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Section 1 

Failure Data 

In the quantitative system probability 
estimates performed in this study, 
component behavior data in the form of 
failure rates and repair times are 
required as inputs to the system models. 
Since the goal of this study is risk 
,assessment, as opposed to reliability 
analysis, larger errors (e.g. order of 
magnitude type accuracy) can be 
tolerated in the quantified results. 
This has important implications on the 
treatment of available data. In 
standard reliability analysis, point 
values (i.e., "best-estimates") are gen- 
erally used for both data and results in 
quantifying the system model. 

In risk assessment, since results 
accurate to about an order of magnitude 
are sufficient, data and results using 
random variable and probabilistic 
approaches, can be usefully employed. 
The base of applicable failure rate data 
is thus significantly broadened since 
data with large error spreads and 
uncertainties can now be utilized, The 
data and associated material that were 
assembled for use in this study and that 
are presented here are to be used in the 
random variable framework (which will be 
described). The data and the 'accompany- 
ing framework are deemed sufficient for 
the study's needs. Care must be taken, 
however, since this data may not be suf- 
ficiently detailed, or accurate enough 
for use in general quantitative relia- 
bility models. 

1.1 DISCUSSION OF CONTENTS 

The items listed below summarize the 
detail sections which follow. 

1. 

2. 

A listing of definitions and a 
discussion of the general treatment 
of data within the random variable 
approach as utilized by the study. 
(section 1) 

A tabulation of the assessed data 
base containing failure classifica- 
tions, final assessed ranges utiliz- 
ed in quantification and reference 
source values considered in deter- 
mining the ranges. Additional 
tables, extracted. from the main 
table, are also given showing the 
assessed ranges and comparing them 
with industrial and nuclear experi- 
ence, (section 2 )  

3. 

4.  

50 

6. 

A di cu ion of nu lear power plant 
experience that was used to validate 
the data assessment by testing its 
applicability as well as to check on 
the adequacy of the model to incor- 
porate typical real incidents 
(section 3) 

An expanded presentation of the data 
assessment giving information on ap- 
plicability considerations. Detail- 
ed characteristics are also given 
for utilization of the data in the 
random variable approach. Graphs 
are finally presented showing trends 
and class behaviors. (section 4) 

A discussion of test and maintenance 
data including comparisons of models 
with experience data. (section 5) 

Special topics, including assess- 
ments required for the initiating 
event probabilities and human error 
data and modeling, (section 6) 

1.2 DEFINITION AND EXPLANATION 
OF TERMS 

Listed below are definitions of terms 
which will be employed in the discus- 
sions. Certain of these definitions are 
listed elsewhere, but have been restated 
here since they have pertinence with 
regard to data assessment. 

Failure Probability: the probability 
that a system, subsystem, or component 
will suffer a defined failure in a 
specified period of time. In context of 
the defined failure, the failure 
probability is equivalent to the 
unreliability. 

Unavailability: the probability that a 
syst'em, subsystem, or component will not 
be capable of operating at a particular 
time, i.e9, will be in a failed state. 
Availability is the complement of 
unavailability. Point unavailability 
and interval unavailability are treated 
as being equivalent here (see the fault 
tree . quantification discussion for 
further details). 

Active Devices: those operating devices 
such as pumps, valves, relays, etc., 

111-1 



P 

that run, transfer, or change state to 
perform their intended function. 

Passive Devices: those inert devices 
such as pipes, vessels, welds, etc., 
that are generally inactive but whose 
failure will affect system behavior. 

Test Time: the total on-line time 
required to test a system, subsystem, or 
component. This total includes the 
active test time plus the on-line time 
required to reconfigure before and after 
testing. 

Maintenance Time: the total on-line 
time required to maintain a system 
subsystem, or device. Analogous to the 
previous test definition, the on-line 
maintenance period includes actual 
maintenance time plus any adjustment or 
check-out time associated with the 
maintenance. 1 

Test Interval: the length of. time 
between tests of systems, subsystems, 
and components. For the applications 
here, this interval is often 720 hours, 
(%l month), although there , are 
exceptions, and relevant test intervals 
must be obtained for each component. As 
will be further discussed, test inter- 
vals are treated as being periodic. 

Maintenance Interval: the length of 
time between maintenance on systems, 
subsystems, or components. The interval 
depends upon whether the maintenance is 
of periodic, non-periodic, scheduled or 
non-scheduled nature. For the applica- 
tions here, the maintenance interval is 
generally treated as being non-scheduled 
and hence non-periodic. 

Demand Probabilities : the probability 
that the device will fail to operate 
upon demand for those components that 
are required to start, change state, or 
function at the time of the accident. 
The demand probabilities, denoted by Qd, 
incorporate contributions from failure 
at demand, failure before demand, as 
well as failure to continue operation 
for a sufficient period of time.for 
successful response to the need.. When 

'The term "on-line", as standardly used, 
denotes the time actually impacting the 
system unavailability or failure 
probability. The "on-line" phrase is 
often deleted with the understanding 
that only test or maintenance time 
actually affecting the system is 
included. 
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pertinent, the demand data Q can be 
associated with standard cyclic iata or 
can be interpreted as a general unavail- 
ability. Human error data can also be 
associated with demand probabilities 
(ioeo per action) as discussed in the 
human evaluation section. 

Operating Failure Rates: for those com- 
ponents required to operate or function 
for a period of time, the probability 
(per hour) of failure is denoted by A,. 
For those components affected by acci- 
dent environments, additional failure 
rates applicable to the pertinent 
accident environment are given. 

Standby Failure Rates : for those 
passive-type devices such as pipes, 
wires, etc., which are normally dormant 
or in standby until tested o r  an 
accident occurs, the probability (per 
hour) of failure is denoted by As. 

The above definitions involve the 
standard terminologies and concepts 
employed in reliability theory. Test 
and maintenance data in general consists 
of the test and maintenance times and 
the test and maintenance intervals. 
Component failure data in general 
consists of the demand probabilities, 
operating failure rates, and standby 
failure rates. The character'stics 
which have been described are by no 
means exhaustive. Also, many equivalent 
bases can be constructed. The charac- 
teristics as defined here, however, are 
sufficient for the applications in the 
study. 

1.3 GENERAL DATA CONS1,DERATIONS 

This section describes certain basic 
concepts involving the probabilistic, or 
random variable approach used in the 
study and its implications with regard 
to the establishment of a data base. 

The quantitative evaluation of a system 
can involve one of two types of 
calculations: a point calculation, or a 
random variable evaluation, The point 
and random variable types of evaluation 
differ with regard to basic goals and 
approaches and how to input data must be 
prepared. With point value calculations 
the general goal is to derive a best 
value for the system parameter of 
interest, usually the system unavaila- 
bility or failure probability (unrelia- 
bility). In point calculations one 
attempts to obtain the input data with 
great accuracy since, the computed 
results are to represent an exact type 
of value. In reality, of course, point 
values are never exact but are ComDuted --. 
as precisely as possible. c; 



Because of the need for highly accurate 
component assessment, point calculations 
generally require extensive input data 
which classify each component according 
to particular characteristics, known as 
the "pedigree" of the component. 
Examples of these characteristics are: 

a. Generic type of component (relay, 
motor, etc.. ) 

bo Component manufacturer 

c, Component failure mode (i.e., opens, 
closes, ruptures, etc.) 

d. Component specifications (i.e., 
voltage, flow rate, etc.) 

e. Component environment (i.e., temper- 
ature, humidity, etc.) 

In point calculations, a single value 
for each component failure rate or de- 
mand probability is obtained. Once 
obtained, these values are then substi- 
tuted into the reliability equations to 
then obtain the point value for the sys- 
tem result. In practice, to obtain a 
single failure rate or demand probabili- 
ty value for a particular component, new 
failure data is collected in the form of 
samples, and statistical point estima- 
tion techniques are used.l 

In practice, an exact match of the 
pedigree characteristics is not always 
possible, and a failure rate is derived 
from data which matches, as closely as 
possible, the important characteristics 
of the problem. Engineering judgment is 
used to determine the applicability of 
the various data. The source data used 
in point evaluations may be obtained 
from handbooks, field experience, or 
from specially designed sampling 
experiments. 

