
An Analys i s  of Effect of Correlat ion of Response in t h e  System Rel iabi l i ty  Analys i s  
in a  Se i smic  PSA of a  Nuclear Power  Plant 

Yuichi  Watanabe ,  Tetsukuni  Oikawa and Ken  Muramatsu
Risk Analysis  Laboratory,  J apan  Atomic Ene rgy  Research Inst i tute ,  

Toka i -mura ,  Naka-gun,  Ibaraki-ken 319 -11 ,  Japan 
Abstract  
In s e i smic  probabi l is t ic  safety assessments  of nuclear  power  plants.  i t  has been recognized 
impor tan t  t o  consider  the  effect of correlat ion among responses  and/or capac i t i es  of components .  
T h e  au tho r s  developed a  new method to  calculate  a  fa i lu re  probabi l i ty  of a  system cons ider ing  the 
effect  of correlat ion of component  fa i lures  by a  direct  Faul t  T r e e  quant i f icat ion us ing  t he  Monte 
Ca r lo  method .  By t h i s  method, t h e  fai lure  probabi l i ty  of a  sy s t em can be calculated with the  effect 
of a rb i t r a ry  correlat ion not on ly  on the occurrence probabi l i t i es  of intersect ions of component  
fa i lu res  but  also on t he  occurrence probabi l i ty  of a  union of component  fa i lu res ,  which h a s  been 
ignored by the  calculat ion method developed in t he  phase -1  of the Se ismic  Safety Marg ins  
Research  Program in t h e  U.S.A. T h e  usefulness  of t h i s  method w a s  demonstrated by the  calculat ion 
o f  t h e  fa i lu re  probabi l i ty  of a  Residual  Heat Removal (RHR) system in a  Boi l ing Water  Reactor.  
T h i s  resu l t  showed tha t  the  correlat ion of response s ign i f ican t ly  lowered the  occurrence 
probabi l i ty  of the union of component  fa i lu res  and inf luenced t h e  calculated fai lure  probabi l i ty  of 
t h e  RHR system, ind ica t ing  t ha t  t he  neglect of effect of cor re la t ion  on t h e  union of component  
fa i lu res  might  cause  an  excessive overest imat ion of fa i lu re  probabi l i ty  o f ' a  system. 

1 In t roduc t ion  
Se i smic  probabi l is t ic  safety assessments  (PSAs) of nuc l ea r  power p l an t s  (NPPs) have  been 

wide ly  conducted s ince  ear ly  1980s ,  especial ly  in the  U.S.A. t o  evaluate  core  damage frequency 
(CDF) induced by ear thquakes  and  to ident i fy  vulnerabi l i ty  o f  NPPs t o  ear thquakes,  Many large 
ea r t hquakes  have occurred his tor ical ly  in Japan.  T h e  Japan  Atomic Ene rgy  Research Inst i tute  
(JAERI) ha s  developed a  methodology for a  seismic PSA of a NPP. 

T h e  se i smic  PSA procedures  developed at  JAERI have t h e  fol lowing four  steps1. 
(1) Evaluat ion of se i smic  hazard: T h e  seismic hazard of a  g iven  s i te  i s  def ined as  the frequency of 

exceedance at  every level of intensi ty  (expressed by peak accelerat ion)  of ear thquake motion 
a t  bedrock.  

(2)  Eva lua t ion  of responses of components  in  systems: Responses  of components  a r e  calculated 
from design responses  by t h e  use of a  ' response factor  method ' .  

(3) Eva lua t ion  of component  capac i t i es  and fai lure  probabi l i t ies :  Component  fa i lure  probabi l i t ies  
a r e  calculated a s  funct ions o f  t h e  peak accelerat ion at  bedrock  by compar ing  the responses  with 
capac i t i es  of components,  both of which a re  expressed i n  t e rms  of local  response parameters  
of components .  

(4) Eva lua t ion  of  condi t ional  probabi l i t ies  of system f a i l u r e s  and CDF: Condit ional  fa i lu re  
probabi l i t ies  of systems and  condi t ional  occurrence probabi l i ty  of co r e  damage at  every level 
of ea r thquake  motion are evaluated u s i n g  a  system model  such a s  Fau l t  Tree (FT) and the  
component  f a i l u r e  probabili t ies.  C D F  i s  calculated b y  in tegra t ing  the  product  of the  
occur rence  f requency  of ea r thquake  motion and the  condi t iona l  probabi l i ty  of core  damage  
over a  whole r ange  of ea r thquake  motion.  

In a se i smic  PSA, the f a i l u r e  probabi l i t ies  of components  a r e  obtained from the compar i sons  
of  responses  and capaci t ies  of components  that  a r e  given a s  random var iab les  and the  fa i lu re  
p robabi l i t i es  of systems are calculated based on the  fai lure  probabi l i t ies  of components  and  the  
sys tem model .  

In  t h e  JAERI method, f a i l u r e  probabi l i t ies  of systems a r e  calculated by a  computer  code 
named S E C O M  (Se ismic  Core Mel t  Frequency Evaluation)-2*. They can  be calculated by the  
fo l lowing  two  methods: 
(1) t h e  Boolean Ari thmetic  Model  (BAM) method3, which g ive s  an exact  numerical  solut ion and 
(2) t he  Min ima l  Cut  Se t  (MCS) method tha t  gives an upper bound approximation resul ts .  

