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ABSTRACT 

 

Fault Displacement (FD) event is one of the seismic-induced hazards. Although Probabilistic Risk 

Assessment (PRA) for seismic events have been studied for decades and been applied to many nuclear 

power plants (NPP), methodology to assess risk from of FD hazards has not been fully developed. To 

provide a means to assess the risk from FD hazard, Ebisawa et al. (2017)(2018) developed a FD PRA 

methodology through application to a hypothetical NPP. However past studies were applied to PWR type 

plants, and only vertical FDs were assumed in the PRA. In this study the authors investigated how different 

types of FD, such as horizontal FD, can affect plant and the accident sequence analysis. The authors also 

investigated the applicability of the PRA methodology on different plant types through and accident 

sequence analysis of a hypothetical BWR plant.   

 

INTRODUCTION 

 

The Chi-Chi Earthquake, a magnitude of 7.6, occurred in Taiwan in Sept.1999. During the event, dam and 

buildings collapsed by surface fault displacement, and the influence of FD on structures has been brought 

to attention. Recently in Japan, interest on the impact of principal and secondary FDs on nuclear facilities 

has increased, and it is currently recognized as an urgent issue for investigation. Japan Society of Civil 

Engineers (2015) published research report of FD evaluation that included investigation of Fault and FD, 

FD evaluation based on numerical analysis and experiment. The Atomic Energy Society of Japan (AESJ) 

has performed studies to develop risk evaluation methods for fault movements. With regards to international 

activities, an international workshop (2016), with participants from nuclear industry, has been recently held 

to discuss the latest studies on fault displacement hazards.  

 

Under this context, Ebisawa et al. (2017)(2018)  established a methodology concept as part of the 

development of fault displacement PRA. In the study of Ebisawa, a FD PRA methodology was proposed 

and fragility and accident sequence analyses was performed. However the studies were applied to PWR 

type plants and only vertical FDs were assumed in the PRA. In this study the authors investigated how 

different types of FD, such as horizontal FD, can affect plant and the accident sequence analysis. The 

authors also investigated the applicability of the PRA methodology on different plant types through and 

accident sequence analysis of a hypothetical BWR plant.  In this paper, FD PRA study on horizontal FD is 

first discussed. In the second part, the accident analysis of BWR type plant is discussed. 
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FD PRA for horizontal type FDs 

 

The FD PRA study of Ebisawa et al. (2018) was based on a vertical FD hazard, and the effect of horizontal 

FD was not considered. To obtain insights of the risk from horizontal FD hazard occurring at a NPP, and 

to establish a PRA methodology for horizontal type FD, possible failure modes and fragility of structures 

systems and components for a horizontal FD has be examined.  

 

Effect of horizontal FD on Building fragility  

 

The Atomic Energy Society of Japan (AESJ) (2017) has performed structural analyses of the reactor 

building assuming a horizontal fault displacement occurring beneath the building. In their structure analyses, 

base mat reinforcing steel strain, building base mat in-plane shear strain, and underground exterior wall 

out-of-plane shear strain were analysed for displacements varying from 0.1 meters to 0.5 meters. According 

to there study, when the displacement is 0.3 meters, the base mat reinforcing steel strain and the base mat 

in-plane shear strain still maintain margin against its end state, but the verification ratio of the out-of-plane 

shear strain exceeded 1.0 in wide areas of the underground exterior wall. AESJ reported results of the 

structure analysis but a fragility curve was not developed. 

 

 

Using the insights obtain in the AESJ study (2017), horizontal FD fragility for building under has 

been developed in this study. It is considered that the likely more failure mode of the building under 

horizontal FD is the damage of the underground exterior wall due to out-of-plane shear strain. The AESJ 

study performed a structure analysis of the reactor building, affect by a horizontal FD crossing from the 

southern wall of the reactor building through the western wall of the reactor building. Characteristics of the 

response of the underground exterior wall given a horizontal FD, observed in the AESJ study are as follows: 

 The verification ratio exceed 1.0 at wide elements of the southern side underground exterior 

wall when the  horizontal FD is 0.3 meters 

 No damage is observed in the western wall. Damage is limited to the southern side wall. 