The second approach, the random variable 
technique, is not commonly discussed and 
treated in reliability texts but is a 
standard general technique in statisti- 
cal and probabilistic modeling. In the 
random variable approach, one point val- 
ue for an input data parameter is seen 
as being insufficient to describe the 
applicable situation. Instead a range 
of values 4s determined which describes 
the variability and randomness associ- 
ated with the parameter. The data pa- 

'Standard approaches involve parametric , estimation techniques, such as maximum 

rameter which is input to a calculation, 
such as a failure rate, is thus now 
treated as being a random variable and 
the range of values gives the various 
possibilities for the random variable. 
As a last step, probability distribution 
is associated with the random variable 
to describe the probability associated 
with various possible values. 

One of the simplest ways to obtain 
necessary data for the random variable 
approach is to estimate ranges for each 
piece of data which is to be used. In 
reliability applications of the random 
variable approach, failure data is 
treated as being a random variable and 
hence estimation involves obtaining 
ranges for each component failure rate 
and each demand probability. 

The random variable approach was chosen 
in the study for several reasons. The 
reliability results which were computed 
were to apply to a population of reactor 
plants (100) and hence it was desired to 
model the component failure variability 
from plant to plant. Also, data which 
does exist is not precise but shows 
large uncertainty and variability and it 
was desired to incorporate this 
uncertainty and variability. 

Treating data as random variables is 
sometimes associated with the Bayesian 
approach where the data distributions 
are treated as priors. The system fail- 
ure probability and its unavailability 
are subsequently treated as conditional 
probabilities and the overall marginal 
distribution is obtained by integration 
over the data priors. Because the data 
distributions were associated with a 
population (the 100 reactor plants) the 
data and system characteristics were 
treated by the study as being simply 
random variables, however the Bayesian 
interpretation can also be used where 
the data distributions are treated as 
given Bayesian priors. 
The failure rates and demand probabili- 
ties used in the study were derived from 
handbooks, reports, operating experi- 
ence, and nuclear power plant experi- 
ence. The data sources involved 
Department of Defense data (Navy, Air 
Force, etc.), NASA data and general 
industrial operating experience as well 
as nuclear power plant data. The as- 
sessment process entailed an amalgama- 
tion of this information to obtain final 
ranges which described regions in which 
the data had a high probability of 
lying. 

Examination of the various sources of 
component data showed that, in assess- 
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merit of the final data base, only order 
of magnitude accuracy would be generally 
feasible. However, these accuracies 
were sufficient for the risk calcula- 
tions since only order of magnitude 
results are required. In arriving at 
the final data assessment, the fact that 
ranges were assigned to each data vari- 
able gave latitude for the incorporation 
of differing data source values. A 
heuristic illustration is shown below of 
the range type of assessment. The range 
type of assessment has the advantage of 
rendering the calculations and results 
to be insensitive to fine distinctions 
of the applicability of any particular 
bit of data. 

. x x x . Data Source Values 
I I 

+Data Range-, Range Assessment 

As discussed in Appendix 11, the log 
normal distribution was used to describe 
the data variability. Since the log 
normal has two parameters (the mean and 
standard deviation, say), the two end 
points of a suitably defined range 
determine the unique, applicable log 
normal. A 90% range was selected for 
the assessments with the lower range end 
point being the 5 %  bound and the upper 
end point the 9 5 %  bound. The range 
which was assessed for each failure rate 
and demand probability thus coincided 
with this 90% definition (there was thus 
a 9 0 %  probability that the data value 
would be in this range). 

Even though the data sources used, rep- 
resented diverse conditions and applica- 
tions, ,with some sources apparently more 
applicable than others, the data sources 
were in general agreement within one to 
two orders of magnitude accuracy. The 
final assessed ranges were thus general- 
ly one to two orders of magnitude in 
width to represent this degree of data 
consistency. Because of the order of 
magnitude accuracies, range end points 
were determined to the nearest half in- 
teger on the exponent scale, i.e a 
failure rate end point being or 
1 0 - 1 - 5 ,  etc. This half integer exponent 
scale coincided with the assignment of a 
3 or 1 for the significant number, i.e. 
1 x 10-1 or 3 x 10-2, etc. 

Since diverse data sources were used and 
since a large number of components were 
involved in the assessment, a number 
iterations were involved in obtaining 
the actual assessed ranges. In 
assessing the ranges, data points were 
selected from the various sources, 
including nuclear experience, and a 
range was then overlayed to cover 
approximately 9 0 %  of the points. As 
described in Appendix 11, the calcula- 
tions are not sensitive to the precise 
9 0 %  definition, for example little 
differences were obtained if the range 
was actually 85% or 95%.  The range 
determinations involved data plotting 
with decisions made on the weight of 
each source data point. The assessment 
decisions were based upon the experience 
of individuals involved in reliability 
and nuclear power plant operation. 

Of e' 

Because of the order of magnitude ranges 
and accuracies, components were general- 
ly classified only to generic type. 
When extreme behaviors existed, compo- 
nent failure definitions were further 
detailed. When available, actual nucle- 
ar plant experience was used as the 
principal basis in determining and 
checking the final assessed ranges. 
Nuclear component variability from plant 
to plant that was observable was not 
inconsistent with the final range 
widths. (This variability was also not 
inconsistent with the random variable 
approach utilized.) 

The tables and discussions which follow, 
present the basic data, assessed ranges, 
and comparisons involving the assessed 
ranges. This hopefully will aid the 
reader in determining for himself the 
validity of the data ranges that were 
employed. 

In the tables and discussions, the ex- 
tractable failure modes are given for 
each component classification. Failure 
rates are in units of per hour HR-1 and 
demand probabilities (unavailab'lities) 

lower and upper bounds which are given 
coincide with the approximate 5% and 9 5 %  
range end points (to half integer 
scale). The ranges and upper and lower 
bounds can be interpreted as a confi- 
dence on the data, however, this must be 
done so within the random variable (or 

are in units of per demand D- i . The 

Bayesian) framework in which the data is 
to be applied. 

111-4 



Section 2 
I 

2.1 OVERALL DATA TABULATION 

Data Base Assessments 

Table I11 2 - 1  shows t h e  f i n a l  a s ses sed  
ranges employed by t h e  s tudy  and t h e  
p r i n c i p a l ,  r a w  i n p u t  va lues  t h a t  formed 
t h e  bases  f o r  t h e  a s s e s s e d  ranges.  1 2.2 DATA ASSESSMENT'COMPARISQN 

Tables  I11 2-2 and I11 2-3 con ta in  ex- 
t r a c t i o n s  from Table I11 2-1 and show 
more e x p l i c i t l y  t h e  f i n a l  a s ses sed  

111-5 

ranges as compared t o  o b t a i n a b l e  n u c l e a r  
experience va lues  and extreme v a l u e s  
from i n d u s t r i a l  experience.  The nuc lea r  
va lues  were computed from c u r r e n t  nu- 
c l e a r  experience as d i scussed  i n  t h e  
subsequent s e c t i o n .  The i n d u s t r i a l  
bounds r e p r e s e n t  t h e  extreme minimum and 
maximum va lues  ob ta ined  from t h e  r a w  i n -  
d u s t r i a l  source i n p u t s  (which are d e t e r -  
m i n i s t i c  t ype  bounds) and are compared 
wi th  t h e  a s ses sed  ranges (which a r e  
de f ined  a t  90% p r o b a b i l i t y ) .  
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TABLE 111  2-2 COMPP.RISOM OF ASSESSMENTS WITH NUCLEAR EXPERIENCE 
i 

TABLE Ill 2-2 (Continued) 
1 

Assessed Values Component/Primary 
(a) 

Nuclear 
Failure Modes Lower Bound Upper Bound Experience 

, 

(a) 
Nuclear 

Failure Modes Lower Bound Upper Bound Experience 

Assessed Values Compon&t/Primary 

Motyrs I 
Mechanical Hardware 

FLilure to start, Qd: 
Failure I to run 
(Normal I Environments) , 

I 
Pumps 

Qd : Failure to start, 

Failure to run, lo: 

(Normal Environments) 

1 x 10-6/hr(d) 
I 
I Transformers I 

Relays 

Open/shorts, Ao: 
I 

I 
Failure I to energize, Qd: 

Circuit Breaker 
I 
I 

I 

Fpilure to transfer, Qd: 

Limit Switches 
I 

Qd : Fpilure to operate, 

Torque Switches 
I .  