Cor re la t ion  of responses and/or  capaci t ies  influences t h e  probabi l i ty  of s imultaneous fai lure  
of mul t ip le  components  (an intersect ion of component fa i lu res ) .  Thus ,  fa i lu re  probabi l i t ies  of 
sys tems  es t imated  with considerat ion of the  correlat ion o f  responses and/or capac i t i es  of  



components  c a n  b e  s ignif icant ly  different f rom those without  considerat ion of t he  cor re la t ion .  
In  the p h a s e - 1  of t h e  SSMRP (Se ismic  Safety Marg ins  Research P r ~ g r a r n ) ~ ,  analysis  

IL. 
procedures  for e s t ima t i ng  t h e  r isk of an ear thquake-caused radioact ive release from a commerc ia l  
nuc l ea r  power p l a n t  was developed.  I n  t h i s  program, a  system analy-sis code SEISIM (Systematic  
Eva lua t ion  of Impor tan t  Sa f e ty  Improvement  Measures) w a s  developed to evaluate  occur rence  
probabi l i t i es  of acc iden t  sequences as  a  par t  of its funct ions.  

In  the S E I S I M  code, t h e  occurrence probabi l i t ies  of accident  sequences a r e  ca lcu la ted  from 
those  of  MCSs w i t h  considerat ion of t he  effect of correlat ion on t he  intersect ions of component  
fa i lu res .  However,  in this  method,  the effect of correlat ion on  the un ion  of component  f a i l u r e s  is  
i gno red .  

W e  developed a  pilot p rogram,  which  can  calculate  a  fa i lure  probabili ty of a  system by a  
d i rec t  FT quant i f i ca t ion  u s i n g  t he  Monte Ca r lo  method. Wi th  th i s  method the fa i lu re  p robabi l i ty  
of a system can be  eas i lyca lcu la ted  with considerat ion of t h e  effect of arbi t rary correlat ion on both 
un ion  and  in te rsec t ion  of component  fa i lu res .  

2 Defini t ion and  Nature  of Correlat ion in Se i smic  PSAs 
When o n e  cons iders  t h e  s imul taneous  fa i lu re  probabi l i ty  of mul t ip le  components  in a  se i smic  

PSA, cor re la t ion  o f  component  fa i lures  i s  an essent ia l  issue in  a  s e i smic  PSA. Reed et al.' def ined 
and explained t h e  correlat ion of component  fa i lu res  as  fo l lows  (The i r  explanat ion was rear ranged  
by t h e  present  au thors ) :  

"Physically,  dependenc ies  exist  due  t o  s imi la r i t i es  in  both response and capaci ty  parameters .  
Dependency  occu r s  between components  and between components  and  s t ructures  due  t o  common 
responses  and capaci t ies .  For  example,  if two components  a r e  located side by s i de  in  a  bu i ld ing ,  
t he r e  i s  high response  dependency. T h e  s t ruc tura l  capac i t i es  of two  identical pumps  a r e  h igh ly  
cor re la ted .  Thus ,  i f  one pump  fa i l s  due to  an ear thquake,  i t  i s  l ikely t h a t  the o ther  p u m p  wi l l  a lso 
fail ." T h e  effect o f  such dependency i s  cal led correlat ion of  component  failures.  Here,  t h e  fo rmer  
means  t h e  cor re la t ion  of responses;  t h e  la t t e r  means the  correlat ion o f  capacities.  

P 
T h e  cor re la t ion  of responses  is  caused by common sources  of var iab i l i ty  of responses  such a s  

var iab i l i ty  of s e i smic  motion,  amplif icat ion charac te r i s t i cs  of soi l ,  response charac te r i s t i cs  of 
bu i ld ings ,  etc. S imi la r ly ,  t h e  correlat ion of capaci t ies  a r i s e s  from common sources  of var iab i l i ty  
of capac i t i es  such  a s  var iabi l i ty  caused by des ign ,  manufactur ing,  main tenance  of t h e  components ,  
e tc .  

I n  the c a s e  of no correlat ion (so cal led an independent  case) ,  the s imul taneous  fa i lu re  
p robabi l i ty  of t w o  components  i s  the  product  of the  fai lure  probabi l i t ies  of them. On t h e  o th e r  hand ,  
i n  t h e  case t ha t  t h e  component  fa i lures  a re  f u l l y  correlated,  i t  i s  the sma l l e r  fa i lu re  p robabi l i ty  of 
them and  the mer i t  of redundancy  is  lost .  I f  t h e  order of a  MCS is  h igh ,  i t s  occurrence probabi l i ty  
c an  be varied q u i t e  s ignif icant ly .  

3 Ex i s t i ng  Works  f o r  Trea tment  of Cor re la t ion  of Response 

3.1 SSMRP and  NUREG-1150 

3.1.1 Eva lua t ion  o f  responses and t rea tment  of  correlat ion of response i n  SSMRP and  
NUREG-1 150 
I n  the  p h a s e - 1  of the SSMRP,  the  S M A C S  (Seismic Methodology Analysis Cha in  S ta t i s t i cs )  

code  was  developed to  ca lcu la te  the se i smic  responses  of s t ructures ,  systems and components .  In 
"Application of  t h e  SSMRP Methodology t o  t h e  Se ismic  Risk  at t he  Zion  Nuclear Power ~ l a n t ' *  
(here inaf te r  ca l led  the  appl icat ion of t h e  SSMRP to the Zion  plant) ,  a  large number  of  mul t ip le  
t ime  h i s to ry  ana ly se s  of responses  were performed by the  SMACS code.  Correlation and var iab i l i ty  
va lue s  of responses  were determined f rom t h e  results of those response  analyses.  Final ly ,  t he  
occur rence  probabi l i t i es  of accident  sequences  were calculated by t h e  SEISIM code  u s i n g  these  
va lues .  

