
Original Article

Development of an earthquake-induced landslide risk assessment
approach for nuclear power plants

Shinyoung Kwag*, Daegi Hahm
Korea Atomic Energy Research Institute, 111 Daedeok-daero, Yuseong-gu, Daejeon, 34057, Republic of Korea

a r t i c l e i n f o

Article history:
Received 19 April 2018
Received in revised form
16 July 2018
Accepted 26 July 2018
Available online 27 July 2018

Keywords:
Earthquake-induce landslide
PSA
Seismic fragility
Slope stability
Nuclear power plant

a b s t r a c t

Despite recent advances in multi-hazard analysis, the complexity and inherent nature of such problems
make quantification of the landslide effect in a probabilistic safety assessment (PSA) of NPPs challenging.
Therefore, in this paper, a practical approach was presented for performing an earthquake-induced
landslide PSA for NPPs subject to seismic hazard. To demonstrate the effectiveness of the proposed
approach, it was applied to Korean typical NPP in Korea as a numerical example. The assessment result
revealed the quantitative probabilistic effects of peripheral slope failure and subsequent run-out effect
on the risk of core damage frequency (CDF) of a NPP during the earthquake event. Parametric studies
were conducted to demonstrate how parameters for slope, and physical relation between the slope and
NPP, changed the CDF risk of the NPP. Finally, based on these results, the effective strategies were sug-
gested to mitigate the CDF risk to the NPP resulting from the vulnerabilities inherent in adjacent slopes.
The proposed approach can be expected to provide an effective framework for performing the
earthquake-induced landslide PSA and decision support to increase NPP safety.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The vulnerability of a nuclear power plant (NPP) subjected to an
earthquake event is a major concern to the communities in many
countries. Recently, major earthquakes occurring near NPP sites
have caused various levels of damage to the plants and resulted in
shutdown of the nuclear reactors. These events clearly demon-
strated that the seismic hazard could exceed the design-basis
earthquake level within the lifetime of an NPP. Such examples
include, but are not limited to, three reactors at Chinshan and
Kuosheng in the 1999 Chichi earthquake in Taiwan; Tohuku's three
Onagawa reactors in the 2005 Miyagi earthquake in Japan;
Kashiwazaki-Kariwa NPP in 2007 Niigataken Chuetsu-Oki earth-
quake in Japan; Fukushima Daiichi NPPs, Fukushima Daini, Ona-
gawa NPP, and Tokai NPP in 2011 Tohoku-Taiheiyou-Oki earthquake
in Japan; North Anna NPP in a 5.8 magnitude earthquake in 2011 on
the US east coast; and the Wolseong NPP in 2016 Gyeongju
earthquake in South Korea.

The 2011 Tohoku earthquake and subsequent accident at the
Fukushima Daiichi NPPs, in particular, showed the need to explore

further multi-hazard scenarios in which a seismic hazard caused
additional secondary hazards. The primary reason for the Fukush-
ima Daiichi accident was that the seismically-induced tsunami
inundated the emergency power source first, consequently causing
the loss of core cooling and ultimately inducing radioactive releases
from the NPP containment. In addition, the seismic event induced
collapse of a fill-up slope within the NPP site that overturned the
electricity transmission tower and disconnected the NPP from
offsite power [1]. These conditions also partly contributed to the
loss of coolant from the reactor core and release of radioactive
materials. There are a number of feasible seismically-induced
hazards that could affect the safety of NPPs in the future,
including seismically-induced internal and external flooding, fires,
and landslides, among others. Various earthquake-induced multi-
hazard scenarios were summarized in Wang et al. [2]. Out of a
variety of multi-hazard cases, this paper was focused on the
earthquake-induced landslides and its discharge effects on the
safety of NPPs.

Many currently operating NPPs are located close to land with
various slopes. Such a situation poses potential threats to the NPP
safety from seismically-induced landslides. There have been a lot of
probabilistic and numerical studies focused on landslides or slope
failures caused by the earthquake events [3e11]. However, few of
these studies included efforts to understand and quantify the* Corresponding author.
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landslide failure probability and subsequent run-out effect on NPP
safety. One group [12] attempted probabilistic studies on the cali-
bration of safe factors for seismic stability of peripheral slopes at
the sites of NPP to see if the standard values specified in codes and
standards were appropriate. However, this result was not linked to
the core damage risk to the NPP in a seismic probabilistic safety
assessment (PSA).

The quantitative assessment of risk to NPPs in an earthquake
event is typically conducted using a seismic PSA. Since seismic PSAs
were first implemented for WASH-1400 [13], it has been well
applied to many existing plants such as the Diablo Canyon NPP, the
Oyster Creek Unit 1 Nuclear Generating Station, the Zion Nuclear
Power Station, and diverse Korean NPPs [14,15]. The IAEA and ASCE
have also explained this method in their technical guides [16,17]. By
this method, a plant-level risk metric is evaluated by convoluting a
system-level fragility curve that accommodates the component
seismic fragilities in terms of a systems analysis, with a seismic
hazard curve. The component fragility curves are probabilistically
obtained using empirical, experimental, and/or numerical simula-
tion data in the seismic hazard's intensity domain. The hazard
curve is probabilistically estimated by identifying and integrating
factors such as hazard sources, size, propagation characteristics,
and the developed prediction model. However, the current practice
in performance of seismic PSAs cannot consider secondary hazards
induced by a seismic hazard. Therefore, some efforts have been
made to explore seismically-induced multi-hazard scenarios sys-
tematically and to establish the framework needed to handle this
issue [18e22]. Those studies introduced a conceptual framework by
which to evaluate the risks induced from overall seismically-
induced secondary hazards, but have not yet accommodated the
unique phenomenon of seismically-induced landslides and its ef-
fect on the results of a seismic PSA of a NPP in a practical setting.