I 

Failure to operate, Qd: 

I 

I 
I 

Pressure Switches 

Failure to operate, Qd: 

Manual Switches 
I Failure to operate, Qd: 

Battery Power Supplies 

Failure to provide I 

I 

I 

I .  
I 

pkoper output, As: 

Solid State Devices 

oielels (complete plant) 

Failure I to operate lo: 

xo : Fails to function, 

(zd : Failure to start, 

Failure to run, A. : 

I 
Instrumentation 

I 

Valves 

Motor Operated 

Failure to operate, : Qd 
Plug f 'I, : 

Solenoid Operated 

Failure to operate, Qd : 

Plug, Qd: 

Air Operated 

Failure to operate, Qd: 

plug, Qd: 

Check 

Failure to open, Qd : 

Relief 

Failure ;to I open, Qd: 

Manual 

Plug, Qd: 

Pipe 

Plug/rupture 

5 3" diameter, lo: 

> 3" diameter, xo : 
Clutches 

Mechanical 

Failure to engage/ 
disengage 

3 x 10-6/d 

1 x 10-'/hr 

1 x 10-6/hr 

3 x lO-"/hr 

3 x 10-12/hr 

1 x 10-'/hr 

(a) All values I are rounded to the nearest half order of magnitude on the exponent. 

(b) Derived from averaged data on pumps, combining standby and operate time. 

(c) Approximated I 
(d) Derived I 
(e) Derived I 

from plugging that was detected. 

from combined standby and operate data. 

from standby test on batteries, which does not include load. 
I 

Electrical Eardware 

i 
Electrica1,Clutches 

Qd : Failure to operate, 

Table I11 2-2 

I I I -11/12 
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TABLE 111 2-3 (Continued) TABLE 111 2-3 (Continued) TABLE 111 2-3 COMPARISOIl OF ASSCSSMEIZTS VJITA INDUSTRIAL FXPCRICNCE 

Lob-er Bounds Upper Bounds Component/Primary 
Industrial (a ) Failure Modes Assessed Industria 1 (a) Assessed n.c ti ve Mec ha n i c a 1 Ear dw a r e Upper Rounds Lower Bounds Component/Primary 

Failure Modes Asses sed Industrial Assessed Industrial (a ) 
Clutches, electric 

Failure to operate, Qd: 

Motors, electric 

Failure to start, Qd: 

Failure to run, given 
start 

(Mormal environments) , 
A :  

Failure to run, given 
start 

(Extreme Environments), 

A :  

Transformers 

Open/shorts, X : 

Relays 

Failure to enerqize, Qd: 

Circuit Breakers 

Failure to transfer, Qd: 

Limit Switches 

Failure to operate, Qd: 

Torque Switches 

Failure to operate,Qd: 

Pressure Switches 

Failure to operate, Q,: 

Manual Switches 

Failure to transfer, Qd: 

Battery Power Supplies 

Failure to provide 
proper output, X : 

Solid State Devices 

Fails to function,h : 
(Ei power applicati8n) 

Fails to function, X : 
(LOW power applicati8n) 

Component/Primary Lower Bounds Upper Rounds 

Failure Vodes Assessed Industria 1 ( a ) P. s s e s sed Industrial (a) 
- 

Diesels 

Failure to start, Od: 1 x 10-2/d 1 x lf3/d 1 x l@-l/d 1 x lO-’/d 
Failure to run, lo: 3 x 1C-4/hr 1 x 10-4/hr 3 x 10-2/hr 1 x 10-3/hr 
(emergency loads) 

Pumps 

Failure to start, Qd: 

Failure to run, io: 

Failure to run, Xo: 
(Normal Environments) 

(Extreme Environment) 

Valves 

Motor Operated 

Failure to operate, Qd: 

Plugs, ed: 

Solenoid Operated 

Failure to operate, Qd: 

Air Operated 

Failure to Operate, Qd: 

Check 

Failure to open, Od: 
Reverse leak, A : 

Vacuum 

Failure to operate, Qd: 

Relief 

Failure to open, Qd: 

Manual 

Plug, Qd: 

Pipe 

Plug/rupture, Xo: 
L 3” diameter 

> 3” diameter 
Clutches 

Mechanical 

Failure to engage/ 
disengage, Od: 

Instrumentation 

1 x 10-5/hr 6 x 10-5/hr(j) Failure to operate, 1 x 1~1-~/hr 3 x 10-7/hr 
3 x lO-’/hr 5 x 10-7/hr 

1 x 10-4/hr 
- A  

1 x 10 -/hr 1 x 10-2/hr 1 x 10-3/hr 

(a) Some demand values derived from data on continuously operating systems. 

( b )  Derived for values in high temperature sodium environment. 

(c) Includes failures due to improper air supplies. 

(d) These values derived from data on continuously operating system; only one 
industrial source listed this mode. - A  

3 x 10 -/d 2 x 10-5/d  
(e) Due to the varying unit of pipe lengths in the different sources (per foot, per 

section, per plant, etc.), the failure rates from the industrial sources have 
extremely wide ranges. For detailed comparison of pipe failure rates see the 
special assessment section of this appendix. 1 x 10-3/d 2 x 10-2/d(c) 1 x 10-6/d 

( f )  This value ohtained from high temperature liquid metal test reactor applications. 

(9) Data from average of all modes of relay failures. 

(h) Data from average of all modes of switch failures. 

(1) This value derivsd from experimental reactor experience. 

(j) Data from chemical industry. 

3 x 10-6/d 3 x 10-5/d 3.6 x 10-5/d 

3 x 10-7/hr 

1 x 1C-7/hr 

2 x 1f6/hr 

2 x 10-7/hr 

7, 
1’’ 

Table I11 2 - 3  
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Section 3 
63 Current Nuclear Experience 

3.1 INTRODUCTION 

A s  an  i n p u t  t o  t h e  range assessments ,  
c u r r e n t ,  commercial r e a c t o r  exper ience  
was examined f o r  component da t a .  There 
was a d e f i n i t e  problem i n  o b t a i n i n g  us- 
a b l e  d a t a  s i n c e  r e a c t o r  h i s t o r y  has  been 
recorded  wi th  l i t t l e  v i e w  toward 
q u a n t i t a t i v e  eva lua t ions .  S u f f i c i e n t  
q u a n t i t a t i v e  c h a r a c t e r i s t i c s  are n o t  
gene ra l ly  recorded  f o r  t h e  f a i l u r e  oc- 
cur rences ,  t h e r e  i s  l i t t l e  ca t egor i za -  
t i o n  and c l a s s i f i c a t i o n  f o r  s t a t i s t i ca l  
and behav io ra l  ( t r e n d )  eva lua t ions ,  and 
t h e r e  is l i t t l e  sys t ema t i c  s t o r a g e  of  
t h e  d a t a  f o r  q u a n t i t a t i v e  eva lua t ion  and 
r e t r i e v a l .  

Had more a c c u r a t e  nuc lea r  d a t a  been 
a v a i l a b l e ,  t h e  ranges  t h a t  w e r e  a s ses sed  
i n  t h e  d a t a  base  could have had narrower 
va lues .  Precise d e t a i l e d  component in-  
formation w a s  no t  ob ta inab le ;  i n s t e a d  
g ross ,  averaged s ta t i s t ics  w e r e  est i-  
mated. Because of t h e  random variable 
approach, however, t h e  averaged nuc lea r  
s t a t i s t i c s  could  be inco rpora t ed  as i m -  
p o r t a n t  d a t a  f o r  t h e  a s ses sed  d a t a  
ranges.  

I n  t h e  assessment  procedure,  i nvo lv ing  
t h e  s t u d y ' s  d a t a  base ,  t h e  a s ses sed  
ranges  w e r e  compared wi th  t h e  nuc lea r  
d a t a  v a l u e s  t o  ensure  t h a t  t h e  nuc lea r  
d a t a  w e r e  c o n s i s t e n t  w i th  t h e  de f ined  
ranges and t h a t  t h e  nuc lea r  v a l u e s  d i d  
n o t  c o n t r a d i c t  t h e  range assessments .  