I n  the r i sk  assessments  fo r  the S u r r y  and  Peach Bottom nuc lear  power p l an t s  of NUREG- 
1 1 5 0  r i sk  assessments7  (hereinaf ter  cal led NUREG-1150),  a  set  of r u l e s  were formulated a s  shown * in T a b l e  1 ,  which  predicted t h e  "exact"correlatioo with adequa te  accuracy.  These ru l e s  we re  based 
on t h e  examina t i on  of a  l a rge  number of responses  in t h e  appl icat ion of the SSMRP to  t h e  Zion 



p l an t ,  which  showed a  dis t inct  pat tern to  t he  values of  correlat ion that  existed between the v a r i o u s  
types  of responses .  

Table 1 Rules  for Ass ign ing  Response Correlat ion f o r  N-UR-EG-1150 
-- 

I .  Components  on t h e  same floor s lab,  and sensi t ive to the s a m e  spectral f requency  r ange  
(i .e.  Ze ro  Period Accelerat ion (ZPA), 5-10 Hz, o r  10-15 Hz) will be assigned response 
cor re la t ion  = 1.0. 

2. Components  on t h e  same floor s lab ,  sensi t ive t o  different ranges  of spectral  acce le ra t ion  
will be  assigned response cor re la t ion  = 0.5. 

3.  Components  on different  f loor  s l ab s  (but i n  t h e  same bu i ld ing)  and sensi t ive to  the s a m e  
spe.ctra1 frequency range (ZPA, 5-10Hz or 1 0 - 1 5  Hz) wil l  be  assigned response 
correlat ion = 0.75.  

4. Components  on t h e  ground sur face  (outside t anks ,  etc.) sha l l  be treated as  if they were  o n  
t he  g r ade  floor of an adjacent bu i ld ing .  

5 .  "Ganged" valve configurat ions (e i ther  paral le l  o r  series) wi l l  have response cor re la t ion  
= 1.0. 

6. Ail o the r  configurat ions will  have  response correlat ion = 0. 

On t h e  other  hand ,  because of t h e  l a ck  of data  f o r  the correlat ion of capac i t i es ,  t he  e f fec t  of 
cor re la t ion  of capaci t ies  was examined by a  sensi t ivi ty  analysis,  assuming tha t  t h e  capac i t i es  of  
components  were  perfect ly  correlated o r  independent  in  the appl icat ion of t he  SSMRP to  t h e  Z ion  
p l an t .  In NUREG-1150, the  capaci t ies  of components  were assumed to be independent .  

P 3.1.2 Calculat ion of occurrence probabi l i t ies  of  accident sequences with cons idera t ion  of 
correlat ion in SSMRP and NUREG-1150 

By u s i n g  the SEIS IM code, t he  occurrence probabi l i t ies  of MCSs tha t  con ta ined  co r r e l a t ed  
component  fa i lu res  were  calculated and  incorporated in  the calculat ion of occur rence  probabi l i t i es  
of  accident  sequences. 

In  t h i s  method, correlat ion of component  fa i lu res  was t reated as  follows: If  t h e  co r r e l a t i on  
between t h e  responses and  the correlat ion between t h e  fragi l i t ies  ( the fragi l i ty  means  the  c a p a c i t y  
i n  t h i s  paper)  a r e  known for  two correlated components ,  then t h e  coefficient of correlat ion be tween  
t h e  fa i lu res  of these t w o  components  ( 'correlat ion of  component  fa i lures ' )  was  def ined a s  t h e  
fo l lowing  equ ation7: 

whe re  p i s  a correlat ion coefficient between the  component  fa i lu res  1 and 2, p,, and $,, a r e  
s tandard  deviat ions o f  the  logar i thms  of  t h e  responses  of components  1 and 2, CjFl  and f3,, a r e  
s tandard  deviat ions of t h e  logari thms of t h e  f rag i l i t i es  of components  1 and 2, pRlR2 i s  a  co r r e l a t i on  
coeff ic ient  between responses  of components  1 and 2, pFIFZ is a  correlat ion coeff ic ient  between t h e  
f rag i l i t i es  of  components  1 and 2. Mathematical ly ,  t h i s  correlat ion coefficient i s  def ined by  t h a t  
between logar i thms  of ra t ios  of responses  to  capac i t i es  for components  1 and 2. 

T h e  occurrence probabi l i ty  of an accident  sequence  that l e ads  to  core damage  (P(ACC SEQ)) 
descr ibed a s  t he  sum of occurrence probabi l i t ies  of MCSs  was calculated by t he  fo l lowing  equa t i on :  

whe re  P(MCSi)  i s  the occurrence probabi l i ty  of the  i - th  MCS. 



T h i s  equat ion,  gives an exact  solut ion o n l y  when t h e  component  fa i lu res  among M C S s  are 
independent  of one  another ,  otherwise i t  g ives  an upper bound approximation when the component  

P f a i l u r e s  a r e  not independent .  
T h e  occurrence probabili ty of a  MCS i n  the  equa t i on  was' obtained by n-d imens iona l  

numer ica l  integrat ion of a  mult ivar ia te  lognormal  dis t r ibut ion with correlat ion coeff ic ients  of all  
pa i r s  of component fa i lures  in t h e  MCS tha t  we re  defined by equation (3-1) .  

