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1. Introduction

The Fukushima nuclear disaster in 2011 revealed the
vulnerability of nuclear power plants (NPPs) to
combined natural disasters, particularly earthquakes and
tsunamis. This catastrophic event highlighted the severe
challenges that nuclear facilities face in dealing with
combined hazards that exceed their original design basis.
The simultaneous occurrence of multiple severe natural
hazard events, as seen in the Fukushima disaster where
cooling systems failed due to the tsunami following the
earthquake, can overburden safety systems, leading to
severe consequences such as core damage and
radioactive release.

Despite advances in nuclear safety protocols, there are
still significant gaps in the ability of nuclear power plants
to effectively manage combined hazards. Traditional
safety measures often address single hazard scenarios,
such as an earthquake or a tsunami alone, without
adequately considering the combined effects of
simultaneous events. This can lead to underestimated
risks and inadequate preparedness. In addition, climate
change is increasing the frequency and intensity of
natural disasters, making the development of
comprehensive safety strategies even more critical.

To address these challenges, Korea Hydro & Nuclear
Power Co., Ltd (KHNP) has implemented the Multi-
barrier Accident Coping Strategy (MACST) in response
to the implementation of the Diverse and Flexible
Coping Strategies (FLEX) in the US [1]. MACST is
designed to cope with all possible accidents at NPPs,
from design basis to beyond-design-basis events,
including extreme natural hazards. The strategy includes
new equipment, dedicated organizations, improved
procedures, and comprehensive training programs. Key
safety goals of MACST include reducing the frequency
of severe accidents (Core Damage Frequency, CDF) to
less than once in 10,000 years, reducing the frequency of
containment failures (Large Early Release Frequency,
LERF) to less than once in 100,000 years, and limiting
the release of significant radioactive isotopes to less than
once in one million years.

However, despite the implementation of MACST,
several issues remain to be addressed. First, there is a
lack of quantitative assessment of the risk reduction
effects of MACST facilities in extreme events after
implementation. In addition, there are no established

optimal capacity standards for MACST facilities under
various disaster conditions. This limits the ability to
ensure consistent and reliable performance of these
facilities during extreme events.

Therefore, the objective of this study is to evaluate the
risk reduction provided by MACST facilities in both
single earthquake and combined earthquake-tsunami
hazards, with a focus on the OPR1000 and APR1400
NPP systems. Specifically, the study targets two
MACST facilities, the 1.0 MW large capacity mobile
generator and the mobile low-pressure pump. Using the
Improved Direct Quantification of Fault Tree with
Monte Carlo Simulation (I-DQFM) method for risk
assessment, this study provides a detailed analysis of the
vulnerability and performance of NPPs under combined
hazard conditions with MACST facilities. The study also
proposes optimal capacities for MACST facilities,
focusing on their capacities for seismic and tsunami
resistance, thereby contributing to ongoing efforts to
improve nuclear safety and resilience in an increasingly
unpredictable environment.

2. Risk Assessment Methods and Hazard Scenarios

This section describes the risk assessment
methodology and details the hazard scenarios considered
in this study. The I-DQFM method is used to extend the
traditional Probabilistic Safety Assessment (PSA) to
efficiently quantify multi-hazard risks. The construction
method of the correlation matrices, which is used in the
I-DQFM method, for the components of the OPR1000
and APR1400 NPP systems is outlined. In addition, the
single earthquake hazard and the combined earthquake-
tsunami hazard scenarios are detailed to demonstrate the
application of these methods in the evaluation of the core
damage risk.

2.1 Combined hazard risk assessment using I-DQFM

For the safety analysis of nuclear facilities, most of the
risk quantification methods developed previously have
been developed for single external-hazard events.
Therefore, an extension of the existing single-hazard
External Event PSA (EE-PSA) methodology is essential
for quantifying the risk of nuclear facilities for multiple
hazards. Conceptually, multi-hazard risk quantification
can be expressed in the following equation:
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where a; represents the hazard intensity of each
considered external hazard i. In the case of a single
external hazard event, the external event hazard
information H and the system fragility information F are
expressed as a one-dimensional function in a
conventional single external hazard event, and the
corresponding final risk is quantified by the one-
dimensional integral. In multi-hazard risk quantification,
however, the hazard and fragility are expressed in a
multi-dimensional space, and the final risk is quantified
by multi-dimensional integration.