The averaged nuc lea r  d a t a  va lues  w e r e  
ob ta ined  by examining o p e r a t i n g  h i s t o r y  
of nuc lear  power p l a n t s  and manually ex- 
t r a c t i n g  d a t a  estimates, i .e. ,  f a i l u r e  
rates and demand p r o b a b i l i t i e s ,  u s ing  
s t anda rd  r e l i a b i l i t y  eva lua t ion  tech-  
n iques .  Comparisons of  t h e  nuc lea r  d a t a  
wi th  t h e  a s ses sed  ranges  have been given 
i n  t h e  prev ious  tables. The e v a l u a t i o n s  
performed t o  o b t a i n  t h e  nuc lea r  d a t a  
va lues  are reviewed i n  t h i s  s e c t i o n .  
Summarized l i s t i n g s  also are provided of 
t h e  r a w  d a t a  employed i n  t h e  evalua-  
t i o n s .  Also given are c e r t a i n  add i t ion -  
a l  t r e n d  ana lyses  which w e r e  performed 
i n  conjunct ion  wi th  t h e  d a t a  e s t ima t ion  
and which w e r e  cons idered  i n  t h e  range 
assessments. I n  a d d i t i o n  t o  t h e  aver- 
aged e s t i m a t i o n s  t h a t  w e r e  performed, 
which served  a s  t h e  b a s i c  data, o t h e r  
i n v e s t i s a t i o n s  were performed i n  o r d e r  

check model and d a t a  adequacy. These 
re done on an i n d i v i d u a l  f a i l u r e  
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l e v e l ,  where a c t u a l  f a i l u r e  i n c i d e n t s  
were examined. With r ega rd  t o  t h e  f a u l t  
tree and even t  tree models, t h e  i n c i -  
d e n t s  w e r e  examined t o  determine i f  t h e  
gene ra l  f a i l u r e  d e f i n i t i o n s  i n  t h e  
models inc luded  such p a r t i c u l a r  occur- 
rences .  Wi,th regard  t o  t h e  d a t a  base,  
t h e  i n c i d e n t s  w e r e  examined t o  see i f  
such mechanisms and causes  w e r e  g iven 
coverage by t h e  t o t a l  f a i l u r e  ra te  and 
demand p r o b a b i l i t i e s  and t h e i r  assoc ia-  
t e d  ranges.  

The exper ience  examined i n  t h e s e  f a i l u r e  
i n v e s t i g a t i o n s  inc luded  1971-1973 reac-  
t o r  i n c i d e n t  f i l e s  and o p e r a t i n g  occur- 
rence  r e p o r t s  ( i n c l u d i n g  c e r t a i n  p e r t i -  
nen t  e a r l i e r  f a i l u r e s ) ,  Nuclear S a f e t y  
Information Center  f i l e s ,  environmental  
r e p o r t s ,  Nat iona l  Technical  Information 
Services f i l e s ,  RESPONSA informat ion ,  
i n d i v i d u a l  publ i shed  r e p o r t s ,  and o t h e r  
p e r t i n e n t  sources .  These sources  a r e  
inc luded  i n  t h e  r e fe rence  and b ib l iog ra -  
phy l i s t i n g s  given i n  t h i s  appendix,  
wi th  b r i e f  summaries of  t h e i r  use.  A 
t a b u l a t e d  l i s t i n g  i s  given a t  t h e  end o f  
t h i s  s e c t i o n  t o  show t h e  n a t u r e  of t h e  
i n v e s t i g a t i o n s  performed and t h e  
cons ide ra t ions  undertaken. 

3.2 NUCLEAR EXPERIENCE STATISTICS 

Since  exper ience  h i s t o r y  tended t o  be 
more q u a n t i t a t i v e l y  d e f i c i e n t  t h e  e a r l i -  
e r  it was recorded ,  r e c e n t  1972-73 ex- 
pe r i ence  was examined f o r  t h e  sample 
e s t i m a t e s  of averaged s t a t i s t i c s .  I n  
p a r t i c u l a r ,  t h e  one yea r  pe r iod  from 
Jan.  1, 1972 through December 31,  1972 
w a s  used t o  e v a l u a t e  t h e  summarized and 
averaged nuc lea r  d a t a  s ta t i s t ics ,  which 
i n  t u r n  w e r e  used i n  t h e  range 
comparisons and cons i s t ency  checks.  
Pre l iminary  a n a l y s i s  o f  t h e  exper ience ,  
c o n s i s t i n g  of  t h e  p e r i o d  i n  1973 t o  
d a t e ,  gave no g r o s s  d i f f e r e n c e s  compared 
t o  t h e  one y e a r  pe r iod  sample. 

I n  a d d i t i o n  t o  t h e  averaged s t a t i s t i c a l  
eva lua t ion ,  d e t a i l e d  nuc lea r  h i s t o r y ,  
i nc lud ing  exper ience  ear l ier  than  1972, 
was examined on an i n d i v i d u a l  f a i l u r e  
l e v e l .  As s t a t e d ,  t h e  fa i lure  a n a l y s i s  
se rved  a s  a check on t h e  f a u l t  t ree 
models and event tree models which had 
been cons t ruc ted .  Analysis  of  t h e  
f a i l u r e  modes a l s o  served  t o  check t h e  
adequacy of  t h e  f a i l u r e  rates and demand 



p r o b a b i l i t i e s  which had been d e f i n i t e .  
A t  t h e  end of  t h i s  s e c t i o n ,  a t a b u l a t e d  
l i s t i n g  i s  given summarizing t h e  inves-  
t i g a t i o n s  which w e r e  done. 

where 

nf = number of f a i l u r e s  observed 

Np = number of p l a n t s  ( 1 7 )  

The t a b l e s  which fo l low are s e l f -  
explanatory.  The 1972 exper ience ,  used 
f o r  t h e  s t a t i s t i c a l  ana lyses ,  was ob- 
t a i n e d  from t h e  l i s t i n g s  which have been 
r e c e n t l y  assembled by t h e  D i r e c t o r a t e  of  
Regulatory Operat ions,  Off ice of 
Operat ions Evaluat ion.  The d a t a  l i s t e d  
a r e  those  r epor t ed  by t h e  u t i l i t i e s  i n  
accordance wi th  Regulatory Guide 1 . 6  and 
t h e  Technical  S p e c i f i c a t i o n s  i n  t h e  AEC 
l i c e n s e  f o r  t h e  a p p l i c a b l e  r e a c t o r s .  

For  t h e  1912 t i m e  pe r iod ,  a t o t a l  of  
approximately 700 f a i l u r e s  and anomalies 
were repor ted .  Because of t h e  cons t an t  
f a i l u r e  r a t e  assumption, cons ide ra t ion  
w a s  r e s t r i c t e d  t o  those  p l a n t s  which had 
opera ted  f o r  t h e  e n t i r e  one yea r  per iod.  
Also,  o n l y  those  f a i l u r e s  which w e r e  
r e l e v a n t  t o  t h e  d a t a  base ca tegor iza-  
t i o n s  were cons idered  (1.e. s a f e t y  rela- 
t e d  f a i l u r e s ) .  The t o t a l  number of 
f a i l u r e s  and anomalies eva lua ted  was 
then  reduced t o  303. 

Table 111 3-1 l ists  t h e  1 7  p l a n t s  which 
w e r e  o p e r a t i o n a l  f o r  t h e  1972 one yea r  
pe r iod  and which formed t h e  d a t a  base  
f o r  t h e  eva lua t ions .  Of t h e  1 7  p l a n t s ,  
8 w e r e  p re s su r i zed  w a t e r  r e a c t o r s  (PWR) 
and 9 were b o i l i n g  water  r e a c t o r s  (BWR). 
The t a b l e  l ists  t h e  number of  f a i l u r e s  
occur r ing ,  subca tegor ized  i n t o  those  
occur r ing  whi le  t h e  p l a n t  was i n  s tandby 
s t a t u s  and i n  ope ra t ion  s t a t u s .  The op- 
e r a t i n g  times have been rounded t o  one 
y e a r ,  which i s  s u f f i c i e n t  f o r  t h e  accu- 
r a c i e s  be ing  cons idered .  

Table  I11 3-2 c a t e g o r i z e s  t h e  303 f a i l -  
u r e s  i n t o  g e n e r i c  component classes and 
exempl i f ies  t h e  type  of  ca t egor i za ton  
t h a t  w a s  performed t o  o b t a i n  s t a t i s t i c a l  
estimates of  averaged f a i l u r e  rates and 
demand p r o b a b i l i t i e s .  For  t h e s e  statis- 
t i c a l  estimates, f u r t h e r  d e t a i l e d  sub- 
c l a s s i f i c a t i o n s  w e r e  n o t  performed s i n c e  
t h e  accompanying d e t a i l s  w e r e  masked by 
t h e  b a s i c  d a t a  u n c e r t a i n t i e s  and w e r e  
covered i n  t h e  a s ses sed  ranges.  