3 . 1 . 3  Limi ta t ions  of t reatment  of correlat ion i n  SSMRP a n d  NUREG-1 150 
S ince  the occurrence probabi l i ty  of an accident  sequence  was calculated by equat ion (3-2), 

with considerat ion of the effect of correlat ion on the  intersect ion of component  fa i lures  
(component  fa i lures  combined by AND-gate ,  i .e.  MCS), t h e  effect of cor re la t ion  on t he  union of 
component  fa i lures  (component fa i lu res  combined by OR-gate)  was ignored.  Just i f icat ion for  this  
s implif icat ion was tha t  the correlat ion of component  f a i l u r e s  would s t rongly  in f luence  the 
component  fa i lures  combined by AND-gates  and t h e  effects  of the correlat ion on those combined 
by OR-ga t e s  would be much smaller6.  It was a l so  noted t ha t  th i s  s implif icat ion would yield a  
conservat ive result .  

S i n c e  FTs for  safety systems of an NPP have  many component  fa i lu res  combined by OR-ga tes  
normal ly ,  the correlat ion among them might  s ignif icant ly  in f luence  the  f a i l u r e  probabi l i t ies  of the 
systems.  However, i t  i s  quite diff icul t  to  analyze t h i s  effect by using MCS-based methods.  

3 . 2  Considerat ion of correlat ion of response in  t h e  JAERI method 

3.2.1 Evaluat ion of responses 
O n e  of the charac te r i s t i c  fea tures  of evaluat ion of responses  in the  JAERI method i s  t he  use 

of t he  response factor  method8. T h e  response f ac to r  (FR) fo r  e ach  bui lding o r  component  (s t ructure ,  
p ip ing  and  other equ ipment )  i n  NPP accounts  f o r  t h e  difference between t h e  response (q,) and the  
response  evaluated in design (q,), which genera l ly  has a  l a r g e  conservat ism.  

Assuming  a  l inear  re la t ionsh ip  between t h e  response and accelerat ion at bedrock,  the 
response  q,(a) t o  an arbi t rary accelerat ion (a) i s  obtained u s i n g  design accelerat ion (a,) as: 

T h e  response factor  for each  element  i s  der ived from t h e  product of t h e  fol lowing subfactors  
(F,), which  represent the  degree  of conservat ism introduced in var ious s tages  of the response 
ca lcu la t ions  in Japanese  seismic design prac t ices  for NPPs: 

F, : generat ion of seismic wave for  design a t  bedrock 
F, : propagation of se i smic  wave in soil  and  basemat of  a  bui lding fo r  design 
F, : response of bui lding 
F, : response of component  

Assuming  tha t  each subfactor  i s  independent  of o n e  another  and ha s  a  probabi l i ty  densi ty  
func t ion  represented by a  lognormal  dis t r ibut ion,  the  median  value of FR i s  t he  product  o f  a l l  the  
median  values  of the  subfactors and the  logar i thmic  s tandard deviation of FR i s  obtained f r o m  ones 
of t h e  subfactors  u s ing  the square  root of the  sum of the squa re s  method. 

3-2.2 Calculat ion of  fa i lure  probabi l i ty  of a  system with considerat ion of correlat ion in  the 
response fac tor  method 
A b e  et a].' examined the  effect of correlat ion of responses  on fai lure  probabi l i t ies  of systems 

by s a m p l i n g  the  response fac tors  with the Mon te  Carlo method .  In the i r  method,  t he  response 
fac tors  were sampled to de te rmine  the  responses  with condi t ion that response  f ac to r s  of all  
components  were fu l ly  correlated and the  fa i lu re  probabi l i t ies  of components  were ob ta ined  from 

Ir* the  capac i t i es  and t h e  sampled responses  at one  t r i a l .  The f a i l u r e  probabi l i t ies  of components  were 
ass igned  into t h e  FT and the  fa i lu re  probabi l i ty  of a  system was calculated by us ing  t h e  BAM 



method at t h i s  t r ia l .  Th i s  p rocedure  was iterated suff ic ient  t imes  and t he  dis t r ibut ion of f a i l u r e  
p robabi l i t i es  o f  a  system was  obtained.  Mean value of t h e  dis t r ibut ion was  calculated a s  the f a i l u r e  

P 
probabi l i ty  o f  a  system. T h e  effect  of correlat ion of responses  on component  fa i lu res  combined b y  

: AND-gates  a n d  OR-gates  can  be  considered in this method.  Howeve'r, -they considered solely t h e  
effect  of f u l l y  correlated responses  on t he  fai lure  probabi l i ty  of a  system a s  a b o u n d i n g  ana lys i s .  

4 New Calcu la t ion  Method Us ing  the Monte  Carlo S imula t ion  with Considerat ion of  Cor re la t ion  
In o rde r  t o  solve the  l imi ta t ions  of t h e  exis t ing methods described in section 3, the  a u t h o r s  

developed a  p i l o t  program adopt ing  a  new method for  t he  calculat ion of  fa i lure  probabi l i ty  of a 
sys tem based o n  the direct  F T  quant i f icat ion using t he  Monte Car lo  method. Wi th  t h i s  me lhod ,  
cor re la t ion  of  responses can  be easi ly  and flexibly considered in  the  calculat ion.  