The DQFM method is a traditional approach used in
PSA the risk quantification associated with NPPs [2]. It
involves the use of fault tree analysis to evaluate the
probability of different failure scenarios. The DQFM
method calculates failure probabilities by considering
individual component failures and their contributions to
system-level failures. This approach typically uses
Boolean algebra to model the logical relationships
between component failures and system failures. While
effective for single-hazard scenarios, DQFM is limited in
its ability to handle multi-hazard scenarios due to its
inability to account for partial dependencies and the
combined effects of different hazards on the system.

To address these limitations, the I-DQFM was
developed [3]. I-DQFM extends traditional PSA to
efficiently quantify multi-hazard risks by combining
probability  distribution-based Boolean algebraic
approaches with sampling-based methods. This
improvement significantly improves computational
efficiency and accuracy by more effectively handling
partial dependencies between system components.

The process begins with the input of fault tree data and
component fragility data for external hazards, such as
earthquakes and tsunamis. The fragility parameters such
as median hazard capacities (Ap.s, Apme), l0g-normal
standard deviations which indicate randomness and
uncertainty (B, Bre» Bus But), and  correlation
coefficients (pg, p,) are defined. The composite log-
normal standard deviations of each hazard 8. and B;
can be calculated as:

) Bes = Vﬂ?z“s + Bis

©) Be: = /I??t + Bt

Then, as suggested by Reed et al. (1985), these
composite standard deviations can be decomposed into
log-standard deviations for response and capacity as
follows [4]:

Q) Bres = Bees = ,%

dH(ay, -, a,)
N M s e d
da, - da, @y Cln
2t
Ci
(5) BRct = BCct =

2

Next, N samples are generated for the response
(Rys, Ry) and capacity (Cg, C,) distributions for each
hazard as follows:

(6) Rus ~ LN(Ass, Bres Ps)
(7 Ryt ~ LN(Amt, Brets Pt)
@) Cs ~ LN (Ams, Beces: Ps)
) Ce ~ LN(Ame, Beet: Pt)

Hazard intensity levels a and h are then defined for each
hazard. The process iterates for each hazard intensity
level i, scaling the responses accordingly:

R, = Rys (3.
(10) s — "™Ms Ams
11 R, =R (h")
(11) e = Rue |3

Components are judged for failure by comparing the
scaled responses to the capacities (R; > C;, R; > C;, and
R;>C; or R;>C(; ). Using the binary states of
components (safe or fail), failures of subsystems
(intermediate events) and the entire system (top event)
are judged using fault tree analysis. Failure probabilities
for components, subsystems, and the entire system are
evaluated given hazard intensities (F /N, where F is the
total number of failures and N is the total number of
samples). A multi-hazard system fragility curve is then
developed for components, subsystems, and the overall
system. Finally, risk quantification and other post-
processing steps are performed to derive the annual CDF
and other relevant risk metrics. By following these steps,
the I-DQFM method provides a comprehensive and
efficient framework for multi-hazard risk assessment.

2.2 NPP Systems with MACST Facilities

The methodology is applied to the OPR1000 and
APR1400 NPP systems, addressing the general multi-
hazard problems of actual NPPs. In the NPP system
models, the MACST facilities, the 1.0 MW large
capacity mobile generator and the mobile low-pressure
pump, are added to evaluate the risk reduction
effectiveness of each facility under both single and
combined hazard scenarios.

For the OPR1000 and APR1400 NPPs, the fragility
parameters are defined, including median hazard
capacities, A, and A, log-normal standard
deviations, B,s, Brt, Bus and B, and correlation
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matrices. Tables 1 and 2 provide detailed information on
the multi-hazard component fragility and random failure
probability for the OPR1000 and APR1400 NPPs,
respectively. Here, due to unavailability of information,
it is assumed that B,; and B, are equal, thus only the
composite standard deviation B, is presented. Also,
"NO" denotes A,,,; of the components not affected by the
tsunami, and the capacities of the MACST facilities are
denoted as "param.” since they are varied to assess the
risk reduction effectiveness.

