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ABSTRACT 

The accident of Fukushima Nuclear Power Plant (NPP) underlines the necessity of 

conducting probabilistic safety assessment (PSA) of an NPP against the hazards caused by 

external events of natural origin and their combinations. One of the important tasks of an 

external event PSA (EE-PSA) of an NPP is determination of component fragility. The 

fragility is the probability of its reaching a limit state condition on a particular level of 

demand caused by the hazard.  Fragility is expressed in terms of the median capacity Dm, 

random variability βR and uncertainty βU in the median capacity. Dm is defined as median 

ground acceleration capacity Am, wind velocity capacity Vm and water height capacity Hm for 

seismic, wind and flood (inundation) hazard respectively. For seismic fragility, there are 

direct and indirect methods to calculate fragility parameters Am, βR and βU. Direct method 

involves either analysis or testing. Indirect method is experience based method that 

maximizes the use of past experience in conjunction with plant walk down.  The parameters 

for wind fragility Vm,  βR and βU  are estimated for different SSCs using design data (e. g. wall 

thickness, reinforcement, and anchorage) and variability associated with the wind response 

and  capacity. Flood fragility is derived from flood response (e.g. inundation depth) and 

capacity (e.g. installation height). However, it generally shows more cliff-edge shape without 

any special barriers (e.g. protective walls, water-tight doors and sealing countermeasures). It 

means that flood fragility is highly path-dependent and thus flood hazard is influenced by 

barriers' fragility. The paper reviews the available open literature and summarizes the 

development of methods for deriving Dm, βR and βU of NPP components for use in PSA 

against seismic ground motion, wind and flood hazard. The paper also briefly discussed the 

external event PSA of multiple NPP units in a site for natural hazards like earthquake, wind 

and flood.  

INTRODUCTION 

In recent years, safety of nuclear power plants (NPP) has been challenged by external events 

like earthquake, high wind and flood. This highlights the necessity for probabilistic safety 

assessment (PSA) of an NPP against the hazards caused by external events of natural origin 

and their combinations. Three steps of external event PSA (EE-PSA) are, 

(i) Hazard analysis,  

(ii) Component fragility evaluation, and  

(iii) Plant response analysis including quantification. 
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ASME/ANS Probabilistic Risk Analysis (PRA) Standard [ASME/ANS (2011)] specifies the 

technical requirements for performing the above analyses. Terminologies PRA and PSA are 

interchangeable. 

Among different external natural hazard, seismic hazard drew maximum attention of NPP 

safety analysts.  All NPPs are to be designed for a minimum level of earthquake [IAEA 

(2010)]. Although USNRC published the guide for seismic PSA in 1983 [USNRC (1983)], 

actual work of seismic PSA of NPP started a few years before. A large number NPP had 

undergone Seismic PSA all over the world till date. The seismic PSA work is being continued 

covering more and more NPPs and for further improvement in methodologies. With regards 

to high (extreme) wind, it should be pointed out that till recently most US nuclear power 

plants had screened out this hazard from PSA.  The basic reasoning was that the US nuclear 

power plants have been designed for the extreme loading and missiles from the design basis 

tornado. Similar situation exists in other parts of the world. In the last 5 years, there has been 

very detailed high wind PSA of a few nuclear power plants in the US.  The qualitative and 

quantitative insights from these studies indicate that high wind risks are plant specific and 

care should be exercised in screening out the high wind hazards at any site.  In case of flood 

hazard, major floods that may endanger safety of an NPP are caused by heavy precipitation 

and tsunami. EE-PSA against flood hazard or Flood-PSA of NPP is not very common. The 

flooding incident of Kakrapar Atomic Power Station (KAPS), India in 1994; flooding 

incident in French NPP Le-Blayasis in 1999; and Fukshima NPP accident in 2011 underline 

the importance of conducting Flood-PSA of NPP. Work has been started in different 

countries on safety assessment of NPP against flood. IAEA has taken up the extra budgetary 

project on development of flood PSA procedure.  

Hazard is characterized and quantified in terms of hazard function (or curves) suitable to EE-

PSA in the first step. Seismic hazards could be quantified in terms of hazard curves for 

ground motion acceleration, ground velocity and ground displacement. However, for seismic 

PSA of NPP, the hazard customarily quantified in terms of ground acceleration. The extreme 

winds to be considered are tornado, hurricane (typhoon) and thunderstorm; depending on the 

location of the nuclear power plant, one or more of these types will affect the site.  The IAEA 

Safety Report ‘Assessment of External Flooding (Excluding Tsunami) and High Wind 

Hazards in Site Evaluation for Nuclear Installations’ [IAEA (2015)] describes the 

methodologies for performing the wind hazard analysis.  The outputs of the wind hazard 

analysis are hazard curves for wind speed (median, mean and fractiles or discrete family of 

curves). Missiles generated by tornadoes and hurricanes have the potential to damage SSCs 

of nuclear power plants.  Missile risk analysis which combines the hazard and fragility 

aspects is also described in SRS-8.3 [IAEA (2015)]. Principal hazard of flood is inundation 

due to rise in water level at the site. The rise in water level also induces static water pressure 

and dynamic one as well. In addition drifting of debris, scouring are other flooding hazards. . 

The second step of EE-PSA evaluates the component fragility. Fragility of a structure, system 

or component (SSC) of an NPP is the probability of its reaching a limit state conditioned on a 

particular value of a demand parameter [USNRC (1983)]. The limit state of the SSC could be 

limit state of strength leading to structural failure or limit state of serviceability leading to 

functional failure.  

Probability of failure  𝑃𝐹
′  of a component having capacity C at a given demand D ≤ d is: 

 𝑃𝐹
′ = 𝑃𝑓(𝐶 ≤ 𝐷│𝐷 ≤ 𝑑)𝑃(𝐷 ≤ 𝑑)         (1)                            
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Where, 𝑃𝑓(𝐶 ≤ 𝐷|𝐷 ≤ 𝑑) is the conditional probability that capacity is exceeded at demand 

d, i.e. reaching its limit state condition at demand d. 𝑃(𝐷 ≤ 𝑑)  is the probability of 

occurrence of demand d. If 𝑃(𝐷 ≤ 𝑑) defines the hazard and assuming that the hazard is a 

continuous function of demand d, equation (1) takes following form, 

𝑃𝐹
′ = ∫ 𝑃𝑓(𝑑)𝑧𝐷(𝑑)d𝑑

𝑑

−∞
          (2)  

The conditional probability 𝑃𝑓(𝑑)  is the fragility function. 𝑧𝐷(𝑑)  represents hazard as 

demand.  

Component fragility can be modelled using lognormal distribution, or Weibull distribution, or 

normal distribution [EPRI (1994)]. However, lognormal distribution is commonly used 

because of convenience due to some particular properties of this distribution. Using 

lognormal distribution, the component fragility is expressed as follows 

𝑃𝑓 (𝑑) = 𝑃𝑓(𝐷 ≤ 𝑑) = ∅ [
ln(𝑑)−𝑙𝑛(𝐷𝑚)

𝛽𝐶
]        (3)   

∅[∙] is the standard Gaussian cumulative distribution function, 𝐷𝑚 is the logarithmic median 

capacity and 𝛽𝐶 is the logarithmic standard deviation of the median capacity. The equation 

(3) calculates probability of failure that capacity D is less than demand d, i.e. probability of 

the component reaching its limit state at demand d.  

Equation (3) is the basic equation calculating fragility and is applicable for all hazards. The 

demand and capacity in the equation are expressed using parameters having consistent units. 

The capacity of a component is expressed in terms of a parameter characterizing the demand 

due to hazard. Examples of this are ground acceleration for seismic ground motion hazard, 3 

sec gust wind speed for wind hazard, and water level for flood. The logarithmic standard 

deviation 𝛽𝐶  represent total variability consisting of aleatory variability and epistemic 

uncertainties. The aleatory variability is the basic randomness of the system and is taken into 

consideration in estimating the logarithmic standard deviation 𝛽𝑅. The epistemic uncertainties 

due to incomplete knowledge are accounted by the logarithmic standard deviation 𝛽𝑈. 

Derivation of component fragility is narrowed down to determination of median capacity 𝐷𝑚; 

logarithmic standard deviations 𝛽𝑅 , 𝛽𝑈  and 𝛽𝐶 . The present paper reviews the available 

published literature and summarizes methods that are available for derivation of these three 

fragility parameters of components for different hazards. The paper provides an account of 

development of seismic fragility calculation starting from inception to current state. The 

practice of fragility analysis of components against the wind and flood hazards is in nascent 

stage. With respect to wind fragility analysis, the objective of the present paper is only to 

summarize the state-of-the-art in wind fragility analysis. For flood hazard, the paper describes 

tsunami fragility procedures that have been developed till date. The work on high wind and 

flood PSA started comparatively in recent time, PSA and hazard analysis for these two 

hazards are briefly discussed for better understanding of the present practice of fragility 

analysis. The work on EE-PSA of multiple units of NPP in a site has recently been started. 

This is also briefly discussed. 
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FRAGILITY CURVES AND HCLPF CAPACITY OF COMPONENT 

In a typical fragility calculation, the capacity of a component and associated randomness and 

uncertainties is expressed in terms of the best estimate median capacity  Dm, and two random 

variables, R and U using following expression [Kennedy et al (1980)], 

D = Dm. R. U, 𝐷 = 𝐷𝑚. 휀𝑅 . 휀𝑈 (4) 

Where, 

Dm = Median capacity expressed in terms of demand parameter = D
'
.𝐹𝑚                  (5) 

D: Median value of demand (e.g.  peak ground acceleration (PGA) for ground motion 

hazard due to seismic event); 

휀𝑅: Random variable representing the aleatory variability, i.e. inherent randomness 

associated with Dm; 

휀𝑈: Random variable representing the uncertainties due to lack of knowledge associated 

with Dm. 