4 . 1  Calcu la t ion  flow of the  Mon te  Carlo method 
The  ca lcu la t ion  f low of t he  pilot program to  ca lcu la te  the  fa i lu re  probabi l i ty  of a  sys tem 

cons i s t s  of t h e  following s i x  s t ep s  as shown in Fig. 1. In the Monte Car10 s imula t ion ,  the va lue s  
of response and  capacity of each component  a r e  sampled accord ing  to t h e i r  p robabi l i ty  
d i s t r ibu t ions .  Here, the cor re la t ion  of responses  are  considered a s  described below. The  va lue  o f  
response and  t he  value of capac i ty  of e ach  component  are compared and the f a i l u r e  of e a c h  
component  i s  judged. T h e  f a i l u r e  or success  of each component  i s  assigned a s  e i t he r  TRUE o r  
FALSE to  a  T r u t h  Table tha t  represents  t h e  FT of a  system to judge the  system f a i l u r e .  Th i s  t r i a l  
i s  i terated suf f ic ien t  t imes  and  t h e  fai lure  probabili ty of  the system can be obtained from t h e  a11 
i terat ion n u m b e r s  and the  occur rence  numbers  of system fai lures  in  the  s imulat ion.  

S ince  t h e  fai lure  o r  success  (non fa i lu re )  of e ach  component  i s  assigned d i r ec t l y  to FT a n d  
sys tem f a i l u r e  i s  judged at e ach  t ra i l ,  the  fa i lure  probabi l i ty  of t h e  system can be  calculated w i t h  
cons idera t ion  o f  the  correlat ion among component  f a i l u r e s  combined by not on ly  AND-gates  bu t  
a l so  OR-gates  with this  method .  

The ca lcu la t ion  f low of  t h e  Monte Ca r lo  s imulat ion i s  as  follows: 

r)* Step  1 Se t  u p  of inputs: FT st ructure  of a  system, capaci ty  data  and  response da ta  of e a c h  
component  i n  a  system a r e  input ted .  

Step  2 Determination o f  response and capacity values for each component wi th  cons iderat ion  
o f  correlation: The  values  of  t he  response (Ri) and  t h e  capaci ty  (C,) fo r  each component  a r e  
ass igned based  on random numbers  sampled according t o  their  probabi l i ty  d i s t r ibu t ions .  S ince  t h e  
va lue s  of responses  of components  are es t imated by t h e  response fac tor  method o f  JAERI, t h e  
correlat ion of  responses a r e  considered i n  t h i s  step. 

Step  3 Judgment  of  fai lure of each component: T h e  fai lure  of  each component  i s  judged by t h e  
condi t ion t h a t  Ri is  lager t han  Ci (Ri>Ci). 

Step  4 Judgment  of system failure: Assign ing  f a i l u r e  o r  success  of e ach  component  to a  T r u t h  
Tab l e ,  which describes t he  log ica l  s t ruc ture  of t he  FT, the system f a i l u r e  is judged .  Then t h e  
number  of t r i a l s  that result  i n  t h e  system fai lure  (N)  i s  counted. 

S t e p  5 Calculation of fai lure probability of a system: The fa i lu re  probabili ty of  t h e  system i s  
def ined as  N/N,, where N, i s  t h e  all  i terat ion numbers,  

S t e p  6 Calculation of fai lure probability of a system a t  every level  of se i smic  motion: 
T h e  ca lcu la t ion  steps 1 to  5 a r e  repeated t o  calculate t h e  fai lure  probabi l i ty  of a  system at e v e r y  
s e i smic  level .  

4.2 Cons idera t ion  of cor re la t ion  of response of component  by t h e  Monte Carlo me thod  
I n  t h e  framework of t h e  response fac tor  method of  JAERI, correlat ion of responses  can  b e  

P considered b y  two concepts  a s  described below. Here,  the two concepts  a re  introduced a n d  
t reatment  of responses  of components  by t h e  Monte Car10 s imulat ion i s  discussed. 



(1) Considerat ion of correlat ion of response  us ing  correlated response subfactors  
Reed et al. proposed a  t rea tment  of correlat ion between two componentss .  Based o n  the i r  

Ir( 
concept ,  correlat ion of responses  of components  w a s  caused by the  common sources  of va r i ab i l i t y  
of the responses .  Refer r ing  t o  their  concep t ,  correlat ion of responses  of .components  can be  t rea ted  
a s  descr ibed below with the response fac tor  method of JAERI: 

Examin ing  the  sources  of var iab i l i ty  of each response subfactor  for the components ,  i f  t h e  
response subfactors of the  components  share  the common sources  of var iabi l i ty ,  those response  
subfactors  will  be assumed to  be fu l ly  correlated a n d ,  if not. they will  be  assumed t o  be independent .  
Since the  response factor  i s  the  produc t  of the response subfactors ,  t he  response factors  a r e  ful ly  
correlated if all the  response subfac tors  are  fully correlated.  If only some of response subfac tors  
are  fu l ly  correlated,  they  a r e  par t i a l ly  correlated.  In  the former  case,  the responses  a r e  ful ly  
correlated and in the  la t t e r  case,  t hey  a r e  par t ia l ly  correlated.  

I n  t h e  Monte Car lo  s imulat ion,  t h e  same va lue  i s  sampled for t he  response subfac tors  t h a t  a re  
fully correlated.  In t h i s  t reatment ,  t h e  responses can  be made  discretely correlated s i n c e  t he  
response factor  i s  the  product  of e ach  response subfactor  tha t  is  ful ly  correlated or comp le t e ly  
independent .  