In addition, event trees are constructed for both NPPs
to evaluate the sequence of events following an initiating
hazard event. In the OPR1000 model shown in Fig. 1, six
core damage accident scenarios are considered. Among
these scenarios, Loss of Essential Power (LEP) is an
accident in which power supply equipment for accident
mitigation, such as 4.16kV switchgear and 480V load
center, is damaged. Thus, the power supply by 1MW
mobile generator is considered in this scenario, and it is
assumed that core damage would occur if this operation
fails. And since the Loss of Secondary Heat Removal
(LHR) is an accident in which feed-water to the steam
generator is lost due to damage to the condensate storage
tank, the injection of feed-water into the steam generator
by a mobile low-pressure pump is considered. For Loss
of Off-site Power (LOOP) and General Transients
(GTRN), additional accident mitigations are considered
and failure probabilities of 1.24 x 1072 and 1.25 X
1073, respectively, are assumed. The other scenarios,
Loss of Component Cooling Water (LOCCW) and Small
Loss of Coolant Accident (SLOCA), assume direct core
damage without additional accident mitigation.

For the APR1400 model, seven accident scenarios of
core damage are considered, as shown in Fig. 2. In case
of LEP accident, the power supply by 1MW mobile
generator is considered in the same way as in the
OPR1000 model. Additional accident mitigations for
LOCCW and Loss of Component Control System (LOC)
are considered, and the failure probability of these
mitigations is assumed to be 6.83 x 1073, After failure
of the accident mitigation measures, the injection of feed-
water into the steam generator by a mobile low-pressure
pump is considered. In addition, failure probabilities of
additional accident mitigation measures are assumed to
be 1.25 x 1073 for SLOCA and GTRN and 1.24 X
1072 for LOOP. For the Large Loss of Coolant Accident
(LLOCA), it is assumed that the core damage would
occur directly without additional accident mitigation.

Table 1. Multi-hazard component fragility and random failure
probability information of the OPR1000 NPP.

Seismic Event Tsunami Event

Components

Ams ﬂTS Bus Amt BCt
Auxiliary 500 03 037 10 03
Building

Switches

HVAC
Ducting and
Supports

Emergency
diesel
generator

4.16kV
Switchgear
(functional)

480V load
center
(functional)

Battery
charger
(functional)

Inverter
(functional)

Regulating
transformer
(functional)

125V DC
control center

Battery
charger
(structural)
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(structural)
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Chilled Water
(ECW)
compression
tank

ECW chiller
ECW pump
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surge tank
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Off-site

power 030 0.22 0.20 10 0.3

Instrumentati
on Tube

1.0 MW large
capacity
mobile
generator

150 0.30 0.30 NO -

param. 0.30 0.30 param. 0.3

Mobile low-
pressure

pump

param. 030 0.30 param. 0.3

Table 2. Multi-hazard component fragility and random failure
probability information of the APR1000 NPP.

Seismic Event Tsunami Event

Components
Ams ﬁrs Bus Amt Bct
Emergency
diesel 100 034 0.19 11 0.3
generator
4.16kV

switchgear 113 032 040 11 0.3
(functional)

Regulating
transformer 140 032 0.44 11 0.3
(structural)

125v DC

145 032 043 11 0.3
control center

Inverter
(structural)

480V motor
control center 0.89 0.34 0.33 11 0.3
(structural)

145 034 0.33 11 0.3

Component
control
system
cabinet

1.09 036 0.35 NO -

Instrumentati
on tube
Off-site

power

150 0.30 0.30 NO -

020 0.20 0.25 10 0.3

Component
cooling water
heat
exchanger

1.0 MW large
capacity
mobile

generator

1.02 035 0.25 11 0.3

param. 0.30 0.30 param. 0.3

Mobile low-
pressure
pump

param. 030 0.30 param. 0.3

:
|
.1

Fig. 1. Event tree for OPR1000 with MACST facilities.

=+F

Fig. 2. Event tree for APR1400 with MACST facilities.

2.3 Correlation Matrices of System Components for
Seismic and Tsunami Hazards

To accurately assess the risk of multi-hazard scenarios,
it is important to consider the correlation between
different system components. The correlation matrix
represents the dependency between the responses of
different components under seismic and tsunami hazards.