휀𝑅  and 휀𝑈  are  modelled as log-normally distributed random variables, with logarithmic 

standard deviations of R and U respectively and both having unit median. Equation (4) 

enables to account all randomness and uncertainties in fragility calculation through R and 

U. With perfect knowledge, the expression for fragility becomes:  

𝑃𝑓(𝐷 ≤ 𝑑) = ∅ [
𝑙𝑛(𝑑/𝐷𝑚)

𝛽𝑅
]         (6) 

𝐷𝑚  is also assumed to be lognormally distributed with median of medians and logarithmic 

standard deviation 𝛽𝑈 to account for the epistemic uncertainties in fragility calculation. The 

median capacity at a specific confidence level Q is then:  

𝐷 = 𝐷𝑚𝑒𝑥𝑝⌈𝛽𝑈∅−1(1 − 𝑄)⌉        (7) 

It may be noted that 95% confidence (0.95 exceedance probability) median capacity 

corresponds to a value for which 95% medians are higher, or 5% values are lower. Thus the 

probability of exceedance of true median capacity from the value considered in fragility 

analysis is 0.95. Medians are calculated for different confidence levels from equation (7).  𝑃𝑓 

is then calculated for each median value. This results in a family of fragility curves and is 

given by [Kennedy and Ravindra, 1984]: 
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Figure 1. Typical family of fragility curve 

 

The family of fragility curves derived from equation (8) represents failure probability 𝑃𝑓 for a 

given demand d at discrete values of non-exceedance probability level (Q) such as 0.05, 0.50 

and 0.95 etc. and is given by,  The mean fragility curve is: 

𝑃𝑓(𝐷 ≤ 𝑑) = ∅ [
𝑙𝑛(𝑑/𝐷𝑚)

𝛽𝐶
]                     (9) 

Where, 𝛽𝐶 represents total variability, i.e. the total standard deviation and is given by: 

 URc

22                             (10) 

Fig. 1 depicts the generic representation of fragility curve at discrete non exceedance 

probability of 0.05, 0.50 and 0.95 determined from equation (8) and mean fragility from 

equation (9). The figure also explains different seismic capacities vis-a-vis fragility curves. 

The median capacity is defined by equation (5). The so called “High Confidence, Low 

Probability of Failure” capacity, or “HCLPF” capacity (for example, for seismic events) is 

the ground acceleration corresponding to about a 5% probability of failure (𝑃𝑓 = 0.05) with 

95% confidence (Q = 0.95) of not exceedance, which is equivalent to 1% failure probability 

50% non-exceedance probability level, Fig.1. Substitution of 𝑃𝑓  = 0.05 and Q = 0.95 in 

equations (1) and 𝑃𝑓= 0.01 and Q = 0.50 in (3) yield the expressions of HCLPF capacity, 

𝐷𝐻𝐶𝐿𝑃𝐹 =  𝐷𝑚 𝑒−1.645(𝛽𝑅+𝛽𝑈), or                                                                                      (11a) 
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𝐷𝐻𝐶𝐿𝑃𝐹 =  𝐷𝑚 𝑒−2.326𝛽𝐶                   (11b)  

Equations (8) and (9) and the concept of HCLPF capacity was originally developed for 

seismic hazard. However, it is applicable for determination of component fragility for other 

hazards like wind and flood.                                          

System Fragility 

When a SSC of an NPP consists of several elements, its fragility is derived from the element 

fragility. Similarly, fragility of a system is derived from its component fragility.  Equations 

(8) and (9) provide the element or component fragility. Kennedy et al (1980) describes 

methodology for determining system fragility from component fragility. Pisharady and Basu, 

(2010) summarizes method for derivation of system fragility from elements’ fragility in to 

three types. Again, these methodologies are originally developed for seismic fragility, but 

equally applicable for wind and flood fragility. 

SEISMIC FRAGILITY OF NPP COMPONENT  

In seismic fragility evaluation of component, both demand and capacity are expressed as 

ground acceleration demand a, the ground acceleration capacity A and median ground 

acceleration capacity 𝐴𝑚 . These parameters are defined generally in terms of peak ground 

acceleration (PGA) of the response spectrum. Fragility curves could also be based on other 

predominant spectral ordinates. Response based fragility curves had also been proposed for 

seismic PSA work [Cheng et al. (2013)]. Further discussion on seismic fragility in this paper 

will be limited to PGA based fragility. 

Expressions for seismic fragility of components can be obtained from equations (4) – (11b) 

replacing d, D, Dm and 𝐷𝐻𝐶𝐿𝑃𝐹   by a, A, Am and 𝐴𝐻𝐶𝐿𝑃𝐹 respectively. The seismic fragility, 

i.e. the frequency of component reaching limit state at a given PGA a with non-exceedance 

probability Q, is as follows [Kennedy and Ravindra, 1984]: 
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The mean fragility is given by:  

𝑃𝑓(𝐷 ≤ 𝑑) = ∅ [
𝑙𝑛(𝑎/𝐴𝑚)

𝛽𝐶
]                                                                                                  (13)  

𝛽𝐶 is given by equation (10). The HCLPF seismic capacity of component is derived from 

equations from equations (11a) or (11b) replacing Dm by Am. Where, Am is calculated from 

equation (5) replacing D
’
 by AGM and AGM is the median PGA of the ground motion. 

Calculation of seismic fragility for NPP component basically needs determination of median 

capacity Am and logarithmic standard deviations 𝛽𝑅 , 𝛽𝑈  and 𝛽𝐶 . There are broadly two 

approaches for calculation of NPP component fragility, i.e. determination of Am, 𝛽𝑅, 𝛽𝑈 and 

𝛽𝐶: 
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1) Fragility method or separation of variable approach, and  

2) Hybrid method or CDFM based approach. 

The median capacity, and the variability for randomness (𝛽𝑅) and uncertainties (𝛽𝑈) are 

calculated separately in detailed manner in the first method. In the second method HCLPF 

capacity is calculated using conservative deterministic failure margin (CDFM) approach and 

the median capacity with an assumed composite variability (𝛽𝐶) is then calculated. The value 

of 𝛽𝐶 is taken from experience. The hybrid method is suggested for all components excepting 

those having high risk significant. Fragility of the components with high risk significant 

should be calculated by the fragility method or separation of variable approach, others by the 

hybrid or CDFM based approach. 

SEISMIC FRAGILITY OF COMPONENT BY FRAGILITY OR SEPARATION OF 

VARIABLE APPROACH 

In-depth guidelines for performing a fragility analysis are available in EPRI (2002). This 

document updates the fragility analysis methodology provided in EPRI TR-103959 [EPRI 

(1994)] to reflect recent methodological advances in literature; correlates existing 

methodologies with requirements for the ASME/ANS (2011); and provides implementation 

guidelines and example problems. This method is termed as ‘Fragility Method’ in the 

subsequent discussion in this paper. 

Derivation of seismic fragility curves for components principally involves determination of 

fragility parameters Am, R and U, or C. From equation (5), determination of median value 

of safety factor F is key to derive Am once AGM is known. Effort should be made to derive the 

median value of F (𝐹𝑚) specific to individual SSC of a plant. There are broadly two classes of 

methods; direct and indirect, to determine 𝐹𝑚 . Direct method involves either analysis or 

testing. Indirect method is experience based method (EBM) that maximizes the use of past 

experience in conjunction with plant walk down [EPRI (1991))]. Table 1 summarizes the 

categories of components of a typical NPP and corresponding approach generally adopted for 

their capacity assessment.  

Pisharady and Basu (2010) suggested following expression to determine F irrespective 

method used for component qualification – analytical, or testing, or experienced based 

methods: 

F = F1 F2 F3                                                                                                                      (14) 

F1 is a factor representing ratio of capacity to demand, and is a strength factor. F2 

corresponds to the level of conservatism in assessing capacity; it depends primarily on the 

energy absorption capacity of SSC beyond elastic limit. F3 represents the conservatism 

associated with calculating demand. Different methodologies for fragility analysis is all about 

determining the median values of F1, F2 and F3, and selection of corresponding β* (subscript 

* indicates R, U or C). As F(.)’s follows log-normal distribution, the median 𝐹𝑚 of “F” is 

calculated from the median values of {𝐹(.),𝑚} 

𝐹𝑚 = 𝐹1,𝑚 ∗ 𝐹2,𝑚 ∗ 𝐹3,𝑚                                     (15) 

There are many sources of variability in estimation of median capacity of SSC. These arise 

from inherent randomness in the strength of components, dynamic characteristics of the plant 

systems, and the ability to relate the motion applied to the plant system, at its point of  
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Table 1: Typical qualification method of NPP components [Pisharady and Basu (2010)] 

 