 If only the southern wall is subjected to damage, the damage will not result in the total collapse 

of the building. So it is building collapse is unlikely with in the range analysed. 

 Even though the building will not collapse, damage occurring at the southern wall will affect 

its function to support components 

From this observation, the failure mode we focus on is the loss of support function of the exterior wall.  

 

To develop a fragility curve, the uncertainty and conservatism in the AESJ’s structure analysis has 

been reviewed. Characteristics of the structure analysis performed in the AESJ study are as follows: 

 The damage is caused by out-of-plane shear, so no toughness by plasticization can be expected 

 The shear strength value used in the calculation of the verification ratio seems to be calculated 

by the strength equation based on design property values 

 If realistic concrete strength is used in the calculation, strength value will increase and the 

verification ratio decreases 

 Also, the shear strength equation has conservatism built in 

From this observation, it is expected that most of the elements of the underground exterior wall will not 

exceed their practical out-of-plane shear strength when the building is subjected to a 0.3 meter horizontal 

FD.   

 

Even though results of the AESJ study showed that the verification ratio exceeds 1.0 in a wide area 

of the southern underground when the horizontal displacement is 0.3 meters, this result seems to be 

pessimistic. Considering the conservatism in the analysis discuss above, we assumed that the failure 

probability (loss of support function of the wall) is 50% when the horizontal displacement is 0.5 meters. 
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Since the AESJ study reported that no significant damage is anticipated when the horizontal displacement 

is 0.1 meter, we assume that the failure probability at horizontal displacement is 0.1 meter is nearly 0%. 

Based on the failure probability of these two horizontal displacement magnitudes, and assuming that the 

fragility curve can be expressed by a lognormal distribution, a fragility curve for the reactor building has 

been developed. The fragility curve developed is show in Figure 1. The failure mode of interest is the loss 

of support function of the underground exterior walls.  

 

 
 

Figure 1. Fragility curve of the building underground exterior wall support function 

 

 

Effect of horizontal FD on component fragility 

 

Concept of component fragility for vertical FD events has been proposed by Ebisawa et al. (2017). 

Component fragility and dominant failure modes could be different for horizontal FD events. In this study, 

fragilities of components during horizontal FD events were in investigated, with focus on the difference 

from the effect of vertical FDs.  

 

When a vertical FD occurs at a building, components located inside the building may be affected 

by the inclination of the building, even if the building walls and base mat remains intact. On the other hand, 

if the FD involves only horizontal motion, inclination of the building is negligible, and therefore, 

components located within the building will not be affected unless the building structure itself, such as 

walls and base mat, is not damaged. Characteristics of the fragility of components located inside buildings 

are summarized in Table 1. 

 

 

 

 

 

 

Table 1: Fragility characteristics of components located inside buildings 
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Component category Vertical FD Horizontal FD 

Main components  Damage of base mat may affect 

compone1nts located along the 

destruction line of base mat 

 Inclination of lubrication oil 

tank causing loss of oil supply 

may degrade function of active 

components 

 Damage of underground exterior 

wall  may affect components 

supported by the wall 
Heat exchangers 

Tank 

Pump 

Electrical 

boards/cabinets 

Internal piping 

 

For components located outside buildings, the effect of FDs on components depends on whether 

the FD occurs right beneath the component or adjacent areas but not directly beneath. Tanks can be damaged 

and lose its function if the base mat is damaged by the FD and the lower plate of the tank deform. Even if 

the tank itself has not been damaged, there is a possibility that the tank may lose its required function if the 

connecting piping between the tank and the building the water is supplied to is damaged by the FD. 