Eem et al. (2021) proposed a method to construct a
correlation matrix specifically for Korean NPPs under
seismic hazard [5]. The matrix depends on both the floor
location and the natural frequency of the components,
with correlation coefficients set based on these factors.
For components on the same floor, the correlation
coefficient is set to 1.0 for the same natural frequency
and 0.89 for different natural frequencies. For
components on different floors, the correlation
coefficient is 0.74 for same natural frequency and 0.68
for different natural frequencies. The correlation
matrices of OPR1000 and APR1400 for seismic hazard
are shown in Fig. 3 and Fig. 4, respectively.

For tsunami hazard, the correlation coefficients for
components installed in the same building or site are 1.0,
indicating perfect correlation. For components installed
in different locations, the correlation coefficient is O,
indicating no correlation. These correlation values are
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essential for accurately modeling the joint probability of
failure of multiple components, leading to a more
realistic assessment of the overall system vulnerability.
The correlation matrices for tsunami hazard are shown in
Fig. 5 and Fig. 6, respectively.
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Fig. 3. Correlation matrix of OPR1000 for seismic hazard.
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Fig. 4. Correlation matrix of APR1400 for seismic hazard.
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Fig. 5. Correlation matrix of OPR1000 for tsunami hazard.
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Fig. 6. Correlation matrix of APR1400 for tsunami hazard.

2.4 Hazard Scenarios and Capacity Evaluation of
MACST Facility

The core damage risk for OPR1000 and APR1400
NPP systems is evaluated using I-DQFM method under
both single hazard (earthquake) and combined hazard
(earthquake and tsunami) scenarios. The methodology
involves a parametric study in which the capacities of the
MACST facilities, the 1.0 MW large capacity mobile
generator and the mobile low-pressure pump, are varied
to assess their effectiveness in reducing risk and to
identify optimal capacity standards for each scenario.
Risk assessments are performed at all points within the
specified ranges to evaluate the effectiveness of risk
reduction at each capacity level. The objective is to
determine the optimal capacities that minimize the risk
of core damage, assuming that the capacity of each
facility is identical.

For the single hazard scenario, the seismic hazard
maps used in Ellingwood (1990), as shown in Fig. 7, are
introduced [6]. In this study, earthquake hazard maps of
six seismogenic zones with intensities ranging from 0.05
g to 2.0 g with an interval of 0.01 g are used. The risk
assessments incorporate these hazard maps by applying
weights based on the annual exceedance probability of
the effective peak ground acceleration (PGA). The
capacities of the MACST facilities, the 1.0 MW large
capacity mobile generator and the mobile low-pressure
pump, are varied in the range of 0.01 g to 3.0 g with 0.01
g intervals to evaluate the risk reduction effectiveness
and to determine the optimal seismic capacity.

In the combined hazard scenario, earthquake
intensities ranged from 0 g to 2.0 g and tsunami heights
ranged from 0 m to 20 m with intervals of 0.1 g and 0.5
m, respectively, based on the combined hazard map used
in Kwag et al. (2019) [3]. The combined hazard map is
shown in Fig. 8. This scenario aims to simulate the
simultaneous occurrence of an earthquake and a tsunami,
in order to evaluate the combined effects on the safety of
NPPs. The capacities of the each MACST facilities are
varied within the range of 0.1 g to 3.0 g for earthquake
and 0.5 m to 30 m for tsunami with intervals of 0.1 g and
0.5 m, respectively.
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Fig. 7. Hazard curves for single seismic hazard scenario.

Annual exceedance freq. (/yr)

PGA (g) 20

Tsunami height(m)

Fig. 8. Hazard map for combined earthquake-tsunami hazard
scenario.

3. Results of Risk Assessment under Single and
Combined Hazards

3.1 Results for Single Seismic Hazard

Fig. 9 illustrates the effect of varying the seismic
capacity of the MACST facilities on the core damage
(CD) risk. As the seismic capacity increases, the risk
decreases significantly. The red line, representing the
moving average, shows a clear trend of risk reduction as
the Peak Ground Acceleration (PGA) increases up to 3.0
g, demonstrating the effectiveness of the MACST
facilities in enhancing the seismic resilience of the
OPR1000 system. The reduction trend begins to plateau
around 1.5¢g, suggesting that this is the optimal seismic
capacity. At this optimal capacity, the result shows a
reduction in the CD risk of approximately 23%.