NO. CATEGORY METHOD OF QUALIFICATION 

1.  Reactor core assembly Analysis 

2.  Reactor coolant system vessels (RPV, Pressurizer etc.) Analysis 

3.  Reactor coolant pump Analysis 

4.  Primary coolant piping Analysis 

5.  Large diameter piping Analysis 

6.  Intermediate piping Analysis 

7.  Large vertical storage vessels with formed heads Analysis 

8.  Large vertical storage tank – flat bottom Analysis 

9.  Large horizontal vessels and heat exchangers Analysis 

10.  Small-medium vessels and heat exchangers Analysis 

11.  Buried pipe Analysis 

12.  Large vertical centrifugal pumps with motor drive Analysis/EBM* 

13.  Large vertical pumps Analysis/EBM 

14.  Motor driven compressors Analysis/EBM 

15.  LMOV’S (Large motor operated valves) Analysis/EBM 

16.  Large relief and check valves Analysis/EBM 

17.  Small valves Analysis/EBM 

18.  Hydraulic and air operated valves Analysis/EBM 

19.  Emergency AC power (Diesel generators) Testing/EBM 

20.  Emergency DC power (Batteries on racks) EBM 

21.  Switchgear Testing/EBM 

22.  Dry transformers Testing/EBM 

23.  Control panels and racks (Floor mounted) Testing/EBM 

24.  Instrumentation panels Testing/EBM 

25.  Auxiliary relay cabinets Testing/EBM 

26.  Local instruments Testing/EBM 

27.  Motor control centers Testing/EBM 

28.  Invertors Testing/EBM 

29.  Cable trays Analysis 

30.  Breaker panels Testing/EBM 

31.  Air handling units Testing/EBM 

32.  Ductwork Analysis 

33.  Control rods and drives Analysis/testing 

34.  Ceramic insulators Testing/EBM 

35.  Dampers, diffusers, extractors Testing/EBM 

36.  Battery chargers Testing/EBM 

37.  Civil engineering structures Analysis 
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attachment to the plant structures, to the ground acceleration. Uncertainties also arise in the 

functional form of the fragility model itself, whether the supporting data are based on generic 

or plant-specific data, the manner in which inelastic behavior and energy dissipation is taken 

into account, and whether the possibility of design/construction errors is included. In the last 

thirty years, number of NPPs was re-evaluated and wealth of experience is available in this 

area [Budnitz et al (1984)]. There are also references available for determination of β* 

adopting analytical methods like Monte Carlo simulation technique [EPRI (1994)]. In 

addition generic values of β* are available from literature.  βF,* is derived from β(.),*,  

2

,*3

2

,*2

2

,*1,*  F
               (16) 

Fragility parameters of components qualified by analysis:  

F1: Strength factor ‘FS’ 

The strength factor, FS, is the ratio of ultimate capacity to the demand calculated at AGM level 

and is given by, 

𝐹1,𝑚 = 𝐹𝑠,𝑚 =
𝑆𝑚−𝑅𝑁

𝑅𝑇−𝑅𝑁
                                                                                                         (17) 

Where, 𝐹1,𝑚 and 𝐹𝑠,𝑚 are median values of F1 and FS respectively. 𝑆𝑚 is the median value of 

resistant capacity of an element/component for a given failure mode. RN is the response of 

element/component for the specified failure mode against normal operating load (i.e. dead 

load, operating temperature load, etc.), and RT is the response of element/component for the 

specified failure mode against total load (sum of seismic and normal operating load). 

Strength factor for civil engineering structures 

Civil engineering structures of NPP are assemblage of a number of elements like beam, 

column, slab, wall etc. Definition of failure could be considered either from strength or from 

deformation.  Derivation of fragility from strength consideration involves with element level 

failure; an element reaching limit state of strength (or stress).  In a highly indeterminate 

structural system like civil engineering buildings, failure of one element will not lead to total 

structural failure.  Fragility derivation from element strength (or stress) consideration would 

result in a conservative estimate.  Deflection could be a better parameter for this purpose, as 

through this parameter global behavior of structure is represented well than that by induced 

stress in element.  Pisharady and Basu (2010) illustrated how 𝐹𝑠,𝑚  could be derived from 

equation (17) adopting either deflection at specified location or inter-story drift determined 

by pushover analysis.  

Strength factor for mechanical structures and equipment 

Strength factor for mechanical structures and equipment can be derived using equation (17) 

by substituting the median value of permissible stresses/displacements for ‘S’ and the median 

value of developed stresses/displacements due to normal operating loads and total loads for 

‘RN’ and ‘RT’. However, it needs to be understood that the values of permissible stresses 

provided by codes/standards like ASME are not median values, but generally the 95 

percentile values. Use of these values will generally result in a very conservative estimation  
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Table – 2: Median values, βR and βU of FS for civil engineering and mechanical structure. 

SSC 
Median factor of safety, 

FS 

S,* 

S,R S,U 

Civil engineering structures  From equation (9) 0.06-0.12 0.12-0.18 

Mechanical structures    

 RPV 

 Reactor internals 

 Steam Generator 

 Pressurizer  

 Piping 

 

 

From equation (9) 

0.11 

0.14 

0.10 

0.10 

0 

0.11 

0.19 

0.10 

0.14 

0.36 

Note: Values of S,* are reproduced from Kennedy and Ravindra (1984). 

of median capacity. Kennedy and Ravindra (1984), explained an approach to establish the 

median strength factor for piping by using of equation (17).  

Table 2 contains summary of Fs and corresponding values of 𝛽𝑅 and 𝛽𝑈. 

F2: Inelastic energy absorption factor, ‘Fµ’: 

The inelastic absorption factor, F, accounts for the fact that an earthquake represents a 

limited energy source and many structures or equipment are capable of absorbing substantial 

amounts of energy beyond yield without loss-of-function. This aspect introduces 

conservativeness in seismic capacity and is accounted by 𝐹𝜇.  

EPRI, (1994) and Cover et al., (1983) adopted slightly different approach, in which 𝐹𝜇,𝑚 

depends on the assumed degree of damping and is given by:  

 �̅�2,𝑚=𝐹𝜇,𝑚 = (𝜌𝜇 − 𝑞)𝑟                                                                                                    (18) 

Where, 𝜌 = 𝑞 + 1; 𝑞 = 3.00 𝛿−0.30; 𝑟 = 0.48 𝛿−0.08 ; µ is the system ductility and δ is the % 

of critical damping. 

F3: Response conservatism factor ‘FR’ 

Third factor F3 is the response conservatism factor, FR, consists of two parts; factor FRS for 

primary structure and factor FRE for equipment structure;  

𝐹3,𝑚 = 𝐹𝑅,𝑚 = 𝐹𝑅𝐸,𝑚 ∗ 𝐹𝑅𝑆,𝑚             (19) 

Civil engineering structures, which support and house the equipment and other SSC, are the 

primary structure and F3 or FR consists of only FRS and is given by [Kennedy and Ravindra 

(1984)]: 

𝐹3,𝑚 = 𝐹𝑅,𝑚 = 𝐹𝑅𝑆,𝑚 = 𝐹𝑆𝐴,𝑚 ∗ 𝐹𝑆𝑆,𝑚 ∗ 𝐹𝛿,𝑚 ∗ 𝐹𝑀,𝑚 ∗ 𝐹𝑀𝐶,𝑚 ∗ 𝐹𝐸𝐶,𝑚 ∗ 𝐹𝑆𝐷,𝑚               (20) 

Where, 

FSA: Factor for ground motion and associated response spectra for a given PGA. 

FSS: Soil structure interaction factor. 
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F: Factor for energy dissipation i.e. damping.  

FM: Structural modeling factor.  

FMC: Factor for combination of modes and earthquake analysis results.  

FEC: Factor for combination of earthquake components  

FSD: Factor to reflect reduction of seismic input with depth. 

F3 or the response conservatism factor, FR, consists of FRS, and FRE for of mechanical 

structures and equipment [Kennedy and Ravindra (1984), Kennedy et al.(1982)]. 

 𝐹𝑅𝐸,𝑚 = 𝐹𝑄𝑀,𝑚 ∗ 𝐹𝑆𝐴,𝑚 ∗ 𝐹𝑀,𝑚 ∗ 𝐹𝛿,𝑚 ∗ 𝐹𝑀𝐶,𝑚 ∗ 𝐹𝐸𝐶,𝑚                                                 (21a) 

 𝐹𝑅𝑆,𝑚 = 𝐹𝑆𝐴,𝑚 ∗ 𝐹𝛿,𝑚 ∗ 𝐹𝑀,𝑚 ∗ 𝐹𝑆𝑆,𝑚                                                                             (21b) 

In equations (21a) and (21b), FQM is a factor for qualification method and FSA is associated 

with floor response spectra. Definition of other parameters is same as that of equation (20) 

but corresponding to mechanical component/equipment under consideration. 

Tabulation of values for median values of  {𝐹(.),𝑚} ’s pertaining to response factors are 

documented in Kennedy et al. (1980). However, Kennedy and Ravindra (1984) opined that 

the value in the above reference is for old generation NPP, and suggested the corresponding 

uncertainties for a modern NPP. The values suggested by them were used successfully in 

seismic PSA of various NPPs. Subsequently, EPRI (1994) gives a detailed treatment 

regarding the methodology for determination of {𝐹(.)}’s corresponding to response factor. 

Kennedy et al.(1982) provided a detailed treatment of the methodology for deriving {𝐹(.),𝑚}’s 

for mechanical components. These values are also in agreement with those suggested by 

Kennedy and Ravindra (1984) for mechanical components. 

After survey of literature, the treatment provided in EPRI (1994) is found preferable to 

calculate F3. However, this calls for a detailed analysis for each parameter. In situations, 

where such detailed treatment is not practical, the values suggested by Kennedy and Ravindra 

(1984) may be adopted.  