Characteristics of the fragility of components located outside buildings are summarized in Table 2 and 

Table 3.  

 

Table 2: Fragility characteristics of components located outside directly above the FD 

 

Component category Vertical FD Horizontal FD 

Tank (locked on base 

mat ) 

 Base mat failure: Lower and /or 

shell plate of tank may be 

damaged due to deformation of 

base mat. 

 Base mat intact: Structural 

failure due to inclination can 

potentially occur, but a hazard 

resulting in such amount of 

inclination is unlikely to occur. 

 Base mat failure: Lower plate of 

the tank may be damaged due to 

relocation 

 Base mat intact: Tank not affected 

Tank (not locked on 

base mat ) 

 Base mat failure: Crack may occur 

at the lower plate. Shell plate may 

fail due to torsional strain. 

 Base mat intact: Tank not affected 

Pump  Base mat failure: May lose 

function due to abnormal 

rotation axis alignment 

 Base mat intact: May lose 

function by lubricating 

decreased oil level by 

inclination of oil tank 

 Base mat failure: May lose 

function due to abnormal rotation 

axis alignment 

 Base mat intact: Pump not affected 

Portable equipment 

(e.g. pump truck) 

Unlikely to over-turn. However, 

inclination may affect function of 

active components similar to effect 

on pump.  

The vehicle rotate direction but will not 

cause damage to its function 

Piping 

(e.g. service water 

piping) 

Pipng may be damaged due to 

vertical forced displacement 

Pipng may be damaged due to 

horizontal forced displacement 

Piping crossing 

buildings 

Load concentration occur at elbow 

support location due to vertical 

forced displacement and cause 

damage 

Effect depends on whether the 

displacement is in-plane or out-of-plane 

of elbow. 

 

Table 3: Fragility characteristics of components located outside but not directly above the FD 
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Component category Vertical FD Horizontal FD 

Tank Structural failure due to inclination 

can potentially occur, but a hazard 

resulting in such amount of 

inclination is unlikely to occur. 

Damage unlikely to occur 

Pump Functional failure caused by 

inclination and may occur 

Damage unlikely to occur 

Portable equipment 

(e.g. pump truck)  

Functional failure may occur due to 

inclination at the installation site 

Damage unlikely to occur 

Piping Damage unlikely to occur Damage unlikely to occur 

 

 

Accident sequence analysis  

 

Based on the observation of FD fragility of horizontal FDs, accident sequence analyses were 

performed assuming a hypothetical PWR plant. To compare the impact of different FD types, same PWR 

plant layout used in the PRA study of vertical type FD performed by Ebisawa et al. (2017) was used in this 

study. The plant layout of the NPP assumed in this study is shown in Figure 2.  

 

 

 

Figure 2. Layout of the hypothetical PWR type NPP applied to the accident sequence analysis for 

horizontal FD 

 

 In the accident sequence analysis, three FD were assumed, and accident sequences were developed 

for each of the three FD locations. The three FD assumed in the study, named F1, F2 and F3 were assumed 

to occur independently, and the locations are shown in Figure 2 as dashed lines. Accident sequence analysis 

was performed through the following steps. 

 Development of FD equipment list 

 Identification of initiating events 

 Identification of sequence development (event tree analysis) 

 System modelling (fault tree analysis) 

 Quantification of accident sequences 
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An example of the FD equipment list along with description of the potential impact of damaged 

components is shown in Table 4. As earlier discussed in the development of building fragility, the likely 

failure mode of the reactor building is the damage of underground exterior walls, and such damage could 

lead to failure of components supported by the inner side of the exterior walls. In the reactor building 

underground level, component cooling water (CCW) piping, sea water system (SWS) piping, and cable 

trays are located and supported along the inner wall of the building external walls. Therefore, such piping 

and cable trays were identified as vulnerable components when a horizontal FD occurs beneath the reactor 

building. On the other hand, major components, pumps and electrical cabinets are located apart from the 

external wall, so such components are unlikely to be damaged.  