Given these circumstances, in this paper is presented a practical
approach for performing an earthquake-induced landslide PSA for a
NPP subject to seismic hazard. The approach was developed within
the current seismic PSA framework. To this end, the segments of the
seismic slope fragility analysis and evaluation of discharge effect,

were coupled with the component fragility analysis module of the
seismic PSA, as shown in Fig. 1. The proposed approach was
demonstrated using an example Korean typical type NPP, located
on the east coast of the Korean peninsula. This revealed the quan-
titative probabilistic effects of peripheral slope failure and its
discharge to the risk of core damage frequency (CDF) of a NPPwhen
an earthquake event occurs. Also, investigated were the effect of
the parameters for the slope, and the physical relation between the
slope and the NPP, on the seismic risk to the NPP using sensitivity
and parametric studies. Finally, based on these results, effective
strategies were proposed tomitigate CDF risk to the NPP that might
result from adjacent-slope vulnerabilities.

2. Fragility analysis for a slope subjected to an earthquake

2.1. General: dominant failure type of earthquake-induced
landslides

Earthquakes are regarded as a major cause of landslides. The
ground shaking triggered by the earthquake induces excessive
motion (above safety limits) in the soil and rock deposits and,
accordingly, causes such deposits to collapse in diverse ways. Such
an earthquake-induced landslide can cause thousands of deaths
and significant economic loss. One of the most destructive exam-
ples is a Peruvian earthquake that occurred in May 1970, and which
caused 54,000 casualties and buried two cities. From this
perspective, Rodriguez et al. [23] strongly encouraged a compre-
hensive assessment of seismic hazards and of risk that includes any
hazard associated with earthquake-induced landslides.

The earthquake-induced landslides are classified according to
categories defined by Varnes [24]. The basic classification relates to
the material affected (rock or soil) and within these categories,
distinction is made based on movement characteristics. In this way,
it distinguishes between disrupted slides and falls, and coherent
slides in the rock and soil materials. Within the soil category alone,
there is lateral spreads and flows. Specifically, there were 14 types of
landslides and roughly 5 which exhibited: (1) disrupted rock slides

Fig. 1. Conceptual approach for earthquake-induced landslide PSA regarding the NPP.
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and falls, (2) coherent rock slides, (3) disrupted soil slides and falls, (4)
coherent soil slides, (5) lateral soil spreads and flows [23,25]. Table 1
shows the relative abundance of the different types of earthquake-
induced landslides estimated from 40 historical earthquakes. As
shown there, the most abundant landslides are rock falls, disrupted
soil slides, and rock slides. The majority of earthquake-induced
landslides are of these particular failure types. Other studies have
indicated that such failures commonly make up 90% or more of
earthquake-induced landslides [26,27]. The characteristics of such
failures are that it can be initiated by the weakest shaking and that
the depth of failure is fairly shallow.

2.2. Slope stability assessment

The rock and soil deposits involved in the landslides typically
form a medium slope, whether it is naturally or artificially made.
Thus, significant efforts have been made to develop reliable tech-
niques for assessing the slope stability and predicting the slope
failure. So far, the methods that have been proposed for evaluating
the stability and performance of slopes during earthquakes can be
divided into three groups: (1) pseudo-static analysis, (2) stress
deformation analysis, and (3) permanent displacement analysis
(also called the Newmark method [28]). Each method of analysis
has strengths and shortcomings, and each can be appropriately
applied in particular situations [27]. Nevertheless, of the three, the
Newmarkmethod has beenmost widely used because it represents
a compromise between the rough assumptions of pseudo-static
analysis and the difficulties related to the use of sophisticated nu-
merical modeling scheme for stress deformation analysis.

Laboratory tests [29] and earthquake-induced landslide ana-
lyses of a natural slope [30] confirmed that the Newmark method
fairly accurately predicts slope displacements if slope geometry,
soil properties, and earthquake ground-motions are known. The
method treats a landslide as a rigid-plastic body in which the mass
does not deform internally, experiences no permanent displace-
ment at acceleration below the critical level, and deforms plasti-
cally along a discrete basal shear surface when the critical
acceleration is exceeded [27]. Since the method was introduced by
Newmark [28], it has been improved by more rigorous modeling of
the dynamic slope response using coupled and decoupled analysis.
Based on these concepts, and utilizing earthquake ground-motion
histories past recorded, a number of empirical models have been
proposed.

In the current study, the model proposed by Ambraseys and
Menu [31], later updated by Jibson [26], was used. Out of empirical
models, the reason that the Jibson model was utilized was that this
equation has been developed based on the direct correlation

between critical acceleration ratio and permanent displacement,
which could be easily incorporated into fragility assessment. And
this also predicted permanent displacement more accurately
compared to the previous models. Fig. 2 shows the performance
comparison among the Jibson model and previous models along
with the observed data. As can be seen in this Figure, Jibson model
seems well describing the observed data than other models do.
Specifically, this model was developed originally by Newmark an-
alyses of 50 strong ground-motion records from 11 earthquakes,
and further extended by considering 30 earthquakes, fromwhich a
set of 2270 single-horizontal-component strong motion records
were used to conduct the Newmark analyses. One reason for our
adoption of the Newmark-based empirical model to assess the
slope stability is that, as can be seen in the previous subsection, the
dominant failure type in earthquake-induced landslides is shallow,
and thus can be well modeled using the typical Newmark method.
Another reason is that the probabilistic approaches needed for
fragility and risk evaluation, demand tens of thousands of analyses
because, in this study, we considered the slope model parameters
and earthquake intensity measure as random variables rather than
fixed values. Thus, conducting a stress deformation analysis using
sophisticated numerical modeling, or using direct Newmark anal-
ysis accounting for thousands of earthquake ground motions and
slope model parameters, is impractical and infeasible.

The regression model used to obtain the permanent displace-
ment needed to assess the slope stability in this study is

Table 1
Relative abundance of earthquake-induced landslide types [25].