𝐹3,𝑚 = 𝐹𝑅𝐸,𝑚 ∗ 𝐹𝑅𝑆,𝑚 and 𝐹(#),𝑚 = Π𝐹(.),𝑚                                                                       (22)                                                  
 

Where subscript (#) represents RE and RS; the parameters indicated by subscript (.) are the 

factors to be considered in the applicable equation (20), or (21a) and (21b). 

Logarithmic standard deviation  (.) 

Estimation of variabilities associated with these factors, i.e. the logarithmic standard 

deviation (.),* is based on limited data and professional judgment. Generic values of (.),* are 

available in literature. (.),* of major factors may be taken from Kennedy and Ravindra 

(1984). Once (.),* are known, #,* of FRE and FRS are derived from  

 2

(.),*,*# 
                                                                                                                (23) 
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Where, subscript (#) represents RE and RS. 

A survey of the variabilities associated with the median factor of safety was carried out by 

Park et al. (1998). Variabilities for plants where seismic fragilities are estimated based on 

scaling of analysis results carried out during design stage [Cover et al. (1983)] and those 

where additional analysis were carried out as part of seismic PSA is tabulated in this 

publication. This publication also contains the values for * representing the overall 

uncertainties based on method of seismic qualification of the component. These values are 

reproduced in Table  3.  

Table 3: Generic values of logarithmic standard deviation based on method of qualification 

[Park et al., 1998] 

 

No. Method of qualification βU βR 

1 Test 0.30 0.33 

2 Analysis 0.39 0.30 

3 Experience based method 0.33 0.21 

 

It is suggested that the values of values for (.),R and (.),U should be associated with the 

corresponding {F(.),m}’s to the extent possible. In situations, where this is not possible, it will 

be a reasonable approximation to use the uncertainty values, suggested by Park et al. (1998) 

on the basis of method of component qualification.  

Fragility parameters for components qualified by testing:  

In seismic qualification by testing, a component is subjected to input motion on a shake table. 

Test response spectrum (TRS) is developed from the actual time history of the motion of the 

shake table generated from the input motion. The input motion is specified by the required 

response spectrum (RRS). RRS could be the floor response spectra at the location where the 

component is mounted when a plant specific test is carried out or a general spectrum like the 

performance level spectrum provided in IEEE (1997) for a generic test. Seismic test of SSC is 

of two types. 

(i) Qualification test: This is the test with respect to RRS. TRS is compared with 

RRS. The component is qualified, if it continues to perform its intended function 

when the TRS envelops the RRS.  

(ii) Fragility test: This class of test is continued till the SSC fails. 

Equations (14) and (15) are applicable to calculate median safety factor of component 

qualified by both types of test. Pisharady and Basu (2010) summarized the approaches for 

deriving fragility parameters from the results of tests. 

Seismic fragility of components evaluated by qualification tests: 

The strength factor F1 of equation (8) is expressed in general form as follows:  

𝐹1 =∝ 𝜏                                                                                                                             (24) 
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Where, α is a factor to account for narrow band spectra, conservative demand and capacities; 

τ is the ratio of capacity spectra and demand spectra. There are more than one method for 

determination of  and  as well as 𝐹2,𝑚and associated logarithmic standard deviation. 𝐹3,𝑚 

can be calculated using the approach similar to that of analytical method. 

Method - 1 

τ is equivalent to the factor FED of the method developed by Lawrence Livermore National 

Laboratory (LLNL) [Salmon and Kennedy (1994)]. The seismic capacity spectrum (SCS) and 

in-structure response spectrum (ISRS) are TRS and RRS respectively. According to Salmon 

and Kennedy (1994), no correction factor for narrow banded spectra or conservative demand 

and capacity is necessary, hence α is taken as 1.0, and τ is determined from the following 

expression: 

𝜏 =
𝑇𝑅𝑆

𝑅𝑅𝑆
                                                                                                                               (25) 

If the dynamic behavior of the component is in the rigid frequency range then  is given by: 

𝜏 =
𝑇𝑅𝑆𝑍𝑃𝐴

𝑅𝑅𝑆𝑍𝑃𝐴
                             (26) 

TRSZPA and RRSZPA are the zero point acceleration (ZPA) values of TRS and RRS 

respectively. Otherwise, there exists more than one approach to determine.  If the 

predominant frequency of a component is known, then  can be determined from spectral 

ordinates of TRS and RRS corresponding to that frequency: 

𝜏 =
𝑇𝑅𝑆𝑚

𝑅𝑅𝑆𝑚
                                                                                                                             (27) 

Where, TRSm and RRSm are the spectral ordinates of TRS and RRS respectively 

corresponding to the predominant frequency. However, in most cases a component has 

multiple predominant frequencies. In such case, one approach could be the minimum ratio,  

𝜏 = 𝑀𝑖𝑛 {[
𝑇𝑅𝑆𝑖

𝑅𝑅𝑆𝑖
]}                                                                                                                (28) 

TRSi and RRSi are spectral ordinates of TRS and RRS respectively corresponding to 𝑖𝑡ℎ 

predominant frequency. Eqn. (28) will estimate  very conservatively. A better estimate of  

can be the ratio of area enclosed by TRS to the area enclosed by RRS within the predominant 

frequency range. 

𝜏 =
∫ 𝑇𝑅𝑆

 
𝑓𝑝

∫ 𝑅𝑅𝑆
 

𝑓𝑝

                                                                                                                          (29) 

The nominator and denominator of the right hand side of equation (29) are similar to the 

acceleration spectrum intensity [Kramer (2007)]. Table 4 contains the suggested range of 

predominant frequency of some important NPP components. 

 

An approximation of F2 could be FEC, which results in its value as 1.4. The assumption herein 

is that TRS is equivalent to the capacity spectrum of the EBM, which will in most cases lead 

to a conservative result.  Salmon and Kennedy (1994) specifies the value of FEC as 1.40, 

which is suggested for F2. The associated logarithmic standard deviation C is 0.20.  

 

The approach similar to that of analytical method may be used to calculate 𝐹3,𝑚. However, in 

absence of detailed assessment, the  𝐹3,𝑚 can be taken as 1.28 with C as 0.35 [Salmon and 

Kennedy (1994)]. 
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Table 4: Typical frequency range of NPP Components [Pisharady and Basu (2010)] 

 

No. Category Frequency range (hz) 

1.  Reactor core assembly  

2.  

Reactor coolant system vessels (RPV, Pressurizer 

etc.) 3-10 

3.  Reactor coolant pump 5-15 

4.  Primary coolant piping 1.0-33 

5.  Large diameter piping 1.0-33 

6.  Intermediate piping 1.0-33 

7.  Large vertical storage vessels with formed heads  

8.  Large vertical storage tank – flat bottom  

9.  Large horizontal vessels and heat exchangers 4-10 

10.  Small-medium vessels and heat exchangers 4-10 

11.  Buried pipe 1-33 

12.  Large vertical centrifugal pumps with motor drive 20-50 

13.  Large vertical pumps 5-15 

14.  Motor driven compressors 20-50 

15.  LMOV’S (Large motor operated valves)  

16.  Large relief and check valves  

17.  Small valves 20-50 

18.  Hydraulic and air operated valves  

19.  Emergency AC power (Diesel generators) 20-50 

20.  Emergency DC power (Batteries on racks) 7-15 

21.  Switchgear 5-10 

22.  Dry transformers 5-10 

23.  Control panels and racks (Floor mounted) 5-10 

24.  Instrumentation panels 5-10 

25.  Auxiliary relay cabinets 5-10 

26.  Local instruments  

27.  Motor control centers 5-10 

28.  Invertors 5-10 

29.  Cable trays  

30.  Breaker panels 5-10 

31.  Air handling units  

32.  Ductwork 20-50 

33.  Control rods and drives 5-50 

34.  Ceramic insulators  

35.  Dampers, diffusers, extractors 20-50 

36.  Battery chargers 5-10 

37.  Civil engineering structures  
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Method - 2 

This method for determination of ,  and F2 are adopted from EPRI (1994). This document 

stipulates formulations for cabinet based tests and device based tests. For both these cases,  

is given by equation (34) and determination of  is similar to the approaches described in 

Method – 1. In this method,  is the correction factor for narrow band spectra, is represented 

in the following form: 

𝛼 =  
𝐶𝑇𝐶𝐼

𝐶𝐶𝐷𝑅
, for cabinet based test (30) 

𝛼 =  
𝐶𝑇𝐶𝐼

𝐶𝐶
𝐴𝐹𝐶
𝐹𝑀𝑆

𝐷𝑅

, for device based test (31) 

Where, 

CC : Clipping factor for narrow banded demand 

CT : Clipping factor for narrow banded TRS 

CI : Capacity increase factor 

DR : Demand reduction factor 

AFC : Cabinet amplification factor 

FMS : Multi axis to Single axis conversion factor 

Method to determine the median values of these factors and their related uncertainties is 

outlined in EPRI (1994). 

The factor, 𝐹3,𝑚 is similar to the broadened input spectrum device capacity factor (FD) of 

EPRI (1994). This factor depends on the level of conservatism that is judged to exist in the 

TRS based on the testing methods that were used. Generic values of median capacity and 

logarithmic standard deviation for this factor depending on the type of data source are given 

in EPRI (1994).  

𝐹3,𝑚 can be calculated using the approach similar to that of analytical method. 

Out of the above approaches explained above, Method – 2 based on the EPRI (1994) 

approach addresses different scenarios adequately. EPRI methodology has been referenced in 

the ASME/ANS PRA Standard on EE-PSA [ANS (2005)].  

