSCs, and ρc₁c₂ represents the seismic performance correlation coefficient between them. Additionally, βᵣ₁ and βᵣ₂ are the standard deviations of the logarithmic standard normal distribution for the seismic response of the first and second SSCs, respectively, while βc₁ and βc₂ are the standard deviations of the logarithmic standard normal distribution for the seismic performance of the first and second SSCs, respectively. Thus, the seismic failure correlation coefficient between SSCs is determined from the seismic response correlation coefficient and the seismic performance correlation coefficient of the two SSCs. 

The seismic damage correlation coefficients among the SSCs constituting the loss of essential power in multi-units were applied to the same equipment in each unit. The seismic response correlation coefficients were derived from probabilistic seismic response analysis, and the seismic performance correlation coefficients were assumed to be completely dependent for identical equipment and completely independent for others. The seismic damage correlation coefficients among the SSCs are presented in Table 1.

Table 1: Seismic failure correlation coefficient for the loss of essential power for twin unit
	
	SDGSF 1
	SBCRC 1
	SSWRC 1
	SBRSF 1
	SLCRC 1
	SDCSF 1
	SSEAU 1
	SINRC 1
	SRTRC 1
	SDGSF 2
	SBCRC 2
	SSWRC 2
	SBRSF 2
	SLCRC 2
	SDCSF 2
	SSEAU 2
	SINRC 2
	SRTRC 2

	SDGSF 1
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.544
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	SBCRC 1
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.310
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	SSWRC 1
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.541
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	SBRSF 1
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.434
	0.000
	0.000
	0.000
	0.000
	0.000

	SLCRC 1
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.547
	0.000
	0.000
	0.000
	0.000

	SDCSF 1
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.491
	0.000
	0.000
	0.000

	SSEAU 1
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.688
	0.000
	0.000

	SINRC 1
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.481
	0.000

	SRTRC 1
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.317

	SDGSF 2
	0.544
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	SBCRC 2
	0.000
	0.310
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	SSWRC 2
	0.000
	0.000
	0.541
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	SBRSF 2
	0.000
	0.000
	0.000
	0.434
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000

	SLCRC 2
	0.000
	0.000
	0.000
	0.000
	0.547
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000

	SDCSF 2
	0.000
	0.000
	0.000
	0.000
	0.000
	0.491
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000

	SSEAU 2
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.688
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000

	SINRC 2
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.481
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000

	SRTRC 2
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.317
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000




SEISMIC FRAGILITY ANALYSIS OF MULTI-UNIT

In this chapter, we analyzed the seismic fragility for the previously defined loss of essential power events in multi-units. Comparative analyses were conducted for three different cases (A, B, C). Cases A, B, and C address the loss of essential power events in twin units. In Case A, the seismic failure correlation coefficients among all SSCs constituting the loss of essential power events were assumed to be independent. In Case B, the seismic failure correlation coefficients among SSCs were based on the results shown in Table 1. In Case C, the seismic failure correlation coefficients among SSCs were assumed to be completely dependent.

Figure 3 presents the seismic fragility curves (Cases A, B, C) for the loss of essential power events in twin units. The High Confidence of Low Probability of Failure (HCLPF) values were 0.283g for Case A, 0.279g for Case B, and 0.350g for Case C.
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Figure 3. Seismic fragility curve for each case (A,B,C)

Case A exhibits the highest probability of damage, while Case C shows the lowest. Case B falls between Case A and Case C. However, despite having a lower occurrence probability compared to Cases A and B, Case C implies the occurrence of a loss of essential power events in both units.


CONCLUSION

Seismic events can affect widespread areas, potentially impacting multiple nuclear power plants simultaneously. Therefore, when evaluating the seismic safety of nuclear power plants, it is crucial to consider adjacent units in the assessment. In this study, we constructed a fault tree for the loss of essential power events in twin units located 1000 meters apart and calculated the seismic damage correlation coefficients among the SSCs (Structural, System, and Components) constituting the loss of essential power events through probabilistic seismic response analysis. Based on the fault tree for the loss of essential power events in the two units and the seismic failure correlation coefficients among the SSCs, we successfully derived the seismic fragility using the External Event Mensuration System program. It was confirmed that considering the seismic failure correlation among SSCs allows for a comprehensive derivation of seismic fragility for multiple units. Additionally, we observed that the results differ when the seismic failure correlation among SSCs is considered independent compared to when it is considered dependent.
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