Fig. 10 compares the fragility curves for the OPR1000
system with and without MACST implementation. The
fragility curve for the MACST-implemented system with
the optimal capacity of 1.5 g shows a significant
reduction in failure probability compared to the system
without MACST. Specifically, the core damage
probability at a seismic intensity of 1 g decreases from
approximately 0.917 to 0.276, highlighting the
significant risk reduction achieved through the
implementation of MACST facilities.

——CD risk (with MACST)
Moving avg. (window len.: 50)
-------- CD risk (without MACST)

15
Y 7.04211e-06

)
0 05 1 15 2 25 3
Seismic capacity (g)

Fig. 9. Effect of seismic capacity of MACST facilities on CD
risk for OPR1000.
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Fig. 10. Fragility curves for OPR1000 without and with
MACST implementation under single hazard scenario.

Fig. 11 illustrates the effect of varying the seismic
capacity of the MACST facilities on the CD risk for the
APR1400. As the seismic capacity increases, the risk
decreases significantly. The moving average also shows
a clear trend of risk reduction as the PGA increases, and
the trend begins to plateau around 1.5g, suggesting that
this is the optimal seismic capacity of MACST facilities.
At this optimal capacity, result shows a reduction in the
CD risk of approximately 17%.

Fig. 12 shows a comparison of the fragility curves for
the APR1400 system with and without the
implementation of MACST. The fragility curve for the
MACST-implemented system at the optimal 1.5 ¢
capacity shows a significant reduction in failure
probability compared to the system without MACST.
Specifically, the core damage probability at a 1 g seismic
intensity decreases from approximately 0.530 to 0.091,
which indicates the significant risk reduction achieved
through the implementation of MACST facilities.



Transactions of the Korean Nuclear Society Autumn Meeting
Changwon, Korea, October 24-25, 2024

———CD risk (with MACST)
Moving avg. (window len.: 50)
e CD risk (without MACST)

CD risk (fyr)

¥ 7.68701e-06

)
0 05 1 15 2 25 3
Seismic capacity (g)

Fig. 11. Effect of seismic capacity of MACST facilities on CD
risk for APR1400.
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Fig. 12. Fragility curves for APR1400 without and with
MACST implementation under single hazard scenario.

3.2 Results for Combined Earthquake-Tsunami Hazard

As shown in Figs. 9 through 12, the implementation of
MACST facilities significantly reduces the risk to NPP
systems in single seismic hazard scenario. The results
show that MACST facilities significantly improve the
seismic resilience of both OPR1000 and APR1400
systems. The risk of core damage is significantly reduced
with optimal seismic capacity, highlighting the
effectiveness of MACST facilities in mitigating the
effects of seismic events and ensuring the stability and
safety of NPP systems during seismic hazard event.

Fig. 13 illustrates the effect of combined earthquake
and tsunami hazard on CD risk. The 3D surface plot
shows how the CD risk varies with different
combinations of PGA and tsunami height. As the seismic
and tsunami capacities increase, the CD risk decreases
significantly. Here, the risk reduction effect of the
tsunami capacity compared to the seismic capacity of the
MACST facilities is more significant because LEP that
have the greatest impact on the CD risk is dominated by
the tsunami capacity. The optimal capacities for seismic
and tsunami resistance are identified as 1.5g and 10m,
respectively, as these values correspond to a plateau in
the risk reduction trend. At the optimal capacity, the
result shows that the risk reduction is approximately 75%,

demonstrating the critical role of MACST facilities in
multi-hazard scenarios.

Fig. 14 compares the fragility surfaces for the
OPR1000 system with and without MACST
implementation under combined hazard. Fig. 14(a)
shows the fragility surface for the system without
MACST, and Fig. 14(b) shows the fragility surface for
the MACST-implemented NPP system with the optimal
capacities (1.5g seismic capacity and 10m tsunami
capacity). The fragility surface for the MACST-
implemented system shows a significant reduction in
failure probability compared to the system without
MACST. Specifically, at a seismic intensity of 1g and a
tsunami height of 10m, the core damage probability
decreases from approximately 0.997 to 0.529.