Components evaluated by fragility testing: 

The TRS at failure represents “fragility level” (or ruggedness) of the component. The 

difference between the fragility level and qualification level thus represents the seismic 

margin or reserve capacity of the component. Literature on fragility tests are only a handful. 

The lowest ratio of TRS at failure to RRS over the frequency range of interest will provide 

the median factor of safety for the component, i. e.  











RRS

TRS
LowestF

failure

m *                                                                                       (32) 
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Where,  = 0.8  

Derivation of fragility curve can be accomplished using mF  of equation (32) and the 

logarithmic standard deviations 𝛽𝑅 and 𝛽𝑈 given in Table 3.  

Fragility parameters for components qualified by indirect method:  

Seismic qualification of components by indirect method maximizes the use of past experience 

in conjunction with walk down screening evaluation process for capacity assessment. Items 

that pass the screen are considered to possess adequate capacity. Items not passing the screen 

are of concern and fragility analysis is necessary depending on the potential risk. Equations 

(5) and (15) are applicable for determination of median capacity of component qualified by 

indirect method.  

The factors F1, can be determined from equation (24). The basis for deriving  and  for 

components qualified by indirect method could be adapting the method developed by 

Lawrence Livermore National Laboratory (LLNL) [Salmon and Kennedy (1994)]. α is taken 

as 1.0 and, τ is equivalent to the factor FED and can be determined from the following 

expression: 

  =  
𝑆𝐶𝑆

𝑆𝐷𝑆
                                                                                                                            (33) 

Where, SCS is the seismic capacity spectrum, which is a representation of seismic capacity 

and is generally defined by either of reference spectrum or generic equipment ruggedness 

spectrum [DOE (1977)]. SDS is seismic demand spectrum, which is equivalent to the RRS in 

case of testing. τ may be evaluated in similar manner of equations ( 25) to (29) in which TRS 

is replaced by SCS and RRS by SDS. 

 

The factor F2 is similar to the factor FEC of Salmon and Kennedy (1994), which is the ratio of 

the ground motion level at which the component ceases to perform its intended function to 

the experience data capacity spectrum (herein the reference spectrum or GERS).  The values 

of 𝐹𝐸𝐶,𝑚 as specified in Salmon and Kennedy (1994) and the associated uncertainty c are 

tabulated in Table 5. These values are suggested for 𝐹2,𝑚. 

𝐹3,𝑚 can be evaluated adopting approach for F3. However, in absence of detailed assessment, 

𝐹3,𝑚 can be taken as 1.28 with a composite uncertainty C as 0.35 [Salmon and Kennedy 

(1994)].  

Table 5: Median value of factor F2 [Salmon and Kennedy, 1994]  

Spectrum used to define capacity 
F2 

(FEC) 
βC 

Reference spectrum 2.35 0.30-0.60 

GERS (Non-relay) 1.49 0.25 

GERS (relay) 1.07 0.20 
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SEISMIC FRAGILITY BY HYBRID METHOD OR CDFM BASED APPROACH 

The hybrid method or CDFM based approach has been developed on the observation that 

annual probability of unacceptable performance for any component is relatively insensitive to 

βc. This annual probability (seismic risk) can be computed with adequate precision from the 

conservative deterministic failure margin (CDFM) capacity and estimate of βc [EPRI (2012)]. 

βc may further be divided to βR and βU  for obtaining the family of fragility curves, Fig.1. In 

some literature the CDFM capacity is also referred as HCLPF capacity by CDFM method (A-

CDFM-HCLPF) or C1% capacity. Pisharady and Basu (2010) suggested a similar concept of 

deriving the family of fragility curve using HCLPF capacity determined by CDFM method. 

The CDFM capacity of a  component is computed using realistic material and response 

parameters but taking credit of conservatively defined failure capacity (code equation) and 

limited inelastic absorption capacity of structures and components [Prassinos et al (1986)].  

The CDFM capacity of a component is given by: 

𝐴𝐶𝐷𝐹𝑀−𝐻𝐶𝐿𝑃𝐹 = 𝐹𝑠 ∗ 𝐹𝜇 ∗ 𝐴𝐺𝑀                                                                                               (21) 

Where, 𝐴𝐶𝐷𝐹𝑀−𝐻𝐶𝐿𝑃𝐹 is component HCLPF capacity determined by CDFM method, and 

Fs:  
𝑆−𝑅𝑁

𝑅𝑇− 𝑅𝑁
 

S:  Resistance capacity of the element for a given capacity. 

RT and RN are defined in equation (17). 

βc is derived based on experience. It is observed from literature that typical range of βc is 0.3 -

0.6. As the random variability is principally due to ground motion a constant βR value is 

suggested in literature [EPRI (2012)]. The value of βU can be calculated from equation (10) 

using the values of βc and βR. Once HCLPF capacity of component and βc are known, Am is 

calculated from equation (11b). The family of fragility curves can then be derived from 

equation (12) from the values of βR and βU derived from assumed values of βc and calculated 

values of Am.  

The recommended values of βc, βR, βU and ratio of 𝐴𝐶𝐷𝐹𝑀−𝐻𝐶𝐿𝑃𝐹 and Am are given in Table 6 

[EPRI (2012)]. The recommended βc value is slightly conservative. A constant βR value of 

0.24 is recommended owing to the observation that the random variability is principally due 

to ground motion. 

WIND FRAGILITY OF NPP COMPONENTS  

Wind fragility is defined as the conditional probability of failure of an SSC as a function of 

wind speed. Typically, a family of fragility curves corresponding to a particular failure mode 

is developed.  A lognormal model is typically used to represent the fragility with the 

parameters of the median wind-speed capacity (Vm) and the logarithmic standard deviation 

  representing randomness in capacity; the uncertainty in median capacity is also modelled 

as a lognormal variable with unit median and the logarithmic standard deviation . The 

generic equations (4) through (11b) could be used with appropriate modifications. 
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Table 6: Recommended values of βc, βR, βU and ratio of 𝐴𝐶𝐷𝐹𝑀−𝐻𝐶𝐿𝑃𝐹 and Am  for use in 

Hybrid Method [EPRI (2012)] 

Type of SSC βc βR βU 𝐴𝐶𝐷𝐹𝑀−𝐻𝐶𝐿𝑃𝐹/ Am   

Structures & major passive 

mechanical components mounted 

on ground or at low elevation 

within structures 

 

0.35 

 

 

0.24 

 

0.26 

 

2.26 

Active components mounted at 

high elevation in structures 

0.45 0.24 0.38 2.85 

Other SSCs 0.40 0.24 0.32 2.54 

 

Wind loading effects include the aerodynamic forces produced by the dynamic pressure 

component of the wind flow, the associated atmospheric pressure change (APC) within the 

core (for tornado), and impact forces produced by missiles (i.e., objects picked up and 

accelerated by the wind field).  These wind loading effects may damage the building housing 

the equipment of interest or the equipment itself if it is exposed. 

The analysis of fragility for a SSC depends on the definition of failure modes and the 

potential interaction of individual failure modes as discussed later. 

The major tasks in wind fragility analysis are: 

 Selection of SSCs 

 Plant walk down 

 Missile survey 

 Screening of SSCs 

 Fragility analysis for wind pressure 

 Fragility analysis for missile impact 

 

Selection of SSCs 

The systems analyst and the fragility analyst should interact with each other to develop a list 

of SSCs to be included in the wind PSA.  These could be electrical equipment, mechanical 

equipment and piping that are housed within the buildings and outdoor equipment such as 

tanks.  

Plant Walk down 

 

Plant walk down focuses on the SSCs; buildings that house these SSCs are examined for their 

existing conditions.  If there are doors and openings in the buildings, the analyst will note 

them for inclusion in the missile risk analysis.  Walk down is used to look for potential spatial 

interactions between buildings, collapse of stacks and block walls on to SSCs.  Based on 

recent studies, the analyst should pay particular attention to metal clad buildings especially to 

the connection of cladding to the structural framing. 
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Missile Survey 

 

 A survey of the plant buildings and their surroundings is made to assess the number and 

types of objects that could be picked up by a tornado and could become potential missiles.  

These could be tree, metal siding, auto trailer, steel pipe, tool box etc. For details on how this 

survey is done to provide input to missile risk analysis the reader is referred to Twisdale 

(1988) and Twisdale and Vickery (1995). 

 

Screening of SSCs 

 

Based on the plant wind design criteria and using the results of the plant walk down, the 

analyst will screen out certain items from the SSC list; these could be housed in reinforced 

concrete Seismic Category 1 structures designed to withstand a design basis tornado.  SSCs 

housed in non-category I metal clad buildings (e.g., turbine building) or near unprotected 

openings are reviewed to verify that the potential missiles cannot impact them before the 

SSCs are screened out.   

 

Fragility Analysis for Wind Pressure 

 

For the remaining SSCs (including any buildings), the fragility for wind pressure is evaluated 

as described below: 

The analysis includes an assessment of each individual failure mode that can produce failure 

of a SSC. These include: 

(i) Wind pressure loads (including APC as appropriate) 

(ii) Missile loads 

(iii)Structural interaction failures 

 

Extreme winds and wind-borne debris are correlated loadings. The higher the wind speed, the 

greater are the number and energy of the wind-borne missiles. Many missiles will impact 

large SSCs. Hence, a key fragility analysis consideration is to treat simultaneously wind and 

missile loading. 