The averaged (s tandby)  f a i l u r e  rate 
e s t i m a t e s  w e r e  ob ta ined  by us ing  t h e  
s t anda rd  equa t ion ,  i n  a p p l i c a b l e  form 
he re  : 

- "f xs - - 
NPNCT 

Nc = average number of components 

T = observed (s tandby)  t i m e  pe r iod  
per  p l a n t  

(8760 h r )  

S ince  s a f e t y  systems w e r e  examined, Nc 
i s  t h u s  i n  gene ra l  t h e  average number o f  
components a s s o c i a t e d  wi th  t h e  s a f e t y  
systems i n  an i n d i v i d u a l  p l a n t .  For 
each c l a s s  of  f a i l u r e ,  N c  w a s  e s t ima ted  
based on average p l a n t  statistics which 
c o n s t i t u t e d  s u f f i c i e n t  accuracy w i t h  
regard  t o  d a t a  r e s o l u t i o n  and a s ses sed  
range widths.  

In s t ead  of  f a i l u r e  rates, t h e  f a i l u r e  
s t a t i s t i c s  can a l s o  be expressed i n  
terms o f  f a i l u r e  upon demand probabi l -  
i t i e s  ( o r  s imply demand p r o b a b i l i t i e s ) ,  
Qd, which w e r e  ob ta ined  by us ing  t h e  
s t anda rd  binomial e s t i m a t e ,  

i 
Qd = N" P C T  

where N and Nc are as de f ined  previous-  
l y  and ET i s  t h e  average  number of tests 
(demands) performed p e r  component p e r  
yea r .  (The averaged demand p r o b a b i l i t y  
has  an a d d i t i o n a l  f a c t o r  of  0.5. 
Because of t h e  half-exponent  rounding 
procedure,  t h i s  w a s  n o t  inc luded . )  

Tables  I11 3-3 and I11 3-4 g i v e  t h e  
f a i l u r e  r a t e s  and demand p r o b a b i l i t i e s  
f o r  pumps, p ip ing ,  c o n t r o l  rods ,  d i e -  
sels, and v a l v e s ,  u s ing  t h e  above formu- 
l as  and t h e  summarized f a i l u r e  s ta t is-  
t i c s  i n  Table  I11 3-2. Standard proce- 
du res ,  such as chi-square eva lua t ions ,  
can be used t o  o b t a i n  approximate conf i -  
dence bounds on t h e  component estimates. 
Such bounds a t  90% were i n  g e n e r a l  of 
t h e  o r d e r  of  a f a c t o r  of  3 t o  1 0  i n  
width.  These bounds a r e  n o t  p a r t i c u l a r -  
l y  p e r t i n e n t  nor  a p p l i c a b l e  s i n c e  they  
r e p r e s e n t  t h e  spread  on t h e  averaged 
estimate and do n o t  account  for t h e  
e r r o r s  due t o  t h e  averaging p rocess  
i t se l f  ( i .e. ,  lumping failures of 
d i f f e r e n t  modes d i f f e r e n t  component 
ped ig rees ,  e tc . ) .  i 

'It should be noted t h a t  t h e s e  bounds 
a r e  classical, confidence bounds and 
are n o t  random v a r i a b l e  r e l a t e d  (i.e. 
f o r  t h e  classical bounds, t h e  d a t a  a r e  
t r e a t e d  a s  parameters  and n o t  random 
v a r i a b l e s ) .  
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I The estimates i n  Tables  I11 3-3 and 
111 3-4 have been rounded t o  t h e  n e a r e s t  

a l f  exponent t o  conform wi th  t h e  
scale used i n  t h e  s tudy  

( i . e . ,  10-1.5 o r  10-1, etc. g i v i n g  1 o r  
3 as a s i g n i f i c a n t  f i g u r e  f o r  t h e  f a i l -  
u r e  ra tes  and demand p r o b a b i l i t i e s ) .  A t  
t h e  end of  t h i s  s e c t i o n  i s  a t a b u l a t e d  
l i s t i n g  of  t h e  f a i l u r e s  used  t o  o b t a i n  
t h e  v a r i o u s  averaged n u c l e a r  es t imates  
which served as i n p u t  t o  t h e  a s ses sed  
ranges.  (The f a i l u r e s  w e r e  a l s o  p a r t  of  
t hose  examined on an i n d i v i d u a l  l e v e l  
f o r  model check ing) .  

I n  a d d i t i o n  t o  t h e  averaged estimates, 
nuc lea r  o p e r a t i n g  expe r i ence  w a s  used t o  
check r e l a t i v e  o r d e r i n g s  of  t h e  a s ses sed  
ranges ( h i g h e s t  f a i l u r e  ra te ,  second 
h i g h e s t ,  e tc . )  . This  o r d e r i n g  check 
a ided  i n  determining whether t h e  compo- 
nen t  f a i l u r e  rates w e r e  p rope r ly  as- 
s e s s e d  on a r e l a t i v e  scale. 

The r e l a t i v e  o r d e r i n g  i n v e s t i g a t i o n s  en- 
t a i l e d  an o r d e r i n g  of n u c l e a r  estimates 
and then  comparing t h i s  o r d e r i n g  w i t h  
t h e  o r d e r i n g  of  t h e  s t u d y ' s  a s ses sed  
ranges.  The d a t a  used w e r e  t hose  i n  
Table 111 3-2 and t h o s e  l i s t e d  a t  t h e  
end of  t h i s  s e c t i o n .  Checks w e r e  made 
on r e c e n t  1973 experience,  r e v e a l i n g  no 
s i g n i f i c a n t  changes from t h e  d a t a  a l -  
ready used. With r ega rd  t o  a b s o l u t e  
fa i lure  occurrences from t h e  n u c l e a r  
h i s t o r y ,  va lves  dominated, c o n t r i b u t i n g  
3 4 %  of  t h e  f a i l u r e s  followed by i n s t r u -  
mentation 1 6 % ,  pumps 8 % ,  c o n t r o l  rods  
( a l l  f a i l u r e s )  8% and d i e s e l  g e n e r a t o r s  
7%. Miscellaneous and human , f a i l u r e s  
formed t h e  remaining c o n t r i b u t i o n .  
These s ta t is t ics  w e r e  i n  g e n e r a l  agree- 
ment w i t h  those  ob ta ined  from t h e  
a s ses sed  r anges  and f a u l t  t ree 
r e s u l t s .  1 

Li. assessment 

F i n a l l y ,  w i th  regard t o  nuc lea r  expe r i -  
ence s t a t i s t i c s ,  common mode surveys 
were performed t o  i n v e s t i g a t e  component 
f a i l u r e  and dependencies i n  o r d e r  t o  
ga in  a d d i t i o n a l  p e r s p e c t i v e  on t h e  ade- 
quacy o f  t h e  models and coverages given 
t o  common mode e f f e c t s .  The surveys 
performed h e r e  se rved  as checks on t h e  
common mode t r e a t m e n t s  of  component 
f a i l u r e s  i n c l u d i n g  t h e  q u a n t i t a t i v e  
coverages given. (More d e t a i l s  on t h e  
model t r e a t m e n t s  are given i n  Appendix 
I V . )  

'More fo rma l ly ,  from a s t a t i s t i ca l  p o i n t  
of view and when s t a t i s t i c a l  tests w e r e  
performed, t h e  n u c l e a r  d a t a  d i d  n o t  

\ c o n t r a d i c t  (reject)  t h e  model r e s u l t s  

Common mode f a i l u r e s ,  which invo lve  
common causes ,  can be ca t egor i zed  i n  a 
number of  ways. One such c a t e g o r i z a t i o n  
w a s  g iven by W i l l i a m s  (Ref. 1) and w i t h  
c e r t a i n  . modi f i ca t ions  i s  used he re .  
Four classes can be d e f i n e d  w i t h  r ega rd  
t o  g r o s s  system and component hardware 
e f f e c t s  : 

a.  

b. 

C.  

d.' 

Component E f f e c t  - A s i n g l e  f a i l u r e  
which causes a group o f  redundant o r  
similar components t o  f a i l .  

System E f f e c t  - A s i n g l e  f a i l u r e ,  
which can be a s i n g l e  component 
hardware f a i l u r e ,  t h a t  causes  a 
de f ined  system o r  combination of 
systems t o  f a i l  ( e n t a i l i n g  lo s s  of  a 
de f ined  f u n c t i o n ) .  