(2) Considerat ion of correlat ion of response  us ing  given correlat ion coefficient 
If t h e  data of correlat ion coef f ic ien t s  can be obtained, i t  i s  not necessary to e x a m i n e  t he  

sources of  var iabi l i ty  of response subfac tors  and t h e  need for  eng ineer ing  judgment  i s  reduced .  
In  t h i s  case, a  mathemat ica l  t echnique  t h a t  can make responses  correlated a rb i t r a r i l y  

according t o  any given correlat ion coeff ic ients  in  the Monte Car lo  method i s  needed.  T h e  
fol lowing method gives  a  solution t o  t h i s  problem. In general ,  correlation a m o n g  r e sponse s  of 
many components ,  which a r e  treated a s  random numbers ,  can be expressed by a  covar iance  ma t r i x  
showing covariance among  al l  pa i r s  o f  responses  of  them. In  the  SEISIM code ,  the cova r i ance  
matr ix  w a s  used t o  ca lcu la te  the  occur rence  probabi l i t ies  of MCSs  that con ta ined  co r r e l a t ed  
component  failures.  

I". 
T h e  correlation among  responses  of components  i s  def ined by the fo l lowing  cova r i ance  

matr ix  (V): 

where Cov(Ri,Rj) i s  the  covariance be tween  t he  logar i thms  of responses  of components  i  a n d  j and 
Var(Ri) i s  the  var iance of logar i thm o f  the  response of component  i  defined by the  fo l l owing  
equations: 

Var(Ri) = E ( ( I ~ ( R ) ) ~ )  - ( ~ c n ( R i ) ) ) ~  (4-2) 

Cov(R. Rj) = E((1n (&)(In(&)) - E(ln(R))E(ln(R)) (4-3) 

where E(x)  and E(xy) a r e  defined by fo l lowing  equat ions us ing  probabili ty dens i ty  f unc t i on  f(x) 
and f(x,y): 

The va lue  of 1.0 i s  ass igned as  the v a l u e  of each Var(R,) in the  mat r ix  for s impl i f ica t ion  o f  the  
calculat ion since a  covariance coeff ic ient  can be equa l  t o  a  correlat ion coeff ic ient .  

T h e  random numbers  that are. subject  to  normal  s tandard distribution and  are co r r e l a t ed  



acco rd ing  to the  covariance. ma t r i x  ( V )  can be obtained by t rans forming  independent  random 
number s  of normal  s tandard dis t r ibut ion wi th  the  fol lowing equat ion:  

where. xi is  the  independent  random numer and  yi is  the correlated random number and  M i s  a  lower 
t r i angu l a r  mat r ix  that  holds for equat ion (4-5) .  

w h e r e  M ' i s  the  t ransposed mat r ix  of M.  T h e  matrix (M) can  be obtained by decompos ing  the  
covar iance  mat r ix  (V) in to  M and  M' with t h e  use of Cholesky d e c o m p o ~ i t i o n ' ~ .  

T h e  correlated response of  component  ( i )  that  are  subject  t o  lognormal  d i s t r ibu t ion  can be 
ob ta ined  as  follows: 

Ri = Rim exp(Piyi) (4-6) 

w h e r e  Ri  i s  the response of component  (i) ,  Rim is the median of Ri and pi  i s  the  s tandard  deviat ion 
of  logar i thm of Ri. Wi th  this  technique,  logar i thms  of the  responses  can  be made correlated in 
accordance  with the  covariance coeff ic ients  determined by t he  covariance matrix V. 

In the case  tha t  responses of  some components  are  fu l ly  correlated,  these components  can be 
g rouped  into 'a response group'  and correlat ion (covariance)  coeff ic ients  among t h e  response 
g r o u p s  are  ass igned i n to  the covariance ma t r i x  l ike in NUREG-1150. By grouping,  t h e  d imens ions  
of covariance mat r ix  can  be reduced to make  calcuIation more  effective. 

The  correlat ion of capaci ty  can  be t reated s imilar ly  if t he  data  i s  available.  

5 Calculat ion of Fa i lu re  Probabili ty of a  Sys tem Using t he  Mon te  Carlo Method. 
In  order  t o  examine  the effect  of correlat ion on component  fa i lu res  combined by  OR-gates ,  

wh ich  was not considered in the  SSMRP, a  system that contained enough number of components  in  
s e r i e s  was chosen a s  a  sample system. A mul t ip le  t ra in  system w a s  sui table  fo r  examin ing  t h e  effect 
of correlat ion on component  fa i lu res  combined by AND-gates.  

A Residual Heat Removal (RHR) sys tem of a Boi l ing  Water  Reactor was chosen  for  our  
examina t ion .  Firs t  of a l l ,  the fa i lu re  probabi l i t ies  of the  t ra in  and  the  system were ca lcu la ted  for  
a n  independent  response  case (hereinaf ter  cal led independent  case)  to ver i fy  the accuracy  of t h e  
M o n t e  Carlo method.  After conf i rming  t h e  accuracy of  t he  Monte Car10 method, t h e  fa i lu re  
p robabi l i t i es  were  calculated fo r  correlated response cases  w i th  considerat ion of t h e  effect of 
cor re la t ion  on both OR-gates and  AND-gates  to examine  t he  effect of correlat ion.  

5.1 System Analyzed 
T h e  RHR system, which or ig ina l ly  consis ted of th ree  t r a i n s ,  was simplified t o  a two t ra in  

sy s t em inc lud ing  support  systems. In  the s u b  FT for the t ra in  of RHR system(hereinaf ter  called sub  
F T  for  the  t ra in) ,  the re  were 2 6  seismical ly  induced component  fa i lures  and 8 random ones.  Most  
of  t h e  component  fa i lu res  were combined by OR-gates,  but two pa i r s  of pumps  were combined by 
AND-gates  in t h e  sub  FT for the t r a i n .  In the  FT of RHR system, s u b  FTs for  the  t ra ins  A and  B were  
combined  by AND-gates". 