Failure modes include failure of walls, overturning, sliding and collapse as well as missile 

penetration and scabbing of concrete. Fragility parameters are estimated for each of the 

credible failure modes of the SSC.  Failure of structures could be overall, such as failure of a 

shear wall or moment resisting frame, or local, such as out-of-plane wall failure or pull-off of 

metal siding. Wind pressure loading is based on the methodology contained in design 

standards [ASCE (2010)]. The effect of wind-borne missiles on SSCs can be found in 

[Twisdale (1988)]. The development of fragility curves for structures is done in terms of the 

factor-of-safety, defined as the resistance capacity divided by the response associated with 

the design-basis loads from extreme winds. The variability of the factor-of-safety depends on 

the variability of strength capacity and the response to specified loads. Wind capacity is 

modelled as a product of random variables and is expressed in terms of wind speed. Besides 

the strength characteristics, the capacity of a structure for the effects of wind pressure also 

depends on a number of factors affecting wind pressure/force relationship. For example, 

shielding effects of various structures at the site results in an increase of wind speed through a 

constricted space or a decrease where it may be slowed down due to obstructions. Such 

funneling characteristics describing the channeling of winds around structures have a very 
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important influence on the wind forces. The actual forces are also determined by the 

structural shapes because wind pressure and forces are related to the wind velocity by a shape 

factor. Another factor important in this regard is the vertical distribution of wind velocity, 

which is a function of terrain roughness. Examples of the development of wind fragilities for 

structures can be found in references [Reed and Ferrell (1987), Ravindra et al (1997), 

Twisdale and Vickery (1995)]. 

Recently, a code-based approach using load and resistance factors for wind fragility 

evaluation has been proposed by Twisdale and his co-researchers [ARA (2014)].   

Most nuclear power plant structures have substantial wind resistance if the original design 

basis had included extreme wind loading. Major vulnerabilities have sometimes been 

identified for non-seismic category structures due to their potential for collapsing on safety-

related structures or equipment. These structures include exhaust stacks, unprotected walls, 

outside wiring and cabling, etc. Similarly, many older plants have safety-related equipment 

such as tanks and equipment located outdoors that are vulnerable to wind-borne missiles. 

They should be identified during the walk down. 

n analyzing the failure of indoor equipment (within the structures), it may be conservatively 

assumed that the failure of a structure causes the failure of all equipment within the structure. 

It is possible that the structure may not collapse, but the indoor equipment may still be 

damaged from pressure drop due to passage of a tornado. This damage occurs because of 

inadequate venting in the structure. There is a rapid pressure drop due to passage of a 

tornado, and this results in escape of air from the building; if the exit is not rapid enough, it 

causes internal pressure. This pressure might lead to failure of block walls, which could 

collapse onto safety-related structures. Indoor equipment is also susceptible to damage from 

missiles entering through louvres, vents, etc. Damage to internal SSCs may also be caused by 

wind-induced pressurization through openings in the structure. 

Wind fragility depends on the original design basis of the nuclear plant.  In some countries, 

the wind design includes tornado or hurricane (typhoon) or both.  The structures in these 

nuclear power plants should have large median wind speed capacities.  In addition, concrete 

structures designed to resist seismic loading will have inherent resistance to wind loading.  

The analyst should take advantage of this in screening out buildings and SSCs they support.   

For the remaining buildings and outdoor SSCs, the plant specific wind fragilities are 

developed. 

Fragility Analysis for Missiles 

Typically a simulation procedure is used to model the injection of objects into the tornado 

wind field, tracking them along the path of the tornado and ejection onto SSCs (called 

“targets”).  TORMIS software does this for a large number of tornadoes representing the 

tornado hazard at the site.  The fragility of the target for missile impact is evaluated taking 

into account the protection offered by the barriers i.e., walls and roofs of buildings and the 

protection by the location of the target (e.g., behind walls and away from openings etc.).  For 

details, the reader is referred to Twisdale and Vickery (1995). 
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Wind Plant Response Analysis 

The wind PSA systems model includes wind-caused initiating events and other failures that 

can lead to core damage or large early release.  Typically, the wind PSA systems model is 

adapted from the internal events PSA systems model by incorporating the wind-analysis 

aspects that are different from the corresponding aspects in the internal events PSA systems 

model.  Further, the analysis consists of developing event trees and fault trees in which the 

initiating event can be either the extreme wind effect itself or a transient induced by the 

extreme winds.  Various accident sequences that lead to core damage (Level 1 PSA) or 

releases (Level 2 PSA) are identified, and their conditional probabilities of occurrence are 

calculated. The frequency of core damage or release is obtained by a convolution over the 

relevant range of wind speeds. Factors to be considered in this analysis include specific wind 

fragilities of SSCs and non-wind-related unavailability or failures of equipment, operator 

error, any warning time available to take mitigating steps (e.g., in the case of hurricanes), the 

possibility of recovery actions by operators and replacements by substitutes to accomplish the 

needed function, and the likelihood of common-cause failures. Since the wind hazard and 

wind fragilities are input as families of curves representing the uncertainties, the 

quantification should properly propagate the uncertainties through the accident sequences to 

result in uncertainty bounds on CDF and release frequencies such as LERF. 

It is important to capture the dependencies among extreme wind caused failures e.g., spatial 

and environmental dependencies.  This is true for a single SSC but the extreme wind could 

affect multiple SSCs at the same time. Another important consideration is that at higher wind 

speeds, the fragility of SSCs may be substantial making the probability of “success” much 

less than one; therefore, excluding these “success” states could lead to erroneous PSA results. 

An example of systems analysis for extreme winds can be found in [Kaasalainen (2013)]. 

High Winds PSA Outputs and Uses 

Wind PSA (Level 1 and Level 2) for single reactor units provides estimates of CDF and 

LERF along with the significant risk contributors. The uncertainty bounds on these CDF and 

LERF are also developed.  These outputs should help in any upgrading decisions if the 

absolute values of CDF and LERF from wind induced events exceed the acceptable limits. 

FLOOD FRAGILITY OF NPP COMPONENT 

This section summarizes the state-of-the-art tsunami fragility practices. Flood hazard caused 

by a tsunami induces not only static water pressure but also dynamic one thus it includes 

failure modes due to flood hazard. When the tsunami waves reach the coastal zone, they 

produce hazardous effects, such as an extreme change of water level, inundation, strong 

current velocities, hydro-dynamic forces to barrier structures, scour, and debris flow. 

AESJ (2011) specifies the technical requirements for performing the tsunami PSA. Mihara et 

al (2012) also presented the technical procedures for tsunami fragility evaluation of SSCs. 

Based on the technical background; AESJ (2012) also shows the field investigation of the 

actual tsunami disaster and application examples for tsunami fragility. Sugino et al (2008) 

also conducted various tsunami run-up analyses from the wave source and evaluated the 

fragility curve for inundation failure mode of SSC. Regarding combination fragility between 

earthquake and tsunami, Mihara et al (2014) categorized the mixed failure modes and 
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specified the fragility procedures for tsunami barriers. The state-of-the-art tsunami fragility 

relating practices described above will be discussed in the following paragraphs. 

Accident Scenario Identification 

Accident scenarios will be selected with consideration given not only to accident scenarios 

reflecting direct damage caused by a tsunami but also to accident scenarios reflecting its 

indirect impact. They should be selected based on the actual tsunami or flood disaster cases 

shown in AESJ (2012). Site and plant walk-down is the most important procedures to identify 

accident scenarios. The key issues to for the site and plant walk-down based on the actual 

disasters' database are shown in Table 7. 

For accident scenarios reflecting direct damage, the following impacts of a tsunami shown in 

Table 8 will be taken into consideration. The possibility of a tsunami running up along rivers 

and on land will be also taken into consideration. 

For accident scenarios reflecting indirect damage, consideration will be given to various 

cases depending on site conditions. In those cases, for example, drifting articles flowing out 

of facilities in the power plant, or drifting articles, such as fishing boats and timber, flowing 

out of fishing ports, timber basins, etc., due to an earthquake, may collide with the facilities 

of the power plant. 

Tsunami Hazard Analysis 

As the probabilistic tsunami hazard analysis (PTHA) progresses into more detailed run-up 

and inundation results, one of the key attribute will be the assessment of the impacted SSCs. 

If the direct or indirect effect of loads on structures can be estimated, the need for 

establishing the probability of failure of specific buildings may become clearer. Otherwise, it 

may be appropriate (albeit conservative in some cases) and more effective to assume that 

certain components within specific buildings (e.g., switchgear rooms, emergency diesel 

generators) and structures (e.g., tanks) are unavailable in the PSA at specific flood elevation 

levels (i.e., with a binary probability of 0% or 100% depending on the site location with 

respect to the inundation potential). For components inside buildings, this would depend on 

the ability of doors and other entrances to maintain interior areas dry from the flooding 

effects (both static and dynamic). Therefore, any initial indication that the PTHA may 

provide in terms of elevations that would well exceed the range of credible flooding scenarios 

can help identify SSCs that would be available even in the most severe magnitude tsunami 

levels. Conversely, it may help indicate SSCs that would most likely receive minimal credit if 

significant exposure to the tsunami effects is expected in most scenarios. 

The PTHA should be sufficiently complete to provide insights into other potential credible 

tsunami effects aside from site inundation, such as debris impact, drawdown and 

sedimentation/scouring. It may be challenging to consider all scenarios in a full probabilistic 

framework. This may limit the consideration of some of these additional impacts to a 

deterministic assessment on the credibility of such scenarios in the first place, and the need 

for their inclusion in the tsunami PSA. 