 

Table 4: FD equipment list for components affected in reactor building 

  

Component/Equipment Initiating Events triggered 

by the damage of 

component 

Affected Mitigation Function by 

the damage of component 

Component cooling water 

system piping 

Partial or total loss of CCW Component cooling 

Sea water system piping Partial or total loss of SWS  Component cooling 

Cable trays Transient Plant monitoring and control 

 

 Fault trees and event trees were developed for the initiating events and accident sequence identified, 

and the core damage frequency (CDF) was quantified using RiskSpectrum PSA code. Since the FD hazard 

frequency and fragility parameters are hypothetical values the resulting CDF results and quantitative 

comparison of the results against different types of FD is not presented in this paper. Qualitative insights 

have been obtained through the accident sequence analysis. In the event of horizontal FD occurring beneath 

buildings, the damages of exterior walls below ground level are the likely failure mode of the building. For 

plant designs of which the CCW, SWS of service water system, cable trays are located and supported along 

the inner side of the underground exterior walls, damages to such components may occur in the event of 

horizontal FD. This implies that the loss of support system can be an important contributor of the accident 

scenarios cause by horizontal FD directly effecting safety important buildings.  

 

Investigation of FD initiated accident scenarios of BWR type plants 

 

The FD PRA study of Ebisawa et al. (2018) was performed assuming a PWR type plant. The accident 

scenarios at a BWR are anticipated to be different in BWR type plants. To obtain insights of the accident 

scenarios cause by FD hazard occurring at different NPP type, and to confirm the applicability of the PRA 

methodology, accident scenarios of a BWR plant for a postulated vertical FD have been analysed.  

 

Hypothetical BWR of interest 
 

A BWR 5 plant with a typical plant layout, consisting of civil structures such as primary containment vessel 

(PCV), reactor building (R/B), control building (C/B), turbine building (T/B), sea water heat exchange 

building (Hx/B), and severe accident management facility (SAF) has been set as a hypothetical plant of 

interest. The plant layout is shown in Figure 3. As shown in the figure, piping that crosses buildings, such 

as component cooling water system piping, and main steam line are also considered. Three locations (F1-

a, F1-b, F2, and F3) of which the FD interacts with the structures were considered. Location of the FDs are 

described as dashed lines in the figure. 
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Figure 3. Layout of the hypothetical BWR type NPP 

 

Accident scenario analysis 
 

FD equipment list were developed for each of the four postulated FDs, with consideration of the layout of 

the components within and crossing the buildings. For each components in the equipment list, possible 

failure modes were evaluated and initiating events and accident scenarios that follow the component failures 

were investigated. 

 

 Figure 4 shows the component layout in the reactor building and the components that may be 

effected by FD F1-a. A vertical FD may cause deformation to the reactor building base mat, resulting in 

losses of support function of components located along the floor area which would be deformed. The 

coloured area in Figure 4 indicates the floor area that is assumed to deform when the FD exceeds the 

strength capacity of the base mat. In this case, components of the residual heat removal system division B 

and C installed at the lowest level floor of the building and are assumed to be affected by local strain 

occurring at the base mat.  

 

 
 

Figure 4. Component Layout in reactor building of the hypothetical BWR type NPP 

 

 

: Cross over piping

PCV：Primary Containment Vessel
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 An example of the FD equipment list along with description of the potential impact resulting from 

deformation of the base mat of the reactor buildings caused by FD F1-a is shown in Table 5. The FD 

equipment list for the component damages caused by relative replacement of buildings is shown in Table 

6.  