Relative abundance of earthquake-induced landslides Landslide type (14) Landslide type (5)

Very abundant Rock falls;
Disrupted soil slides;
Rock slides;

Disrupted rock slides and falls;
Disrupted soil slides and falls;

Abundant Soil later spreads;
Soil slumps;
Soil block slides;
Soil avalanche;

Lateral soil spreads and flows;
Coherent soil slides;
Disrupted soil slides and falls;

Moderately common Soil falls;
Rapid soil flows;
Rock slumps;

Disrupted soil slides and falls;
Lateral soil spreads and flows;
Coherent rock slides;

Uncommon Subaqueous landslides;
Slow earth flows;
Rock block slides;
Rock avalanches;

Lateral soil spreads and flows;
Coherent soil slides;
Coherent rock slides;
Disrupted rock slides and falls;

Fig. 2. Predicted Newmark permanent displacements among the Jibson model and
previous models along with data [26].
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represented in the following equations and in Fig. 3:

logðDnÞ ¼ 0:215þ log

"�
1� ac

amax

�2:341� ac
amax

��1:438
#
±0:510

(1)

ac ¼ ðFS� 1Þ,sinðaÞ (2)

FS ¼ c
g,t,sinðaÞ þ

tanð4Þ
tanðaÞ �

gw,m,tanð4Þ
g,tanðaÞ (3)

where c is the effective cohesion;4 is the effective friction angle; a is
the slope angle; g is the unit weight of soil; t is the slope normal
thickness of the failure surface; m is the percentage of failure
thickness that is saturated; gw is the unit weight of water. Here, Dn,
ac, and FS are respectively the permanent displacement (unit: cm),
critical acceleration (in units of the acceleration of gravity g) and the
static factor of safety; amax is the peak ground acceleration (PGA,
unit: g); log (�) is the base 10 logarithm operator. The last term
(±0.510) is the standard deviation of themodel. This equationmodel
has an R2 value of 84% with respect to the data considered. More
detailed information about the model can be found elsewhere [26].

2.3. Failure criteria

The predicted permanent displacement is a good indicator by
itself, to estimate actual displacement in the field. It is also known
to correlate with the field performance and can be used as an index
to provide the degree of failure. Jibson et al. [32] investigated such a
correlation by comparing the inventory of all landslides triggered
by the Northridge earthquake, with the Newmark-predicted per-
manent displacement. Therefore, using the predicted permanent
displacement, one could judge how likely occurrence of landslide
would be in an earthquake. The interpretation of the failure criteria
with respect to the occurrence of an earthquake-induced landslide
has varied according to the researcher. Wieczorek et al. [33] used
5 cm as the critical displacement that cause the macroscopic
ground cracking and failures leading to landslides in San Mateo
County (CA, USA). Keefer and Wilson [34] adopted 10 cm as the
critical displacement for coherent landslides in Southern California
(USA). Jibson and Keefer [35] employed 5e10 cm as the critical
displacement for landslides in the Mississippi Valley. Jibson et al.
[32] stated that the smaller and shallower landslides are commonly
triggered by permanent displacement of 2e15 cm. Blake et al. [36]
recommended using 5 cm as a median critical Newmark displace-
ment for slip surfaces intersecting stiff improvements (buildings,
pools, etc.) and 15 cm as the median critical displacement for slip
surfaces in ductile soil that do not intersect engineered improve-
ments (landscaped areas, patios, etc.). Jibson and Michael [37]
utilized the 2e15 cm range of permanent displacement to
develop seismically-induced landslide hazard maps of Anchorage
(AK, USA): 0e1 cm for low; 1e5 cm for moderate, 5e15 cm for high,
>15 cm for very high. Therefore, based on the interpretations of

previous researchers, 5 cm was used as the critical permanent
displacement for slope failure. The thing that the failure criteriawas
set to a limit permanent displacement, i.e., 5 cm in this study, has
two reasons. One reason was that previous study [27] described
that this level of displacement likely induced a ground cracking and
led to weakened soil condition. Moreover, the recent study [11]
quantitatively identified such values on the failure criteria
causing the slope collapse based on the direct correlation between
the observed slope failures and predicted Newmark displacements
[32]. As shown in Fig. 4, this study showed that the fragility analysis
with a basis on the failure criteria of 5 cm could well represent the
field observation represented in Jibson et al. [32].

2.4. Fragility analysis

Fragility analysis for an earthquake-induced landslide was
conducted to determine the relationship between a specific in-
tensity parameter (PGA in this study) and the corresponding
probability of occurrence of slope failure. Specifically, the seismic
fragility of the slope is defined as the conditional probability of
failure required to attain or exceed a specified performance func-
tion, G1, under a given measure of specific seismic intensity. It can
be stated as

Pf1 ¼ PðG1 <0jamaxÞ (4)

in which G1 is a function of the random variables. The performance
function G1 can be described as in Eq. (5):

G1 ¼ Dna � Dn (5)

where Dna denotes the failure criteria defined in subsection 2.3 and
Dn represents the predicted Newmark permanent displacement
according to the given seismic intensity. As shown in Eq. (1), Dn is a
function of c, 4, a, g, t, m and gw given the hazard intensity amax.
These parameters are treated as random variables in Eq. (4) and Eq.
(5) using probability density functions.

In order to evaluate the seismic fragility of Eq. (4), multiple
simulations were performed using Monte-Carlo simulation (MCS).
The variations of input parameters were considered by using
samples extracted from the target distributions [38]. Specifically,
for each random variable, statistically randomized samples were
drawn from the targeted probability distributions, and given the

Fig. 3. Sliding block model used for Newmark analysis.
Fig. 4. Estimation of failure criteria based on fragility analysis and field observation
data [11].
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seismic intensity amax, the performance function in Eq. (5) was
evaluated using the generated samples. The failure probabilities
were calculated based on the values estimated from the perfor-
mance function G1 and the crossing rate at which G1 is less than
zero. This process were carried out iteratively according to changes
in the seismic intensity, until it finally formed several discrete
points of failure probability in the seismic intensity amax domain.
We can write the overall procedure in the form of the following
function [39]:

Pf1ðamaxðiÞÞ ¼
P

1ðG1 <0jamaxðiÞÞ
ni

; i ¼ 1; :::; k (6)

where 1(.) is the indicator function, amax (i) is the ith level of PGA,
and ni is the number of simulations conducted at the given seismic
intensity amax (i). Here, k is the total number of the seismic in-
tensities considered.

3. Influence of mobility on the occurrence of earthquake-
induced slope failure

From a plant safety perspective, the distance between the plant
and the nearby slope is a significant element in the evaluation of
potential risk. For example, even if a particular slope is highly
vulnerable to earthquake loading, if the slope is physically far from
the plant site, then it does not affect plant safety and accordingly
does not require taking slope vulnerability into account when
assessing the plant risk. However, let us suppose that the
seismically-fragile slope is very close to the plant. Then, we need to
consider the slope fragility to quantify how much it contributes to
the overall risk to plant safety. In this quantification, the movement
behavior (or the travel distance) of the probable earthquake-
induced landslide and the distance between the slope and the
plant should be considered for an accurate safety assessment.