Tsunami fragility evaluation needs not only tsunami height but also various kinds of 

parameters which will be converted into load effects such as hydrodynamic force, 

morphological change and collision of drifting debris. Correlation between them from 
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Table 7: Key issues for the site and plant walk-down based on the actual disasters  

[AESJ (2012)] 

 

No. Key issues 

1 Water tightness of meter gauges and piping penetrations 

2 
Cable runs (cable penetrations), thumps, tunnels, an underground passages, 

etc. as an invading route of inundation 

3 

Opening-and-closing directions of watertight doors, since water pressure 

may be poured to the direction to open the door where its water tightness is 

lost depending on the inundation route 

4 Water tightness at the foundation part of the seawater pump 

5 Conditions of watertight walls 

6 Water tightness of independent rooms 

7 Confirmation of height of partition walls 

8 Openings, such as sewers for drainage and cable pits 

9 Status of the objects which may be drifting debris 

10 Installation height of outdoor instrument 

11 
Status of not only main buildings such as a reactor building and turbine 

building but the pump building, etc. 

12 
Pipings, tanks, etc. installed in the outdoors which may be subject to the 

influence of tsunami 

13 Parts which may be flood courses into a site, such as an access road 

14 Watertight conditions of the fire prevention doors 

15 Actuals conditions in the site of the design water level of the buildings 

 

 

Table 8: Impacts to be considered in accident scenarios reflecting direct damage 

 

Impact of tsunami Impact on buildings, components, etc. 

Immersion and 

inundation of facilities 

due to flooding 

Damage to dynamic functionality of facilities and 

damage to power generation and transmission 

functionality of electric facilities 

Wave power and fluid 

force of tsunami 

Structural damage of buildings and structures, 

components, etc. 

Movement of seabed 

sand 

Damage to functionality of seawater intake facilities 

Drop in water level due 

to backrush 

Damage to functionality of seawater intake facilities 

 

tsunami source to each SSC points is also necessary. Ideally, correlation of such parameters 

will be preferable to be directly calculated from the output of PTHA. Therefore, for most 

sophisticated PTHA model based on earth science which can evaluate full correlation of each 

parameter from tsunami source to site specific point, the concept of control point described 

later is not necessarily required for tsunami PSA. 

But, in reality, the concept of control point has to be introduced to evaluate correlation of 

each parameter from there to site specific point for reasonable PTHA model from engineering 

point of view. While these results are typically site specific reflecting the topographical and  
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Figure 2: Distinctive Elements and Procedures of the PTHA 

 

bathymetrical characteristics of the sea bed between sources and the sites, the location at 

which the tsunami hazard is evaluated should have a common nature that it will allow to use 

the assessment results for the analysis of inundation at various points of the plant site that are 

directly connected to fragility evaluation of SSCs.  

Comparing to other external hazards, the distinctive elements and procedures of the PTHA 

describe above are shown in Figure 2. 

Tsunami Fragility Evaluation 

Failure mode 

The failure modes should be extracted for assessment if the corresponding damage may 

directly or indirectly have a significant impact on the stability of core or reactor containment 

boundary, due to inundation and immersion, wave power, scouring, collision of drifting  
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Figure 3: Failure modes caused by tsunami 

 

debris, movement of seabed sand, etc. caused by tsunami events. Examples of failure modes 

caused by tsunami are shown in Figure 3. For extraction of failure modes leading to structural 

and functional damage due to scouring or movement of seabed sand, etc., caused by tsunami 

events, the uplift or subsidence in the surrounding areas of the site assessed in PTHA must be 

taken into consideration. 

Damage Assessment Indexes 

A realistic response quantity that can indicate the degree of damage in the target failure mode 

should be used as a damage assessment index. Damage assessment indexes should be 

selected appropriately from physical quantities used for describing the functional loss of 

buildings, structures and components due to inundation and immersion, wave power, 

scouring, collision of drifting debris, and movement of seabed sand caused by a tsunami. 

Those physical quantities include run up, inundation depth, accumulation height, stress, and 

displacement. 

The damage assessment indexes of buildings and structures and those of the components, 

etc., defined here are different from the tsunami height specifying the horizontal axis of 

fragility curves. Rather, they refer to indexes used for obtaining the damage probability at 

which target buildings and target structures will undergo functional loss if a tsunami specified 

by this tsunami water level inundates or runs up to their locations. Examples of damage 

assessment indexes corresponding failure modes are shown in Table 9. 
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Table 9: Examples of damage assessment indexes (DAI) 

 

 

Uncertainty of capacity of SSC 

The damage limit of a target location corresponding to a failure mode leading to its structural 

and functional damage due to inundation and immersion, wave power, scouring, collision of 

drifting articles, and movement of seabed sand caused by a tsunami will be assessed as 

realistic capacity. In general, a probability distribution with an upper and a lower limit will be 

assumed for a functional damage mode due to inundation and immersion caused by a tsunami, 

whereas a logarithmic normal distribution will be assumed for a structural and functional 

damage mode due to wave power, scouring, collision of drifting articles, and movement of 

seabed sand caused by a tsunami. 

There aren't enough experimental capacity data to show the quantitative values of logarithmic 

standard deviation for the different failure modes. But functional failure of electric equipment 

seems to be cliff-edge capacity and, as an example of current study, JAEE(2015) shows 

βc=0.10~0.30 for sea wall or breakwater structural failure capacity against wave power. 

Uncertainty of response of SSC 

Inundation height, etc., at a damage-expected location corresponding to a failure mode, which 

leads to structural and functional damage due to inundation and immersion, wave power, 

scouring, collision of drifting articles, and movement of seabed sand caused by a tsunami, 

will be assessed as probabilistic quantities. In general, a logarithmic normal distribution will 

be assumed. 

Considering the external and internal barriers such as sea wall and water-tight door, general 

uncertainty concept of realistic capacity and response of each failure mode of SSCs are 

shown in Figure 4 to Figure 6 corresponding to assumed three levels of tsunami height at 

control point.  
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Figure 4: Uncertainty of capacity and response; (1) low level of tsunami 

 
Figure 5: Uncertainty of capacity and response; (21) medium level of tsunami 
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Figure 6: Uncertainty of capacity and response; (3) high level of tsunami 

There aren't enough experimental and analytical response data to show the quantitative values 

of logarithmic standard deviation for the different failure modes. Although it varies from the 

results of tsunami propagation and inundation calculations, based on the results of current 

study, βr for inundation height is about 0.10 referred to analytical results by Sugino et al 

(2008) and βr for flow velocity is about 0.20 referred to observed tsunami records in 2011 off 

the Pacific coast of Tohoku Earthquake. Also βu for inundation height is 0.25~0.50 referred 

to the difference between observed tsunami records and tsunami inundation analyses by 

AESJ (2012). Regarding wave power pressure due to tsunami, βc is about 0.50 referred to 

experimental results by AESJ (2012). 

Fragility evaluation of SSC 

Following the generic equations (4) through (11b), the fragility curves of buildings and 

components for various kinds of failure modes due to tsunami will be basically calculated.  

Typical examples of response and capacity distributions for various kinds of failure modes to 

calculate fragility curves of SSCs are shown in Figure 7.  

AESJ (2012) shows an example of approach to evaluate fragility curves of SSCs for 

structural failure caused by wave power and collision of drifting due to tsunami. Sugino et al 

(2008) also conducted various tsunami run-up analyses from the wave source and evaluated 

the fragility curve for the functional failure mode due to inundation and immersion of SSC in 

a reactor building. Figure 8 (left) shows the relationship between the inundation height at a 

point 200m inland from the shoreline, and the maximum tsunami water level (maximum 

wave height) at the shoreline by plotting individual data. In this diagram, the limit water level  
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Figure 7 Typical examples of response and capacity distributions for various kinds of failure 

modes [Mihara et al (2012)]  
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Figure 8: Inundation height at 200m inland from the shoreline (left) and the relationship 

between maximum wave height (maximum tsunami water level) and  

fragility curve assessment (right) [Sugino et al (2008)] 

 

of functional damage (functional loss height), TP+4.5m is indicated, on the assumption that 

the assessment target reactor building is located at this point. Fragility curves will be assessed 

as follows using the data on Figure 8 (left). First, approximation curves will be calculated 

from the plotted results of the run-up analysis by using the method of least squares. Then the 

dispersion of the differences between the values of the approximation curves and the 

inundation heights of individual plotted points will be assessed. Subsequently, probability 

distribution with the values of approximation curve regarded as medians will be obtained for 

each of the maximum tsunami water level (maximum wave height) at the shoreline.  Finally, 

the probability on the condition that the limit water level of functional damage (functional 

loss height) will be exceeded in this distribution will be assessed, thereby, the fragility curve 

will be obtained as shown in Figure 8 (right). 

FURTHER DISCUSSION 

Nie et al (2013) undertook comparison of US seismic fragility data with JNES test data for 

motor operated valves, fans and tanks. The fragility capacities, either obtained directly from 

full-scale shaking table tests or estimated from the JNES test-based methods, were in general 

much higher than or confirmed those used in the U.S. SPRA practice. The JNES fragility test 

program uncovered failure modes, such as, malfunction of the clutch lever on certain valves, 

wearing-out of labyrinth seals on fans, secondary buckling for tall tanks, and shear buckling 

for short tanks, that have not been considered explicitly in U.S. PRA practice. Caution must 

be exercised in using the JNES test results, including the test-based evaluation methods, to 

any specific case of fragility analysis. The generic values of 𝐹(.),𝑚  and 𝛽(.)∗  and other 

parameters summarized in this paper are from published literature and mostly based on USA 

fragility data. These values should be used in any non-USA plant after careful examination 

on applicability. 
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Bayesian updating could be a useful tool to use generic data published in literature to any 

specific plant of different genre. Tadinada and Gupta (2013) propose a methodology to 

incorporate newly available fragility data to update the existing seismic fragility estimates as 

long as the data can be organized into a given format. The fragility estimates based on the 

conventional log-normal model EPRI (1994) using generic data is considered as "prior" 

information. The "posterior" fragility curve is obtained by updating the prior fragility with 

new information applying Bayesian updating techniques. The new information may be from 

plant specific information or information obtained from variety of sources like experiments, 

safety analysis, structural health monitoring, etc. 