5.2 Verif icat ion of the  Monte C a r l o  method 
T h e  fa i lu re  probabili t ies of t h e  train A o f  RHR system and the  RHR system were  calculated 

fo r  t h e  independent  case  by t he  Monte Ca r lo  method developed and t h e  BAM me thod  in t h e  
SECOM-2 code,  which gives a n  exact numerical  solut ion,  i n  order  t o  compare t h e s e  fai lure  
probabi l i t ies .  T h e  calculat ion resu l t s  are shown  in Fig. 3 and Fig.  4, respectively. I n  t h e  Monte 
C a r l o  s imula t ion ,  the  fai lure  probabi l i t ies  were obtained by 10,000 i terat ions at eve ry  seismic 



level .  
Good agreement  can be  seen  between the fa i lu re  probabi l i t ies  of  t h e  RHR system as  wel l  a s  

P t hose  of the  RI-IR t r a i n  A ca l c l~ l a t ed  by t h e  Monte Ca r lo  method and t h e  BAM method.  From the se  
resu l t s ,  we  t hough t  tha t  t h e  new method  in the  pilot p r o g r a m - c o u l d  calculate the  f a i l u r e  
probabi l i t ies  accura te ly  enough .  

5 . 3  Examina t ion  of  effect of correlat ion on failure probabi l i t ies  of t r a i n  and system of RHR 
5.3.1 Condit ion of correlat ion 

The  f a i l u r e  p robabi l i t i es  of the t ra in  and the system of KHR for  t h e  following two cor re la ted  
response cases  were  calculated in  order t o  examine t he  effect of cor re la t ion  not on ly  on component  
fa i lu res  combined by AND-gates  but a l so  on those combined by OR-ga tes .  

( I )  Considerat ion of correlat ion of response using correlated response subfactors 
F, represen ts  the  conservat ism and  var iabi l i ty  associated with the  generation of s e i smic  

wave  for des ign .  Assuming  t ha t  F, commonly  in f luences  responses  of all the  bu i ld ings  and  
components ,  t h e  common va lue  of F, was  assigned t o  a l l  components .  F2 and F, are  for  p ropaga t ion  
of  se i smic  wave th rough  t h e  soi l  and f o r  bui lding responses ,  respectively. Assuming  tha t  t h e  
var iab i l i ty  of F, and F, for  e ach  bui lding was caused by t h e  same sources ,  the common va lue s  of  
t hem were ass igned  t o  components  in t h e  same bu i ld ing  and  comple te ly  independent va lues  were  
used for components  in different  bui ldings.  F, is fo r  each component  response. T h e  values  of  F, 
were  assumed t o  be un i ty  and  had no var iab i l i ty  in t h e  presen t  study. 

In t h i s  case ,  t he  responses  of the components  in the  s ame  bu i l d ing  were ful ly  correlated and  
those  in t h e  d i f fe ren t  bu i ld ings  were par t i a l ly  correlated (hereinaf ter  cal led fully correlated case) .  

(2) Considerat ion of cor re la t ion  of response  using cor re la t ion  coeff ic ient  
In t h i s  case ,  t he  components  in t h e  system were  grouped into 27 response groups  based o n  

t he i r  locat ions of ins ta l l a t ions  and na tu r a l  f requencies  of components .  Correlation coeff ic ients  
among  t he  response  groups  we re  determined by the  ru les  shown in  T a b l e  1, which were used in  
NUREG-1150,  and  were ass igned  into t h e  covariance mat r ix  (V). 

As descr ibed before, t h e  covariance matr ix  ha s  to  be decomposed into the mat r ix  M a n d  Mt 
t o  generate  cor re la ted  random numbers.  However,  t he  covar iance  ma t r i x  V determined by t h e  ru l e s  
i n  Table  1 couldn ' t  be decomposed mathematical ly .  T h i s  was  because  unavoidable cor re la t ion  
occurred among  t h e  response groups  t ha t  had  to  be independent  on t h e  rules .  The smal l  cor re la t ion  
coeff ic ient  0.3 w a s  assigned a s  the coeff ic ients  among  t hose  response  groups. Fig.  2 shows  t h e  
covar iance  ma t r i x  used for  t h e  calculat ion.  

In t h i s  case ,  t he  responses  of many  components  were par t i a l ly  correlated (hereinaf ter  ca l led  
par t i a l ly  cor re la ted  case). Here ,  the s t anda rd  deviation o f  logar i thm of the response ( p i )  w a s  
assumed t o  be equa l  t o  that  o f  t he  response factor f o r  each component .  

5.3 .2  Calculat ion resul ts  
T h e  ca lcu la ted  fai lure  probabi l i t ies  of  the  RHR t ra in  A for  the  f u l l y  correlated case and  t h e  

par t i a l ly  cor re la ted  case (hereinafter,  t h e se  correlated cases  a r e  cal led correlated cases)  a re  shown  
in  Fig. 3 compared  with t h e  independent  case. T h e  calculated f a i l u r e  probabi l i t ies  f o r  t h e  
correlated ca se s  were  smal le r  than  that  f o r  the  independent  case. T h e  reason for  t h i s  resul t  cou ld  
be explained a s  follows: s ince  responses among  components  were  cor re la ted  and a  l a rge  number  of 
component  f a i l u r e s  in  the  t r a i n  were combined by OR-gates ,  the  calculated fai lure  probabi l i ty  of 
t h e  RHR t r a in  A w a s  s ign i f ican t ly  Iowered by the cor re la t ion  of responses .  The s ame  tendency  of  
t h e  calculat ion resu l t  was a l so  seen on t h e  RHR train B. T h e  ca lcu la ted  failure probabi l i ty  of  t h e  
t r a i n  A for  the  fu l l y  correIated case was  smaller  than  tha t  f o r  the  par t i a l ly  correlated case,  T h i s  
impl ies  tba t  t h e  correlat ion among  the  component  fa i lu res  i n  the  fu l ly  correlated case  was h i g h e r  
t h a n  tbat  in t h e  par t i a l ly  correlated case .  