Many studies have been conducted to investigate the travel
distance of a potential landslide. These studies can be grouped into
three categories: (1) experimental approach, (2) empirical
approach (geomorphological or geometrical aspect), and (3)
analytical/numerical approach. Detailed reviews of these ap-
proaches can be found in the work by Zhang [40]. Given existing
methods, this paper uses the geometrical approach of the empirical
method to estimate the travel distance of the earthquake-induced
landslide occurred.

Empirical measures have been suggested for expressing the
mobility of the landslides as a form of minimum shadow angle (or
alternatively, reach angle) [41,42]. This angle is an empirical run-
out angle that is keyed to the apex of the slope. Fig. 5 shows the
geometrical relationship among the travel distance (L), the height
of slope (H), the slope angle (a), and the minimum shadow angle

(b). The values for b have been proposed in several studies. Lied [43]
proposed that it should be in the range 28e30�; Hastnes [44]
suggested a value of 25�; Evans and Hungr [41] recommended
27.5� based on the results from 16 profiles of rock-fall paths in
south-western British Columbia. Doomas [45] suggested 23e24�

and developed a relationship between the slope height and the
minimum shadow angle (i.e., b ¼ 0.562 H þ 13.7�). Corominas [42]
and Copons [46] revealed a correlation between the landslide
volume (V) and the reach angle/minimum shadow angle based on
the data of various types of landslide.

If b, a, and H have been determined, L is derived by a simple
geometrical axiom. If the distance from the critical plant location to
the base of the slope (D) is known, whether the mobility of the
landslide will damage the plant site or not can be determined by
formulating the performance function as follows:

G2 ¼ D�
�

H
tanðbÞ �

H
tanðaÞ

�
(7)

where D represents a sort of failure criterion; the curly brackets {.}
on the right side of the equation denote the mobility of the land-
slide from the base of the slope. Accordingly, the discharge prob-
ability reaching the critical location of the NPP is expressed as
following equation:

Pf2 ¼ PðG2 <0j"slope failure"Þ

¼
P

1ðG2 <0Þ
ni

; i ¼ 1; :::; k
(8)

Where, ni is the number of simulations performed considering
uncertainties of D, H, b, and a, given the assumption that the slope
failure occurs. k is the total number of simulations. Fig. 6 graphically
shows the geometric relation among the parameters defined above.
Similarly in subsection 2.4, because we treated the parameters D, b,
a, and H as random variables and evaluated Eq. (7) using the MCS-
based approach, the influence of the mobility of earthquake-
induced landslides that occur, can be obtained as a probability
value. This effect of the movement of the landslide should be
considered, along with the seismic fragility of the slope, when
quantifying the plant seismic risk caused by an earthquake-induced
landslide.

4. Seismic hazard curve

At a given site, it is important to know what the intensity of an
earthquake there would be and what level of ground motion could
occur during a specified time, given significant uncertainties. This
information can be provided by carrying out a probabilistic seismic
hazard analysis (PSHA). The PSHA is intended to quantify un-
certainties about the sources, size, distance, and ground motion of
future earthquakes, as well as to integrate them to produce an

Fig. 5. Schematic diagram of the slope and minimum shadow angle (b). Fig. 6. Geometric relation between the slope and plant site.
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explicit description of the distribution of ground-motions that
could occur at the site of interest. The final output of the PSHA is
described by seismic hazard curves, on which the annual proba-
bility of exceedance (APE) is plotted against a seismic hazard in-
tensity parameter. A detailed explanation and description of the
PSHA is not given in this paper, but the five key steps of the PSHA
are represented as follows:

- Identification of all earthquake sources
- Definition of the distribution of earthquake magnitudes
- Definition of the distribution of source-to-site distances asso-
ciated with possible earthquakes

- Prediction of the distribution of the seismic hazard intensity
according to the earthquake distance at a given magnitude (i.e.,
utilizing ground motion prediction equation (GMPE), also called
ground motion attenuation equation)

- Combining the uncertainties in the earthquake magnitude,
distance and seismic hazard intensity using a total probability
theorem

Using the process defined, a PSHA was conducted at the site of
Ulchin in Korea (KHNP, 2002). Four teams of seismicity experts and
three teams of GMPE experts were called in to obtain the PSHA
input parameters for this purpose. In Korea, the active faults have
not been identified as seismic sources that produce earthquakes at
present and the historical data on the recurrence time for a specific
earthquake has not been obtained. Thus, the Poisson typed PSHA
method was used for Korea, by which all earthquakes are assumed
to occur according to a stationary process in the time domain [47].
The four seismic source models are proposed by the seismicity
experts, which were all developed based on a historical and
instrumental earthquake catalog (i.e., the number of earthquake
events and historical earthquake records used were 2000 and 1800,
respectively). Fig. 7 shows a typical seismic source map of Korea. In
each source area, the Gutenberg-Richter equation was utilized for
the magnitude-frequency relationship and the hypocenters were
assumed to be uniformly and randomly distributed. Various GMPE
models were used for earthquake attenuation relations. The uti-
lized GMPEs were developed through a combination of the GMPE
for the eastern USA and analysis results regarding earthquake data
generated in Korea, or solely by the eastern USA GMPE relation.
Finally, based on the input data presented by expert teams and
corresponding weighting factors, a mean seismic hazard curve was
evaluated by arithmetically averaging the input results. Fig. 8 shows
the seismic hazard curves for the site.

5. Risk quantification: evaluation of core damage

The overall seismic safety for the NPP is typically evaluated as an
annual core damage frequency (CDF) by a summation of convolu-
tions of the seismic hazard curve and the seismic fragility curve for
various accident sequences as follows:

CDF ¼
Xn
i¼1

�Z
Pf ;siðlÞ,

����dHðlÞdl

����dl
�

(9)

in which l is a seismic hazard intensity parameter (PGA in this
study), si is accident scenarios which can lead to core damage, Pf, si
is the seismic fragility curve for ith accident scenario, and n is the
total number of accident scenarios considered for estimating the
CDF. H (l) represents the seismic hazard curve that was explained
in the previous section. The seismic fragility curve for each accident
scenario was calculated by employing event trees and fault trees.
The trees are constructed to describe the accident sequences

causing the core damage. These can also be described in the form of
Boolean expressions. The quantification for the seismic fragility for
each scenario includes, among others, component seismic fragil-
ities, component random failures, and operator errors.