AESJ (2011) pointed out that the currently available flood including tsunami fragility 

evaluation methods for the following four items contain significant epistemic uncertainty, 

more accurate methods are expected to be developed.   

1.  To evaluate uncertainly for cumulative failure mode affecting related SSCs due to 

inundation and immersion, with consideration given to the temporal cumulative 

effects of multiple tsunami events 

2.  To evaluate uncertainly for structural failure mode affecting the stability of buildings 

and structures due to scouring caused by tsunami events 

3.  To evaluate uncertainly for structural and functional failure mode affecting related f 

SSCs due to collision of drifting debris caused by tsunami events 

4.  To evaluate uncertainly for structural, functional and cumulative failure mode when 

multiple failure modes are correlated. 

EXTERNAL EVENT PSA FOR MULTI-UNIT SITES 

Recent events have highlighted the need for evaluating risks caused by external natural 

events from multi reactor units located at a site.  There are a number of sites in the world with 

three or more operating reactor units.  More details regarding the multi-unit external hazards 

PSA can be obtained from the IAEA report [IAEA, 2015a].  The overall EE- PSA 

methodology of singe unit for natural hazards like earthquakes, high wind and flood could be 

modified for multi-unit sites.  

As a best practice, the development of a multi-unit PSA model for internal event fully 

accounting for the shared systems and components between the units is recommended as a 

prerequisite for a multi-unit wind PSA.  The PSA system analyst will make suitable 

modifications to this multi-unit PSA model for the wind hazard. Certain initiating events, 

depending on the plant design, could affect multiple units; an example could be loss of offsite 

power since the switchyard is generally shared between the units.  Other examples are loss of 

service water and loss of instrument air.  In one PWR plant, the condensate storage tanks 

(CST) are cross-tied and shared between two units.  The levels are maintained to 

accommodate an accident on one unit and hot shutdown on the other unit.  However, the 

CSTs will not last the mission time and service water is required to meet the mission time for 

auxiliary feed-water. The analyst should properly model the initiating events, shared SSCs 

and the availability of different SSCs under multi-unit initiating events. The accident 

sequence analysis and quantification will proceed using the same methodology as for single 

reactor unit. Modelling of human reliability and operator recovery actions for multi-unit 

accidents requires additional considerations of duration of the wind hazard, damaged state of 

SSCs in different units, access to certain areas requiring operator action, and availability of 
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emergency response such as firefighting.  The analyst should examine various “what if” 

scenarios and assign subjective probabilities to carry out the quantification. 

The key point of seismic PSA of a multiunit site is the correlation of SSC seismic response 

between different units The correlation arise out of geotechnical characteristics of site, soil 

structure interaction, seismic ground motion parameters like response spectrum, design (civil 

engineering buildings/structures, equipment, piping, service system, etc.). This results in 

fragility correlation, for which adequate data is not available. Hakata  (2006) developed a 

Fault Tree linked Monte Carlo approach for Seismic Level-1 PSA models for analyzing 

simultaneous failure probability of multiple nuclear power plants in a site. Amongst other 

areas, realistic data for inter-plant and across plant response and fragility correlation 

coefficients of SSC for multiples units needs further development.   

Wind hazard discussed in IAEA SRS-8.3 is generally applicable to the plant site.  Typically, 

the winds arising from straight winds (thunderstorms and extra-tropical cyclones) and 

hurricanes cover a large region and all buildings and outdoor equipment of the multi-units at 

the site experience the same wind loading.  The same could be said about the larger tornadoes 

of interest to the PSA.  The wind pressure fragilities of SSCs at multi-units are also derived 

from the wind loading experienced by the SSCs.  As such identical SSCs of multi-units at the 

site have the same fragilities.  The current state of the art procedure for tornado/hurricane 

missile damage fragility evaluation is to perform simulation tracking the potential objects that 

could become missiles for different tornadoes and hurricanes passing through the site.  This 

procedure is suitable for tracking the simultaneous missile hits or damage to SSCs of multi-

units identified by the PSA systems analyst.  Currently, no published studies are available to 

develop approximate conditional probabilities of the second target being hit or damaged (by 

one of more separate missiles) given the missile hit on the first target. It is a function of the 

distance between the targets and the structural barrier enclosing the targets. 

Similar to seismic PSA, one of the key points of flood PSA of a multiunit site is the 

correlation of response values at SSC points between different units such as inundation 

height/depth, flow velocity and water pressure. The correlation arises out of geotechnical 

characteristics of site and geometry characteristic of buildings/structures calculated from 

tsunami propagation and inundation analyses. In addition to that, barriers' fragility such as 

protective walls, water-tight doors and sealing countermeasures has severe impacts to the 

correlation of response values between different units. It means that, comparing to earthquake 

and wind one, the correlation of the flood fragility is highly path-dependent and thus flood 

hazard is influenced by barriers' fragility. The key additional considerations on a multiunit 

site include the flood effects such as debris/debris flow and morphological changes related to 

deposition. Especially, multiple physical impacts of debris due to flood cause significant 

damage to SSCs of multi-units and also oil or chemical spill due to flood flow potentially 

produce other external risks such as fire/explosion leading to multiunit failures. 

EE-PSA for multi- units provides estimates of Site CDF (SCDF) and SLERF (Site Large 

Early Release Frequency) along with the significant risk contributors. The uncertainty bounds 

on these SCDF are also developed.  These outputs should help in any upgrading decisions if 

the absolute values of SCDF and SLERF from wind induced events exceed the acceptable 

limits. 

It may be noted that EE- PSA of multi-reactor unit sites for natural hazards, if any, has not 

been reported in the open literature. 
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SUMMARY AND CONCLUSIONS 

1. The paper has made a brief survey of literature and summarizes the approaches 

determining the parameters (i.e. Dm, βR, βU or βc) to derive fragility of SSC of an NPP for 

seismic, high wind and flood hazards. Generic approach for fragility calculation and 

capacity assessment of component for seismic, high wind and flood hazards are 

presented. The methodology of fragility parameter calculation for these three hazards is 

discussed in detailed summarizing the information available in literature. Derivation of 

system fragility is also briefly discussed. 

 

2. There are broadly two approaches for seismic fragility calculation of NPP component – 1) 

Fragility method or separation of variable approach, and 2) Hybrid method or CDFM 

based approach. For fragility analysis method, a generic formulation is used to derive 

factor of safety F in terms three other scaling factors; F1-strength factor, F2-factor to 

correspond conservatism in capacity assessment, F3 -factor to represent conservatism in 

determining demand.  The paper summarizes alternative approaches to derive the median 

values of these scaling factors and associated uncertainties (βR, βU or βc) for SSC qualified 

by analysis, test and experience based method. In case of hybrid method, approach for 

deriving family of fragility curves from the CDFM capacity and 𝛽𝐶 value presumed on 

the basis of experience is presented along with recommended values of fragility 

parameters. 

 

3. Wind PSA has become important in recent years. Existing nuclear power plants in many 

countries do not have tornado or hurricane (typhoon) considerations in their design.  They 

have typically adopted wind loading provisions from building standards.  Site-specific 

wind hazard analysis accounting for different applicable sources (i.e., tornado, hurricane 

and straight winds) should be done to develop input to wind PSA. 

 

4. Bounding analysis procedures need to be developed along with specific requirements on 

plant design review and walk down.  Currently, ASME/ANS PRA Standard Part 7 is 

developing these requirements for application to US nuclear power plants. 

 

5. Plant walk down and missile surveys require experienced analysts and are very labor 

intensive; the results and insights from past studies should be used to develop simplified  

 

6. Approaches for focused walk down and missile surveys. 

 

7. Flood fragility generally shows more cliff-edge shape without any special barriers (e.g. 

protective walls, water-tight doors and sealing countermeasures). It means that flood 

fragility is highly path-dependent and thus flood hazard is influenced by barriers' fragility. 

 

8. Tsunami fragility evaluation needs not only tsunami height but also various kinds of 

parameters which will be converted into load effects such as hydrodynamic force, 

morphological change and collision of drifting debris. Correlation between them from 

tsunami source to each SSC points is also necessary. 

 

9. AESJ (2011) specifies the technical requirements for performing the tsunami PSA. Based 

on the technical background, AESJ (2012) also shows the field investigation of the actual 

tsunami disaster and application examples for tsunami fragility. Regarding combination 



23
rd

 Conference on Structural Mechanics in Reactor Technology 

Manchester, United Kingdom - August 10-14, 2015 

Division VII 

 

34 

 

fragility between earthquake and tsunami, Mihara et al (2014) categorized the mixed 

failure modes and specified the fragility procedures for tsunami barriers. 

 

10. Generic fragility data available in literature should be used in fragility analysis of any 

particular plant after careful examination of its applicability specific to that plant. 

 

11. Bayesian statistical framework may be applied to update the fragility estimate of a 

specific plant based on generic data using plant specific information and new information.   
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