CO risk (fyr)

Fig. 13. Fig. 13. Effect of seismic and tsunami capacity of
MACST facilities on CD risk for OPR1000 viewed as (a) 3D;
and (b) 2D.

(@) (b)

Fig. 14. Fragility surfaces for OPR1000 (a) without; and (b)
with MACST implementation under combined hazard
scenario.

Fig. 15 illustrates the impact of combined earthquake
and tsunami hazards on the CD risk for the APR1400.
The 3D surface plot shows how the CD risk varies with
different combinations of PGA and tsunami height. As
the seismic and tsunami capacities increase, the CD risk
decreases significantly. The risk reduction effect of the
tsunami capacity is also more significant compared to the
seismic capacity of the MACST facilities. The optimal
capacities for seismic and tsunami resistance are also
identified as 1.5g and 10m, respectively, as these values
correspond to a plateau in the risk reduction trend,
showing that the MACST facilities are essential in
managing the combined effects of these hazards.

Fig. 16 compares the fragility surfaces for the
APR1400 system with and without MACST
implementation under combined hazard scenarios. Fig.
16(a) shows the fragility surface for the system without
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MACST, and Fig. 16(b) shows the fragility surface for
the MACST-implemented system with the optimal
capacities. The fragility surface for the MACST-
implemented system shows a significant reduction in
failure probability compared to the system without
MACST. Specifically, at a seismic intensity of 1g and a
tsunami height of 10m, the core damage probability
decreases from approximately 0.996 to 0.530,
highlighting the significant risk reduction achieved
through the implementation of MACST facilities.

O rak (iyr)

Fig. 15. Fig. 13. Effect of seismic and tsunami capacity of
MACST facilities on CD risk for APR1400 viewed as (a) 3D;
and (b) 2D.

(a) (b)

Fig. 16. Fragility surfaces for APR1400 (a) without; and (b)
with MACST implementation under combined hazard
scenario.

4. Conclusions

This study quantitatively demonstrated that the
implementation of MACST facilities can effectively
reduce the risk to NPPs under both single seismic and
combined earthquake-tsunami hazards. Utilizing the I-
DQFM method, this research highlighted the significant
risk reduction achieved by incorporating MACST
facilities into the OPR1000 and APR1400 systems.
Based on the risk reduction results, optimal values for
seismic and tsunami capacities of MACST facilities were
also proposed to establish effective safety criteria under
extreme disaster conditions.

For single hazard scenarios, the optimal seismic
capacity standard of 1.5¢g significantly reduced the core
damage probabilities for both NPP systems. Specifically,
for the OPR1000 system, the implementation of MACST
reduced the core damage risk by approximately 23% and
the core damage fragility by approximately 72% at a 1.0g
seismic intensity. Similarly, the APR1400 system
experienced a reduction in risk and fragility of

approximately 17% and 44%, respectively, under the
same conditions.

In the context of combined earthquake and tsunami
hazards, the study identified optimal capacity standards
of 1.5g for seismic capacity and 10m for tsunami
capacity. Under these conditions, the core damage risk
was reduced by approximately 75% and the fragility was
reduced by approximately 40% for the OPR1000 system
at 1g seismic intensity and 10m tsunami height. Similarly,
the APR1400 system experienced a reduction in risk and
fragility of approximately 47% and 30%, respectively,
under the same conditions. These results demonstrate the
effectiveness of MACST facilities in mitigating the
combined effects of earthquakes and tsunamis, and their
essential role in maintaining core cooling and power
during such complex disaster scenarios.

This study highlights the need for continuous
improvement and adaptation of MACST facilities to
address emerging threats and challenges. As climate
change continues to affect the frequency and intensity of
natural disasters, nuclear safety methods and strategies
must evolve accordingly. Future research should focus
on expanding the scope of multi-hazard risk assessments
to include other potential threats such as flooding,
extreme weather events, and man-made hazards.
Continuous evaluation and improvement of safety
measures are essential to ensure the long-term
sustainability and safety of NPPs in a changing world.
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