Probabilistic characteristics of the seismic fragilities of struc-
tures, systems, and components (SSCs) are generally regarded as
lognormal distributions. These assumption have been widely
accepted for such kinds of probabilistic vulnerability analyses in
various engineering areas. To be more specific, such probabilistic
effects are mainly divided to a strength factor, an inelastic energy
absorption factor and a structural response factor [48]. The
response factor can be further subdivided into the spectral shape
factor, the ground motion incoherence factor, the damping factor,
the modeling factor, the mode combination factor, the earthquake
component factor, and the soil structure interaction effect factor.
Each factor above mentioned has uncertainty caused from the lack
of knowledge, and inherent randomness which are associated with

Fig. 7. Typical seismic source map of Korea [15].

Fig. 8. Seismic hazard curves for site [15].
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corresponding factors. All these factors are respectively repre-
sented as lognormal standard deviations bRi and bUi with regard to
the median values, respectively. All the effects for median values
are ultimately combined into Am. The effect related to lognormal
standard deviations are integrated to bR ¼ (SbRi2 )(1/2) and bU ¼
(SbUi2 )(1/2), respectively. To sum up, the seismic fragility curve for
SSCs can be described using the following equation:

Pf ðlÞ ¼ F

"
lnðl=AmÞ þ bUF

�1ðQÞ
bR

#
(10)

where F [.] is the standard Gaussian cumulative distribution
function, Am is the median seismic capacity, F�1(∙) is the inverse of
the standard Gaussian cumulative distribution function, Q is the
non-exceeding probability level, and bR and bU are the lognormal
standard deviations, denoting inherent randomness and modeling
uncertainty, respectively. A mean seismic fragility curve can be
represented by

Pf ðlÞ ¼ F

2
64 lnðl=AmÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2R þ b2U

q
3
75 (11)

In the seismic margin studies, the 5% failure probability at the
95% confidence level fragility curve (or approximately the 1% failure
probability at the mean level fragility curve), also called the high-
confidence-of-low-probability-of-failure (HCLPF), is utilized to es-
timate the seismic capacity as a single value. In this study, the
detailed process on seismic fragility evaluations of the SSCs in the
example NPP was not presented since such work was well beyond
the scope of this study. However, the final results of the fragility
evaluation of SSCs (i.e., values for Am, bR and bU of lognormal dis-
tribution) were summarized in Table 2 as an input information for
the seismic PSA process. The random failure data and operation
errors can be obtained from operational experience of existing

plants or other related research outcomes. These failure data are in
general represented as an annual failure rate.

Using the method described, the risk quantification needed to
obtain the CDF was carried out at the Korean typical type NPP. The
seismic event induced six major events: (1) Loss of essential power
(LEP), (2) Loss of secondary heat removal (LHR), (3) Loss of compo-
nent cooling water/essential chilled water (LOCCW), (4) Small loss of
coolant accidents (SLOCA), (5) Loss of offsite power (LOOP), and (6) a
General transient (GTRN). Out of the six initial events (IEs) caused by
the seismic event, four LEP, LHR, LOCCW and SLOCA resulted in the
direct core damage. The remaining two IEs (LOOP and GTRN) were
linked to the secondary event trees for estimating the CDF. Fig. 9
specifically shows a seismically-induced initial event tree. This tree
was derived from the internal event probabilistic safety analysis. The
relationship among the IEs exhibited the hierarchy shown in the
event tree. Table 2 presents the component seismic fragility data and
operator error information associated with the event tree. Each
initiating event occurred as a result of the combination of related
component seismic failures and the annual operator error rate. These
are defined by following simplified Boolean expressions involving
the components identified in Table 2:

LEP ¼ C2þ C22þ C19þ C15þ ðC11,CrÞ þ ðC14,CrÞ
þðC4,CrÞ þ ðC12,C8,CrÞ þ C18þ C5þ C13 (12a)

LHR ¼ LEP,C6 (12b)

LOCCW ¼ LEP,C6,ðC3þ C7þ C16þ C9þ C10Þ (12c)

SLOCA ¼ LEP,C6,ðC3þ C7þ C16þ C9þ C10Þ,C17 (12d)

LOOP ¼ LEP,C6,ðC3þ C7þ C16þ C9þ C10Þ,C17,C1 (12e)

Table 2
Component seismic fragility data and operator error information.

Structures/Components/Equipment/Operator error Am (g) bR bU HCLPF (g) Mean failure rate (yr-1)

C1 Offsite power (154 kV Switchyard) 0.30 0.22 0.20 0.15
C2 Diesel generator 1.13 0.36 0.30 0.38
C3 Essential chilled water compression tank 1.00 0.35 0.20 0.40
C4 Battery charger and relay chatter (480 V related) 1.03 0.28 0.28 0.41
C5 Battery charger (125 V related) 1.54 0.33 0.33 0.52
C6 Condensate storage tank 1.04 0.25 0.24 0.46
C7 Essential chilled water chiller 1.08 0.28 0.27 0.44
C8 Regulating transformer 1.30 0.33 0.30 0.46
C9 Essential service water pump 1.20 0.29 0.28 0.47
C10 Component cooling water surge tank 2.00 0.41 0.47 0.47
C11 4.16 kV switchgear 1.33 0.33 0.30 0.47
C12 Inverter 1.37 0.33 0.30 0.49
C13 Battery rack 1.46 0.33 0.31 0.51
C14 480 V load center 1.50 0.32 0.29 0.55
C15 HVAC ducting and supports 2.06 0.32 0.41 0.62
C16 Essential chilled water pump 1.85 0.36 0.27 0.66
C17 Instrumentation tube (primary system) 1.50 0.30 0.30 0.56
C18 125 V DC control center 1.58 0.33 0.29 0.57
C19 Switches 2.33 0.41 0.45 0.57
C20 Motor center functional failure 1.33 0.33 0.30 0.47
C21 Motor center structural failure 1.99 0.33 0.33 0.67
C22 Auxiliary building 2.00 0.32 0.37 0.64
Cr Operator error e e e e 0.01

GTRN ¼ LEP,C6,ðC3þ C7þ C16þ C9þ C10Þ,C17,C1,ðC20,CrÞ,C21 (12f)

S. Kwag, D. Hahm / Nuclear Engineering and Technology 50 (2018) 1372e13861378



The overall CDF was estimated using Eq. (9). The CDF value for
the NPP was evaluated as 9.82E-06 (/year) as shown in Table 3. The
LEP was identified as the dominant initiating event that made the
greatest contribution by occupying more than half of the total CDF
value.