 

Table 5: Equipment affected by floor strain caused by F1-a in the BWR plant study 

  

Component/Equipment Initiating Events triggered 

by the damage of 

component 

Affected Mitigation Function by 

the damage of component 

High pressure core spray 

system pump 

- High pressure injection 

Residual heat removal system 

pump (B and C) 

- Low pressure injection 

Residual heat removal system 

heat exchanger  (B) 

- Low pressure injection 

Components located in turbine 

building 

Loss of feedwater, Steam 

line break 

Non-safety functions (feedwater, 

condensate tank heat removal) 

 

 

Table 6: Equipment affected by relative replacement caused by F1-a in the BWR plant study 

 

Component/Equipment Initiating Events triggered 

by the damage of 

component 

Affected Mitigation Function by 

the damage of component 

Main steam line Main steam line break Non-safety functions (condensate 

tank heat removal) 

Feedwater line Feedwater line break Non-safety functions (feedwater) 

Component cooling water 

system piping (B) 

Partial loss of CCW Component cooling 

High pressure core spray 

system component cooling 

water piping 

Loss of high pressure core 

spray system component 

cooling water 

High pressure core spray 

component cooling 

Cable trays Transient Plant monitoring and control 

 

 Accident sequences that lead to core damage and the success paths to stable state were identified 

for the initiating events that can be triggered by each of the FDs. Possible degradation of the mitigation 

features caused by the FD was also considered when identifying the accident sequence.  In the case of FD 

F1-a event, an initiating event of steam line break or feedwater line break may occur. An example of the 

accident sequence assuming a steam line break cause by FD F1-a is shown below.  

  

 Main steam isolation valve located outside and inside of the containment vessel will 

automatically actuate and the containment boundary will be isolated immediately after steam 

line break. Failure of containment isolation will result in containment bypass event, and could 

lead to core damage.  

 The reactor will be automatically tripped by insertion of the control rods. Control rod driving 

units (Hydraulic Control Units) are located at the third floor of the reactor building. 

Components on the third floor are unlikely to be affected by the strain at the base mat, and 

therefore, the reliability to reactor trip function is considered to be high.  
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 Regarding core cooling function, residual heat removal system division B and C, and the high 

pressure core spray system may be lost due to the effect of the FD. Mitigation system supported 

power from the diesel generator division A may also be inoperable if the component cooling 

water piping that support cooling water to the diesel generator is damaged by the FD. If these 

functions are lost, core cooling will be achieved by the reactor core isolation cooling system.     

 Residual heat removal from the reactor will be achieved by depressurizing the reactor by safety 

relief valves and removing heat from the suppression pool by residual heat removal system 

division A.  

 

Accident sequences have been analysed for each of the other FDs, and potential accident scenario 

as well as the success paths to safe and stable shutdown have been identified. Impact and plant response of 

main steam line and feed water line breaks of BWR plants are different from PWR plants due to the 

difference in design, and therefore need attention to capture the potential accident scenarios resulting from 

such damage. However, the methodology for accident sequence analysis that was originally developed for 

PWR type plants were deemed applicable to identify potential FD accident scenario of BWR type plants.  

 

 

CONCLUSION 
 

The authors investigated how different types of FDs, such as horizontal FD, can impact plant and the 

accident sequence analysis. The failure mode of the reactor building when affected by a horizontal FD has 

been investigated. The most likely failure mode of the reactor building is the damage in the underground 

exterior walls, and a fragility curve representing the loss of support function of the underground exterior 

walls has been developed. When this failure mode occurs, components within the building that are 

supported by underground exterior may fail. Horizontal FD fragilities of components have also been 

investigated and the characteristics of component compared with that of vertical FD have been summarized. 

Based on the insights obtained from the horizontal DF fragility, an accident sequence analysis has been 

performed for a hypothetical PWR plant.  

 

Accident sequence analyses have been performed assuming vertical FD events occurring at a 

hypothetical BWR plant. With recognition and careful treatment of the characteristic of the BWR design, 

such as the plant response following a steam line break, the methodology for accident sequence analysis 

originally developed for PWR type plants are deemed applicable to identify potential FD accident scenario 

of BWR type plants.  
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