I n t e r a c t i o n  E f f e c t  - A s i n g l e  common 
mode f a i l u r e  o r  s i n g l e  hardware 
f a i l u r e ,  which causes  a p r o t e c t i o n  
f u n c t i o n  t o  be r e q u i r e d  and a t  t h e  
same time r ende r s  t h a t  p r o t e c t i o n  
unava i l ab le .  

Ques t ionab le  E f f e c t  - A s  i n  g e n e r a l  
w i th  d a t a  ana lyses ,  t h e r e  i s  a l s o  a 
f o u r t h  class -which c o n t a i n s  t h o s e  
f a i l u r e s  wi th  t o o  l i t t l e  information 
f o r  s p e c i f i c  c a t e g o r i z a t i o n .  

I n  a d d i t i o n  t o  e f f e c t s ,  common mode 
f a i l u r e s  invo lv ing  common causes  can 
a l s o  be ca t egor i zed  with r ega rd  t o  t h e i r  
b a s i c  o r i g i n .  

a. 

b. 

C. 

d. 

e. 

Design and Manufacturing Cause - 
F a i l u r e s  which are due t o  d e f e c t s  
and e r r o r s  i n  des ign ,  manufacturing, 
q u a l i t y  c o n t r o l ,  e t c .  

Human Cause - F a i l u r e s  which are  due 
t o  o p e r a t o r  e r r o r s ,  t e s t i n g ,  and 
maintenance errors and l a c k  of 
procedure.  

Environment Cause - F a i l u r e s  w h i c h  
r e s u l t  from c o n d i t i o n s  and causes  
which are environmentally r e l a t e d ,  
such a s  those  beyond design 
environments. 

Hardware Cause - F a i l u r e s  which are 
aue  t o  i n h e r e n t  component f a i l u r e s ,  
which may inc lude  " i n f a n t  mor t a l i -  
t i e s "  (burn-in f a i l u r e s )  . 
Quest ionable  Cause - F a i l u r e s  f o r  
which t h e r e  i s  i n s u f f i c i e n t  
information.  

The aforementioned f o u r  group and f i v e  
group c a t e g o r i z a t i o n s  a r e  s t i l l  somewhat 
g e n e r a l ,  and overlappings can t h e r e f o r e  
e x i s t ,  perhaps caus ing  problems with 
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regard t o  uniquely c l a s s i f y i n g  t h e  
f a i l u r e .  However, t h e  c a t e g o r i z a t i o n  i s  
u s e f u l  i n  gene ra l  behavior and t r e n d  
analyses  and when overlapping ques t ions  
a r o s e ,  judgement w a s  made on t h e  domi- 
nant f a i l u r e  c h a r a c t e r i s t i c  and t h e  
f a i l u r e  w a s  accordingly c l a s s i f i e d .  The 
c l a s s i f i c a t i o n s  and i n d e n t i f i c a t i o n s  of 
common modes have f u r t h e r  impreciseness 
due t o  d a t a  d e f i c i e n c i e s ;  however, t h e  
r e s u l t s  w e r e  deemed s u f f i c i e n t  f o r  t h e  
gene ra l ,  overview purpose used. 

Table I11 3-5 shows a breakdown of t h e  
1972 experience i n t o  common mode and 
non-common mode ("random f a i l u r e " )  
c o n t r i b u t i o n s  by r e a c t o r .  I n  g e n e r a l ,  
of t h e  PWR f a i l u r e s  10 .5% w e r e  c l a s s e d  
a s  common mode f a i l u r e s  and of  t h e  t o t a l  
BWR f a i l u r e s ,  11.1% w e r e  a s ses sed  a s  
common mode. Thus approximately 1 0 %  of  
t h e  occur r ing  f a i l u r e s  w e r e  c l a s s i f i e d  
a s  common mode, and though t h i s  number 
is no t  p r e c i s e  it i n d i c a t e s  an o r d e r  of 
magnitude type  of c o n t r i b u t i o n .  

The breakdown of t h e  common mode 
f a i l u r e s  i n t o  t h e  e f f e c t  and cause 
c a t e g o r i e s  is  given i n  Table I11 3-6. 
The t a b u l a t i o n  of  t h e  common mode 
f a i l u r e s ,  is provided i n  t h e  fol lowing 
pages. The code i n  parentheses  bes ide  
each f a i l u r e  r e f e r s  t o  t h e  a s ses sed  
e f f e c t  class ( t h e  a l p h a b e t i c  c h a r a c t e r )  
and t h e  a s ses sed  cause class ( t h e  numer- 
i c a l  c h a r a c t e r ) ,  where t h e s e  c h a r a c t e r s  
r e f e r  t o  those  p rev ious ly  used i n  t h e  
de f ined  c l a s s i f i c a t i o n s .  

The fol lowing are r e p o r t e d  even t s  which 
w e r e  a s ses sed  t o  be common mode o r  t o  
have high p o t e n t i a l  f o r  causing common 
mode e f f e c t s .  

The high flow i s o l a t i o n  switches f o r  
t h e  high p r e s s u r e  coo lan t  i n j e c t i o n  
system (HPCIS) d r i f t e d  above t h e  
t e c h n i c a l  s p e c i f i c a t i o n  l i m i t s .  
These switches w e r e  no t  of t h e  lock- 
i n g  type.  I n s t a l l a t i o n  of locking 
switches c o r r e c t e d  t h e  problem. 
( A - 1 )  

A l l  low p r e s s u r e  permissive switches 
had d r i f t e d  above t e c h n i c a l  s p e c i f i -  
c a t i o n  l i m i t s .  Switches w e r e  changed 
t o  locking type.  (A-1) 

T r i p  s e t t i n g  f o r  emergency core 
coo l ing  system (ECCS) w a s  found t o  be 
too  low because of  absence of any 
type  of a locking device.  (A-1)  

Flow switches on two low p r e s s u r e  
c o o l a n t  i n j e c t i o n  system (LPCIS) 
pumps f a i l e d  due t o  breakage of 
paddles ; heav ie r  duty switches 
i n s t a l l e d .  (A-5) 

A l l  main steam l i n e  high-flow 
switches f a i l e d  due t o  t h e  use of  
lead-base s e a l a n t  i n  switch assembly. 
(B-5) 

Four flow switches f a i l e d  because of  
a jeweled bear ing,  which supports  t h e  
torque tube i n  each, became contami- 
nated;  t h e  bear ing housing w a s  
redesigned.  (D-5) 

During t h e  s t a r t - u p  from co ld  shut-  
down, f u s e s  i n  power supp l i e s  f o r  I R M  
channels  BD & F were blown; no cause 
given.  (D-5) 

Three LPCIS d e l t a  p r e s s u r e  switches 
d r i f t e d  o u t  of t e c h n i c a l  s p e c i f i c a -  
t i o n  requirements  ( r e a c t o r  a t  100% 
power). (D-5) 

With r e a c t o r  a t  85% power low-low 
r e a c t o r  p r e s s u r e  switches d r i f t e d  
below t e c h n i c a l  s p e c i f i c a t i o n  l i m i t s .  
(D-5) 

Water hammer i n  a cross-over l i n e  
caused t a c k  welds i n  11 hangers t o  
break; heav ie r  tack welds w e r e  
r e q u i r e d  t o  c o r r e c t  problem. (D-5)  

Suct ion and d i scha rge  va lves  t o  o f f -  
gas  samples w e r e  l e f t  c losed ;  t h e  
procedure w a s  changed and t h e  va lves  
w e r e  a l t e r e d  t o  make them "locked- 
open" valves .  ( D - 2 )  

B r e a k e r  i n t e r l o c k  prevented one pump 
from s t a r t i n g  on s i g n a l  when t h e  
o t h e r  pump breaker  i s  racked o u t .  
(A-2 1 

Ten valves  f a i l e d  t o  c l o s e  fol lowing 
t e s t  due t o  weak " to rque  switch t o r -  
s i o n  s p r i n g s " ;  t h e  weak s p r i n g s  pre- 
vented t h e  c o n t a c t s  t o  r e t u r n  t o  a 
c losed  p o s i t i o n .  ( D - 1 )  

I n d i c a t i n g  lamps shor t ed  o u t  and 
a c t u a t e d  c i r c u i t  b reake r  i n  power 
l i n e  t o  motor and c o n t r o l l e r ;  used 
24v i n  l i e u  of 120v lamps t o  s o l v e  
problem. ( D - 5 )  