6. Earthquake-induced landslide PSA for NPP

This section presents the method by which the earthquake-
induced slope failure and its outpour movement, are considered
in the seismic PSA results of the NPP. The quantitative slope failure
and the outpour effect on the NPP safety are formulated in the
following equation because the NPP is likely to be damaged only
when these two events occur at the same time:

Pf ;SF ¼ Pf1∩Pf2 (13)

where Pf1 is the seismically-induced slope fragility using Eq. (6), Pf2
is the discharge probability reaching the critical location of the NPP
utilizing Eq. (8), and Pf, SF is the occurrence probability of slope
failure resulting in potential damage to the NPP. Here, when eval-
uating Eq. (7), D is set to the distance distribution between the base
of slope and critical structures, systems, and components (SSCs) of
the NPP to nuclear safety, which could possibly be impaired by the
slope failure and discharge. The Pf, SF obtained from Eq. (13) addi-
tionally increases seismic fragility of the affected SSCs in a con-
servative manner as indicated in the following equation:

Pf ;SSCu ¼ Pf ;SF∪Pf ;SSC (14)

in which Pf, SSC is the original seismic fragility data and Pf, SSCu is the
updated seismic fragility data further considering the damage ef-
fect to the SSCs caused by the adjacent slope failure and its

discharge mobility. As shown in Eq. (14), this probability of slope
failure run-out reaching to the SSCs are finally regarded as a
degrading effect factor on the original seismic fragility information
of such SSCs. This assumption looks quite conservative because the
touch of rock debris and soil to target structure does not likely cause
failure. But, this can be “more safe-side” assumption by over-
estimating the risk of CDF due to the adjacent slope collapse. Also,
this failure distribution obtained from this assumption can be uti-
lized as a conservative probabilistic distribution before the detailed
evaluation on a correlation study between the amount of debris
and soils and its effect in target structure failure. Finally, this con-
servative failure distribution can be expected to be used as a prior
probabilistic distribution information to finally achieve the accu-
rate distribution incorporating such the detailed evaluation result
by updating the current distribution within a Bayesian inference
framework.

6.1. Numerical example

Fig. 10 shows the Korean typical type NPP site with a conceptual
picture of the overall configuration and adjacent slope. The prop-
erties of the slope considered in this particular numerical example
were defined as: c¼ 40 kPa, 4¼ 30�, a¼ 45�, g¼ 19 kN/m3, t¼ 3m,
m ¼ 0 (no pore-water pressure), and gw ¼ 9.807 kN/m3. For the
seismic slope fragility analysis, all parameters were regarded as
random variables and were assumed to follow normal distributions
having a coefficient of variation (c.o.v) of 0.1 except for m and gw.
The parameters for the discharge analysis resulted from slope
failure were defined as: D ¼ 100 m, H ¼ 100 m, and b ¼ 25�

considering the geometric information for the slope and the NPP,
and the empirical minimum shadow angle recommended by other
studies. D was normally distributed, having 0.3 c.o.v because the
SSCs are arranged with the reactor core in the center, and H and b

Fig. 9. Seismically-induced initial event tree for Korean typical type NPP.

Table 3
HCLPF, occurrence frequency, and contributions to a core damage of seismically-induced IEs.

Initiating Events (IEs) HCLPF (g) IE occurrence frequency (yr-1) CDF (yr-1) Contribution to CDF (%)

LEP 0.35 5.16E-06 5.16E-06 52.6
LHR 0.47 5.85E-07 5.85E-07 6.0
LOCCW 0.35 2.24E-06 2.24E-06 22.8
SLOCA 0.60 1.03E-07 1.03E-07 1.0
LOOP 0.15 4.84E-05 5.98E-07 6.1
GTRN e 9.08E-04 1.13E-06 11.5
Total e e 9.82E-06 100.0
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were regarded as normal distributions with 0.1 c.o.v in order to
account for their uncertainties. The information on specific range of
c.o.v associated with all parameters was determined with a refer-
ence in the guideline representing variability of soil parameters
obtained from statistical data on the soils [49], and the un-
certainties on the geometrical relation between the example NPP
and adjacent slope. As suggested by the reviewer, we added a
reference study with respect to the parameters.

The SSCs that could likely be damaged by the adjacent slope
failure and its discharge shift at this particular NPP were identified
as the 154 kV switchyard for offsite power (SOP, C1), the condensate
storage tank (CST, C6), and the auxiliary building (AB, C22). The
reason that the three SSCs such as SOP, CST and AB were selected as

key SSCs likely damaged by adjacent slope failure was that such
SSCs were exposed to the outside and could be directly influenced
by the run-out of slope failure, accordingly. On the other hand, the
other SSCs other than thesewere enclosed by the building structure
and such building structure could play a role of the first barrier
protecting the SSCs inside. Due to this aspect, such SSCs were
assumed not to be likely damaged by adjacent slope failure and its
subsequent run-out phenomenon. The associated IEs identified in
this seismic PSA were the LOOP, LHR and LEP; for the SOP, CST and
AB, respectively. The number of samples utilized for all individual
fragility analyses in this study were 10,000. This particular number
of samples were determined based on the convergence study. Such
convergence study showed that this amount of samples were

Fig. 10. Example site of Korean typical type NPP and a conceptual picture of overall configuration and adjacent slope as an example.

Fig. 11. Deteriorated fragility curves for SOP, CST and AB considering occurrence probability of slope failure causing a potential damage to NPP.
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sufficient with respect to the numerical stability of most of fragility
results, not sacrificing the numerical efficiency.