Figure 4 shows  the calculated f a i l u r e  probabi l i t ies  of the  RHR system, which consis ted of 
t w o  RHR t r a in s  A and B, for  t h e  correlated cases. T h e  calculated f a i l u r e  probabili t ies of t h e  RHR 

,e system fo r  the  correlated cases  were la rger  than  that fo r  the  independent  case at low se i smic  mot ion  
levels  (below about  400 Gals).  At higher  seismic motion levels  (above about 400 Gals) ,  however ,  
t h e  calculated f a i l u r e  probabi l i t ies  for t h e  correlated cases  were  smal le r  than the calculated f a i l u r e  



probabi l i ty  fo r  the independent  c a se .  The  calculated fai lure  probabi l i ty  of t h e  RHR system fo r  t h e  
par t i a l ly  correlated ca se  was h ighe r  than that  for t he  ful ly  correlated case at  all  se i smic  mot ion  
levels.  

General ly ,  t he  cor re la t ion  of  component  fa i lu res  ra ises  th.e' occurrence probabi l i t i es  of 
component  fa i lu res  combined by AND-gates  whi le  i t  lowers t hose  combined by OR-ga tes .  T h e  
former  effect was  more s ignif icant  a t  low seismic motion levels and  became less  s ignif icant  a s  t h e  
se i smic  motion level increases  in t h i s  case. 

5.4 Discussion of effect of correlat ion on component  fa i lures  combined by OR-gates  
T h e  fa i lu re  probabi l i t ies  of t h e  RHR system were calculated with considerat ion of  t h e  effect  

of cor re la t ion  on component  f a i l u r e s  combined by both OR-ga tes  and AND-gates .  F rom the se  
resu l t s ,  it was found t h a t  the  cor re la t ion  of responses  s ign i f ican t ly  lowered t he  calculated f a i l u r e  
probabi l i ty  of t he  t r a i n ,  FT of which  contained a  l a rge  number of  component  fa i lures  combined  by 
OR-gates ,  and varied t h e  calculated fa i lu re  probabi l i ty  of the system. The effect of cor re la t ion  o n  
component  fa i lu res  combined by OR-ga tes  have not been considered in the SEIS IM code. W e  t h i n k  
tha t  t h e  neglect of the  effect  of cor re la t ion  on t h e  component  fa i lu res  combined by OR-gates  m igh t  
cause  an excessive overest imat ion f o r  the calculated fai lure  probabi l i ty  of a  system, wh ich  could  
be too  conservative. Addi t iona l  overest imat ion might  be caused by the SEIS IM code because  t h e  
occurrence probabi l i t ies  of accident  sequences a re  quant i f ied by t h e  upper bound approximat ion .  
We th ink  th i s  excessive overest imat ion might cause  some problems in a  se i smic  PSA. For i n s t a n c e ,  
i t  might  affect ident i f icat ion of impor tan t  systems and/or  components  tha t  influence t h e  CDF. 

6 Conclusion 
T h e  effect of t h e  correlat ion on  component  fa i lu res  combined by OR-gates  was i gno red  f o r  

the ca lcu la t ion  of occur rence  probabi l i t i es  of accident  sequences in t he  SSMRP s ince  i t  w a s  
recognized tha t  the correlat ion would not in f luence  the occurrence probabi l i ty  of c o m p o n e n t  
fa i lu res  combined by OR-gates  s ign i f ican t ly .  

I n  order  to examine  the effect of  the cor re la t ion  especial ly  on component fa i lures  comb ined  
by OR-gates ,  t h e  au tho r s  developed a  new ca lcu la t ion  method, which can  calculate  t h e  f a i l u r e  
probabi l i ty  of  a  system with considerat ion of t he  effect of correlat ion on component f a i l u r e s  
combined by both AND-gates  and  OR-gates ,  with t he  direct FT quant i f icat ion using t h e  M o n t e  
Car lo  method. 

Wi th  t h i s  method,  the  fa i lu re  probabi l i t ies  of t h e  RHR t r a i n  and the RHR system a s  a  who le  
were calculated for t h e  cases  t h a t  responses  a m o n g  the components  were correlated and  
independent .  T h e  ca lcu la t ion  r e su l t s  showed tha t ,  in t he  case t ha t  a  large number of componen t  
fa i lu res  were combined by OR-ga tes ,  the cor re la t ion  of responses  s ignif icant ly  lowered  t h e  
occur rence  probabi l i ty  of  the component  fa i lu res  combined by OR-gates and inf luenced t h e  
calculated fa i lu re  probabi l i ty  of t h e  system. 

W e  th ink  tha t  an excessive overes t imat ion  of calculated f a i l u r e  probabili ty of a  sys tem m i g h t  
occur  by the  neglect of  effect of cor re la t ion  of component  fa i lu res  combined by OR-gates  and  i t  
causes  some problems i n  the  se i smic  PSA. 

These  ca lcu la t ion  resul ts  a l so  demonstrated t h e  usefulness  of our new calculat ion me thod  t o  
es t imate  t he  fa i lu re  probabi l i t ies  of systems and  C D F  in  seismic PSAs. 
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