Two r e a c t o r  c o r e  i s o l a t i o n  coo l ing  
system (RCICS) va lves  f a i l e d  t o  open 
due t o  i n a b i l i t y  of t h e  250v dc 
breaker  t o  p u l l  i n .  (D-5) 

During t e s t i n g  a l l  f o u r  low-low reac- 
t o r  water l e v e l  s e n s o r s  w e r e  found t o  
be o u t  of  adjustment.  A l l  had been 
c a l i b r a t e d  by t h e  s a m e  person. (C-2 )  

During t e s t i n g  of main steam l i n e  low 

brs pres su re  swi t ches ,  a l l  4 w e r e  found 
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se t  (and locked) below t e c h n i c a l  
s p e c i f i c a t i o n  l i m i t s  of  850 ps ig .  
( D - 2 )  

The magnetic mercoid switches f o r  t h e  
main condenser vacuum sensor's w e r e  
set  too high. Sensing l i n e s  and 
vacuum header p ip ing  contained en- 
t rapped condensate.  (D-5) 

All low p r e s s u r e  switches on main 
steam l i n e  found set  below t e c h n i c a l  
s p e c i f i c a t i o n  l i m i t s  a f t e r  r e c e n t  
c a l i b r a t i o n .  ( D - 2 )  

Two so leno id  ope ra t ed  i s o l a t i o n  
va lves  i n  t o r u s  sampling system 
f a i l e d  t o  c l o s e  on s i g n a l .  Dust ac- 
cumulation on v a l v e  i n t e r v a l s  had 
caused va lve  p i s t o n s  t o  bind. (D-3) 

The 2 "  check va lves  on HPCIS  t u r b i n e  
exhaust  d r a i n  l i n e  l e t  w a t e r  i n t o  t h e  
d r a i n  t r a p .  Loose r u s t  p a r t i c l e s  
caused va lve  p lugs  t o  bind. (D-3) 

The pump s t a r t  permissive r e l a y  
f a i l e d  t o  e n e r g i z e  because t h e  r e l a y s  
used w e r e  n o t  designed f o r  125 dc 
o p e r a t i o n ,  and t h e  a i r  gap on both 
r e l a y s  w a s  t oo  l a r g e ,  r e q u i r i n g  ex- 
c e s s i v e  p u l l  i n  v o l t a g e  t o  ene rg ize  
r e l a y .  (D-5) 

Water d r ipped  i n t o  rod c o n t r o l  
c a b i n e t s  from main s t e a m  gene ra to r  
feedwater flow l i n e s  and grounded 
c o n t r o l  power t o  s t a t i o n a r y  g r i p p e r  
c o i l  causing rods  t o  drop i n t o  co re .  
(A-1) 

With p l a n t  a t  90% power 3 c o n t r o l  
rods  dropped i n t o  c o r e  due t o  f a i l u r e  
of  a mul t ip l ex ing  t h y r i s t o r  i n  t h e  
movable g r i p p e r  c o i l  c i r c u i t .  ( D - 1 )  

Feedwater c o n t r o l  va lve  (va lve  f o r  
loop l g C v l )  f a i l e d ,  i n t roduc ing  feed- 
w a t e r  t r a n s i e n t s  i n t o  primary system 
which r e s u l t e d  i n  a low p r e s s u r e  
t r a n s i e n t ,  a r e a c t o r  s h u t  down, and 
i n i t i a t i o n  of  s a f e t y  i n j e c t i o n  system 
o p e r a t i o n .  (B-5) 

During p re -ope ra t iona l  t e s t i n g  of  
Turkey P o i n t  Un i t  # 4  a design e r r o r  
i n  Unit  # 3  caused a simultaneous ac- 
t u a t i o n  of  Emergency Core Cooling 
System f o r  both u n i t s .  ( D - 1 )  

I n  t h e  emergency c o r e  coo l ing  system, 
a l eak  i n  t h e  upper diaphragm of  a 
p i l o t  v a l v e  on t h e  n i t r o g e n  p r e s s u r e  
r e g u l a t o r  caused the r e g u l a t o r  t o  
c l o s e  and t h e  redundant r e g u l a t o r  
could n o t  ma in ta in  t h e  ove rp res su re .  
(C-5 1 

F a i l u r e  of an overpower rod s t o p  and 
a r e a c t o r  t r i p  b i s t a b l e  r e s u l t e d  from 
an i n c o r r e c t l y  s i z e d  zener diode i n  
t h e  r e g u l a t e d  power supply. (D-5) 

P r e s s u r i z e r  l e v e l  instrumentat ion:  
t h r e e  narrow range l e v e l  t r a n s m i t t e r s  
w e r e  i n c o r r e c t l y  c a l i b r a t e d .  ( D - 2 )  

S i x  s t e a m  gene ra to r  ( S G )  blow down 
i s o l a t i o n  va lves  f a i l e d  t o  respond t o  
s a f e t y  i n j e c t i o n  system s i g n a l s .  
Temporary jumpers had been i n s t a l l e d  
and t e c h n i c i a n  f a i l e d  t o  remove them. 
( D - 2 )  

Linkages on s i x  so l eno id  va lves  t h a t  
c o n t r o l  main steam s t o p  va lves  w e r e  
s t i c k i n g  because of d i r t  accumulation 
i n  t h e  a r e a  of  t h e  plunger on t h e  
so l eno id .  (D-3) 

Zero s e t t i n g s  f o r  a l l  narrow gauge 
p r e s s u r i z e r  l e v e l  t r a n s m i t t e r s  w e r e  
found 5% below i n d i c a t e d  value: t h e  
cause n o t  determined, it could be 
d r i f t  o r  i n c o r r e c t  c a l i b r a t i o n .  
(D-5) 

Cracks w e r e  found i n  welded j o i n t s  of 
both feedwater l i n e s  f o r  s t e a m  
g e n e r a t o r s  A and B; t h e  i n v e s t i g a t i o n  
i s  cont inuing.  (B-5) 

3.3 1972 OPERATING INCIDENTS USED 
FOR STATISTICAL ANALYSES AND 
INDIVIDUAL FAILURE ANALYSIS 

L i s t e d  on t h e  fol lowing pages a r e  one- 
l i n e  summaries of t h e  f a i l u r e s  incorpor-  
a t e d  i n  t h e  s t a t i s t i c a l  analyses .  The 
f i g u r e s  cover  a spectrum of  s e v e r i t i e s :  
however, a l l  w e r e  of s u f f i c i e n t  magni- 
tude t o  warrant  r e p o r t i n g  as i n c i d e n t s .  

a. C o n t r o l  R o d s  

Control  rod (CR) N o .  1 9  f a i l e d  t o  
f a l l  i n t o  COT$ du r ing  s t a r t u p .  

CR N o .  19 f a i l e d  t o  drop f u l l y  and 
CR N o .  1 8  dropped slowly. 

CR N o .  19 f a i l e d  t o  i n s e r t  f u l l y  and 
subsequent slow i n s e r t i o n  t i m e .  

CR N o .  1 9  f e l l  from 90"  t o  2 4 "  f o l -  
lowing p l a n t  t r i p .  

CR i n s p e c t i o n  showed s e v e r a l  missing 
b o l t s  and lock ing  cups. 

CR N o .  19 hung up a t  36" withdrawn 
due t o  e m b r i t t l e d  s p i r a l  p in .  

CR N o .  20 hung up a t  36.5" withdrawn 
dur ing  scram t i m e  measurements. 
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Four C R ' s  dropped 150 steps into 
core and initiated load runback. 

Four C R  drives latched at 6" with- 
drawn due to dirt, broken carbon 
seals. 

Three C R ' s  dropped into core due to 
multiplexing thyristor. 

Three C R ' s  dropped into core due to 
multiplexing thyristor. 

. CR drive stopped to 0 2  position dur- 
ing scram, had to be manually driven 
in. 

CR failed to fully insert due to ex- 
cessive leakage across stop-piston 
seals. 

C R  drive 22-31 automatically scram- 
med to the 02 position. 

C R  drive 22-31 seated at 02 position 
during scram due to excessive leak- 
age across stop-piston seals. 

CR drive 22-31  seated at 02 position 
dur ing  s c r a m .  

CR drive malfunctioned due to failed 
seat on stationary face. 

CR drive No. 1 9  malfunctioned due to 
primary coolant leakage. 

C R  drive after scram following manu- 
al scram apparently due to scored 
guide tube during CRDM repairs. 