6.2. Effect of the adjacent slope vulnerability on a core damage of
NPP

To investigate the effect of the seismically-induced slope failure
and its discharge on the core damage of the NPP, the seismic PSA

was re-conducted considering the degradation of three key
SSCseSOP, CST and AB. Fig. 11 (a) shows the mean seismic slope
fragility curve (Pf1) and the discharge probability reaching the
critical location of the NPP (Pf2) using the MCS-based approach, and
the occurrence probability curve of the slope failure likely causing
the damage to NPP (Pf, SF) using Eq. (13). From this figure, it is
observed that the Pf, SF curve was considerably reduced due to the
slope discharge probability effect reaching the critical location of

Fig. 12. Comparison between fragility curves of seismically-induced IEs obtained from original PSA and from PSA considering slope failure effect to (a) SOP, (b) CST, (c) AB, and (d) all
three SSCs (SOP, CST and AB).

Table 4
Decrease of the HCLPF of seismically-induced IEs due to the potential threat of slope failure close to the NPP.

Affected SSCs by adjacent slope failure HCLPF (unit: g)

LEP LHR LOCCW SLOCA LOOP GTRN

Switchyard for offsite power (SOP) 0.35 (0%) 0.47 (0%) 0.35
(0%)

0.54 (0%) 0.15 (0%) e

Condensate storage tank (CST) 0.35 (0%) 0.35 (25.5%) 0.35
(0%)

0.55 (�1.9%) 0.15 (0%) e

Auxiliary building (AB) 0.29 (17.1%) 0.47 (0%) 0.35
(0%)

0.55 (�1.9%) 0.15 (0%) e

All (SOP, CST, AB) 0.29 (17.1%) 0.35 (25.5%) 0.35
(0%)

0.55 (�1.9%) 0.15 (0%) e

(-%) denotes HCLPF decrease ratio compared to the original PSA result (i.e. j(HCLPFe HCLPFo)/HCLPFoj where HCLPF is the result calculated considering seismic slope
vulnerability, and HCLPFo is the values obtained from the original PSA result).

Table 5
Increase of the CDF due to the potential threat of slope failure close to the NPP.

Affected SSCs by adjacent slope failure CDF (yr-1) CDF increase ratio (%) aLog CDF increase ratio (%)

Switchyard for offsite power (SOP) 9.85E-06 0.25 0.02
Condensate storage tank (CST) 1.25E-05 27.09 2.08
Auxiliary building (AB) 1.28E-05 29.89 2.27
All (SOP, CST, AB) 1.54E-05 57.08 3.92

a Log CDF denotes increases ratios based on natural log of CDF values (i.e., j(ln(CDF)-ln(CDFo))/ln(CDFo)j).
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NPP (Pf2). Fig. 11(bed) graphically illustrate the updated seismic
fragility curves for the SOP, CST and AB considering the Pf, SF effect
on these components using Eq. (14). It can be seen from these
figures that the seismic fragility of the SOP is not much changed,
while the seismic fragilities of the CST and AB are affected by the
adjacent slope failure and its run-out. The reason for this result is
that the SOP was already very vulnerable even to a relatively low-
seismic-intensity earthquake event compared to the CST and AB;
therefore, the additional slope failure vulnerability induced by a

greater seismic event did not contribute to increased seismic
fragility of the SOP.

Fig. 12 compares the original plant-level seismic fragility curves
for the six IEs with those calculated using Boolean expressions in
Eq. (12) and updated seismic fragility information for the SOP, CST,
and AB (Fig. 11). Fig. 12(aec) show the curves, respectively
considering updated fragility information of the SOP, the CST, and
the AB alone (case 1, 2, and 3) while Fig. 12 (d) presents the curves
accounting for all updated fragilities (case 4). As we anticipated, the
fragility curves of the LHR (including the CST) and the LEP
(including the AB) were updated, but the seismic fragility curve of
the LOOP (including the SOP) was not much modified, nor were
those of the other remaining IEs. Table 4 further represents the
HCLPF results for the four cases of Fig. 12. As shown in Table 4, the
HCLPFs of the seismically-induced IEs were decreased due to the
potential threat of seismic slope failure close to the NPP. Specif-
ically, the increased seismic damage probabilities of the CSTand the
AB, deteriorated the plant seismic capacities of the IEs by 25.5% for
the LHR and 17.1% for the LEP.

Table 5 summarizes the CDF results and CDF increase ratios
compared to those of the original seismic PSA (i.e., j(CDF e CDFo)/
CDFoj, where CDF is the result calculated considering seismic slope
vulnerability, and CDFo is the value obtained from the original
seismic PSA result) for the four cases. The CDFs were evaluated
using Eq. (9). From Table 5, it can be observed that the CDF (i.e.,
overall risk to the NPP) was increased by about 57.1% owing to the

Fig. 13. Sensitivity analysis for the nine key parameters.

Fig. 14. Core damage frequency of NPP according to changes in slope properties.
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probable threat of seismic slope failure adjacent to the NPP. The
degraded seismic fragilities of the CST and the AB similarly
contributed to increase in the CDF.

6.3. Sensitivity assessment of the slope properties on a core damage
of NPP

In order to determinewhich parameters are sensitive to changes
in the parameter values due to various uncertainties, sensitivity
analyses were conducted. The sensitivity analysis for each key
parameter used ±30% perturbation in the mean value of corre-
sponding parameter, while it left other parameters at their mean
values. The sensitivities of the parameters regarding the CDF were
estimated in the following equation:

Log CDFs;i ¼
����lnðCDFð1:3,miÞ � lnðCDFð0:7,miÞÞÞ

lnðCDFðmiÞÞ
����,100 ð%Þ

(15)

where i denotes nine key parameters associated with the slope
failure and its discharge (c, 4, g, t,m, a, D, H, and b); mi indicates the
mean value of i parameter which is targeted for the sensitivity
analysis; Log CDFsi represents the sensitivity of i parameter
regarding the natural log of CDFs. Fig. 13 shows the CDF sensitivity
results for the nine parameters in the seismic PSA of the NPP
considering adjacent seismic-slope-failure-induced potential

damage. As shown in this figure, the slope angle a is the most
sensitive to its uncertainties concerning the CDF risk quantities.
This result seems to occur because the slope angle a affects both the
slope failure and its probability of discharge toward the NPP. It is
also revealed that parameters for the slope failure discharge, such
as the distance between the slope and the NPP D, slope height H,
and minimum shadow angle b (including the saturated ratio of
failure thickness m) were less sensitive to their uncertainties than
were the other parameters.

6.4. Effect of the slope properties on core damage of the NPP:
parametric studies

As seen in subsection 6.2, the CDF of the Korean typical NPP
was increased due to the effect of seismically-induced adjacent
slope failure when the earthquake event occurs. Hence, for
making provision to mitigate such CDF risk to the NPP, it is
essential to analyze various NPP-slope conditions that can be
represented by varying key parameters associated with them
(slope geological, topological and hydrological parameters: c, 4,
g, t, m; slope-failure discharge parameters: D, H, b; a common
factor: a). For this purpose, the parametric studies in this section
were carried out. The investigations were focused on the change
in only one specific parameter within a reasonable range with
respect to the NPP-slope condition. The ranges considered of the
nine parameter values were as follows: c ¼ 20e70 kPa,

Fig. 15. Log CDF change ratio compared to the value of original NPP PSA (without considering earthquake-induced slope failure) according to changes in slope properties.
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4 ¼ 10e60�, g ¼ 11e30 kN/m3, t ¼ 1e5 m, m ¼ 0e1, a ¼ 10e70�,
D ¼ 50e300 m, H ¼ 50e200 m and b ¼ 20e35�. Fig. 14 and Fig. 15
show CDFs and Log CDF change ratios over the ranges considered
for the nine parameters. Fig. 16 shows the HCLPF values for LEP
and LHR of the NPP, in the same range. The dashed lines of Fig. 14
denote the CDF value presented in Table 3, which was evaluated
from the original seismic NPP PSA. The dashed lines in Fig. 16
indicate the original HCLPF values of LEP and LHR in Table 4.
From the figures, the following observations and interpretations
are noteworthy.

(a) As shown in (a), (b), (g), and (i) of Figs. 14 and 15, the seismic
CDF tends to decrease with increasing cohesion, friction
angle, distance between the NPP and slope base, and the
minimum shadow angle. Specifically, if the value of the
cohesion, the friction angle and the distance between the
NPP and slope base (respectively) goes beyond 50 kPa, 40�

and 250 m, the CDF of the NPP converges to that of the
original seismic PSA, not taking the potential slope vulner-
ability into account. Compared to the cohesion and friction
angle, the distance and minimum shadow angle are less
influential in CDF quantification. The reason for these results
is because increase in the cohesion and friction angle enlarge
the shear strength of the soil and consequently raise the
seismic capacity of the slope.

(b) As seen from (c), (d), (e), (f) and (h) of Figs. 12 and 13, as the
soil unit weight, slope normal thickness of failure surface,
saturated ratio of failure thickness, slope angle, and slope
height are increased, the CDF value shows a tendency to get
larger. If the soil unit weight, the slope normal thickness and
the slope angle are less than 15 kN/m3, 2 m, and 35�,
respectively, the seismically-induced slope failure probabil-
ity does not cause any effects on the original NPP seismic PSA
results. The slope angle had a significant effect on the CDF
risk while the slope height did not change this quantity very
much. Such results were brought about because: (1) the in-
crease in the soil unit weight and slope-normal thickness of
failure, determine the mass and volume of soil that can slide
along the slope, and an increase here can increase the seismic
inertial force; (2) water permeating the body of the soil slope
is likely to reduce the soil shear strength; and (3) the steep
slope angle and significant height reduce the inherent slope
stability and increase the soil movement capability. These
conditions ultimately reduce the slope seismic capacity.

(c) As shown in Fig. 16, changes in the HCLPF value show trends
opposite to those in the values of CDF over all the parameters
because the HCLPF represents the seismic capacity of the NPP
while the CDF indicates the risk. Thus, the HCLPF results in
Fig. 16 once again confirm the findings in the CDF parametric
studies above.

Fig. 16. HCLPF of LEP and LHR of NPP according to changes in slope properties.
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(d) Based on the observations made above, we can provide the
general approach to alleviate the increased CDF of the NPP
caused by the probable seismically-induced failure of the
adjacent slope. There could be two major provisions to do
this: one is to make some modifications to the slope me-
dium; and the other is to install a protection wall between
the slope and the key SSCs of the NPP affected by the slope
failure and its discharge. Specifically, the soil enhancement in
the cohesion and friction angle, the alteration in soil,
reduction of the slope normal thickness of failure, and
physical modifications to the slope dimensions (such as the
slope angle and height) could possibly decrease the seismic-
slope-failure-induced CDF risk to the NPP. Moreover, an
appropriate drainage plan for the slope could provide an
effective strategy to lessen the CDF caused by the slope
vulnerability. Finally, we fundamentally exclude the poten-
tial threat of seismically-induced slope failure from the
seismic PSA process at the NPP by isolating the key SSCs of
the NPP from the run-out of the slope. Such isolation can be
provided by installing a protection wall facing the slope in
front of the key SSCs.

7. Summary and conclusion

A PSA approach for an earthquake-induced landslide was
developed for the NPP under seismic hazards within the current
seismic PSA framework. The segments of seismic slope fragility
analysis and its discharge effect evaluationwere additionally linked
to the component fragility analysis module of seismic PSA. The
seismic slope fragility analysis was conducted with the Newmark-
based rigid-block model to assess the slope stability during a
seismic event. The probabilistic evaluation for the run-out caused
by the seismic slope failure used a geometrical approach to esti-
mate the travel distance of the earthquake-induced landslide. The
combined effect of slope failure and its discharge on the NPP safety
were conservatively reflected in the associated component fragility
data.

To demonstrate the proposed approach, it was applied to the
Korean typical type NPP, and to its peripheral slope. The assessment
result showed the quantitative probabilistic effects of adjacent
slope failure and its discharge to the CDF of the NPP during the
earthquake. Additional parametric studies suggested possible
provisions to mitigate the CDF risk to the NPP resulting from the
adjacent slope vulnerabilities: (a) soil enhancement, physical
modification and drainage plan of the slope medium; and (b)
isolation of the key components of the NPP affected by the
discharge after slope failure by installing physical protection. For
future study, the approach presented here could be completed if it
is integrated with the refined numerical simulation results of the
slope failure and its outpour adjacent to the NPP.
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