C R  N o .  26 failed to be withdrawn due 
to open circuit on motor brake 
wires. 

C R  failed to stop: replaced 3 CRDM 
motors and retested fourth. 

C R  failed to withdraw due to brake 
dragging. 

CR failed to withdraw due to defec- 
tive brake operation. 

b. Diesels 

DG N o .  3 failed to start on remote 
signal. 

DG failed to start during test. 

DG radiator coolant hose tore loose 
from recirculating heater outlet. 

Propane engine-drive generator mal- 
functioned twice due to dirt in 
coil. 

DG failed to start due to oil on 
distributor points. 

DG failed to start due to oil lube 
pressure switch setting drift. 

DG failed to come up to voltage due 
to failed exciter armature. 

DG malfunctioned due to improperly 
connected plug at one of the termi- 
nals. 

DG failed to start twice due to de- 
fective air start motors. 

DG failed to start due to defective 
air start motors. 

DG startup terminated due to high 
crankcase pressure. 

DG shut down due to high crankcase 
pressure. DG spurious trip due to 
high crankcase pressure. 

DG spurious trip due to high crank- 
case pressure. 

DG spur ious  t r i p  due t o  high crank- 
case pressure. 

DG failed to start due to rust par- 
ticles restricting bleed orifice in 
air relay. 

DG failed to start due to dirt in 
pilot valve in the governor assem- 
bly. 

Output fluctuations of DG due to 
dirty contacts in droop relay. 

DG tripped during hot standby due to 
loss of fuel supply. 

DG failed to take additional load 
due to mechanical blockage. 

DG malfunctioned due to high temper- 
ature of engine cooling water. 

DG malfunctioned due to failure of 
the cooling radiator shutters. 

c. Instrumentation 

Low-flow scram signal failed to trip 
turbine. 

Low-trip settings for condenser vac- 
uum below spec. due to water in 
sensing line. 

Radiation monitor alarm due to un- 
known causes. 

111-20 



3 
Both neutron-monitoring s t a r t u p  
channels  f a i l e d  due t o  f a u l t y  t r i a x  
cab le .  

Low-low r e a c t o r  water l e v e l  s enso r s  
w e r e  o u t  of t e c h n i c a l  s p e c i f i c a t i o n s  
(TS) * 

Line-break s e n s o r s  hooked up back- 
wards va lv ing  "B" i s o l a t i o n  conden- 
ser i n t o  service. 

"All and "B" i s o l a t i o n  condensers 
f a i l e d  t o  be a c t i v a t e d  due t o  gauge 
caught up scale. 

A i r  p r e s s u r e  i n  scram va lve  p i l o t  
header l o s t  due t o  de-energized 
backup s c r a m  solenoid.  

High flow d i f f e r e n t i a l  p r e s s u r e  
switch f a i l e d .  

Scram-dump-volume l e v e l  switch f a i l -  
ed t o  a c t u a t e  high l e v e l  alarm. 

P res su re  b i s t a b l e  f a i l e d  t o  de- 
e n e r g i z e  due t o  bad so lde red  j o i n t .  

Two p r e s s u r e  switches f o r  spray in- 
j e c t i o n  system (SIS)  d r i f t e d  above 
TS l i m i t  of  350 p s i g .  

Low p r e s s u r e  scram switches i n  t u r -  
b i n e  EHC c o n t r o l  system d r i f t e d  
below TS l i m i t s .  

Low p r e s s u r e  switches on main 
s t r e a m l i n e  (MSL) found below TS 
l i m i t s .  

MSL low p r e s s u r e  switches d r i f t e d  
below TS l i m i t s .  

MSL low p r e s s u r e  switches t r i p  set- 
t i n g s  found below TS l i m i t s .  

Switch i n  MSIV "h i - f lo"  c i r c u i t  
r u s t e d  s h u t  due t o  water d ra inage  
from room coo le r .  

Two high p r e s s u r e  scram switch set- 
p o i n t s  d r i f t e d  above TS l i m i t s .  

Refuel ing i n t e r l o c k  f a i l u r e  due t o  
l i m i t  sw i t ch  f a i l u r e  as a r e s u l t  of 
misalignment. 

RPS r e l a y  f o r  N o .  2 t u r b i n e  s t o p  
va lve  f a i l e d  t o  de-energize.  

In s t rumen ta t ion  f o r  i n i t i a t i o n  of  
c o r e  sp ray  and LPCIS - admission 
valves  found o u t  of TS l i m i t s .  

Turbine c o n t r o l  va lve  c l o s u r e  f a i l e d  
t o  i n i t i a t e  scram f o r  gene ra to r -  

t u r b i n e  load  mismatch due t o  broken 
w i r e  a t  connector t o  so l eno id .  

I s o l a t i o n  condenser flow switch o u t  
of s p e c i f i c a t i o n  due t o  d r i f t e d  s e t  
po in t s .  

Reactor p r e s s u r e  switches t r i p p e d  
above TS l i m i t s .  

Reactor- level  switch t r i p p e d  o u t  of 
TS l i m i t s .  

High-flux t r i p  from p r e s s u r e  t r a n -  
s i e n t  caused by plugged f i l t e r  i n  
t h e  p i l o t  valve.  

LPCI  low p r e s s u r e  switch switch 
f a i l e d  t o  s i g n a l  i n j e c t i o n  permis- 
s i v e .  

Water l e v e l  t r i p  p o i n t  d r i f t e d  below 
TS minimum. 

D P  switch f o r  high-flow steam supply 
t o  i s o l a t i o n  condenser f a i l e d .  

Reactor v e s s e l  high-pressure-scram 
p r e s s u r e  switch t r i p p e d  above TS 
l i m i t s .  

Time-delays i n  APRM l o g i c  t r i p p e d  
above TS l i m i t s .  

Level t r i p  switch found o u t  of TS 
l i m i t s .  

Turbine lockout  occurred due t o  in-  
s t a b i l i t i e s  i n  t h e  p r e s s u r e  regula-  
t o r .  

P o s i t i o n  switch o u t  of  adjustment  
f o r  t h e  clean-up system aux-pump 
s u c t i o n  valve.  

Sensor r e l a y  t o  t h e  l o g i c  c a b i n e t  of 
CRD system found inoperable .  

High temperature  i s o l a t i o n  s e t  p o i n t  
d r i f t .  

Flow switch torus-to-drywell  vacuum 
breaker  f a i l e d  i n  untr ipped condi- 
t i o n .  

High-flow i s o l a t i o n  s e n s o r  i n  main 
steam l i n e  f a i l e d .  

APRM channels  i n d i c a t e d  lower than  
a c t u a l  c o r e  thermal power. 

High-flow switch on i s o l a t i o n  con- 
denser  found over  TS l i m i t s .  

Low-pressure permissive switch set  
p o i n t s  d r i f t e d  above TS l i m i t s .  
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High steam-flow switch on isolation 
condenser above TS limits. 

Reactor pressure scram setpoint 
found drifted out of specifications. 

Low-pressure switch for ECCS found 
greater than TS limits. 

Pressure switch on MSLOB below TS 
limits. 

Off-gas monitor set point found in 
excess of T.S. limits. 

Startup pressure channel failed. 

d. Valves 

Core spray valve CS-11 failed to 
open due to improper limit switch 
setting. 

Emergency condenser system valves 
MO-101 and 102 failed to open due to 
high torque switch settings. 

ECCS, SIS nitrogen pressure regula- 
tor upper diaphram pilot valve leak. 

Air-operated containment isolation 
valve failed to operate due to the 
SOV-432 solenoid pilot valve fail- 
ure. 

Emergency condenser condensate re- 
turn valve motor power supply break- 
er tripped. 

Condensate return valve on emergency 
condenser failed to operate. 

Emergency condenser Limitorque con- 
densate return valve failed to oper- 
ate. 

Containment isolation valve failed 
to close due to defective solenoid 
valve SV-4876 in the controller. 

Loop "C" feedwater valve faulty. 

Discharge valve to. the refueling- 
water storage tank failed due to 
excessive binding of packing and 
stem. 

containment isolation valve in fuel 
pool/reactor drain line to radwaste 
failed to close due to defective 
solenoid valve SV-4876. 

Recirculation isolation valve failed 
to open due to over-torquing of 
clutch shaft. 

Containment isolation valve failed 
to close due to solenoid valve air 
leakage. 

Containment purge exhaust bypass 
isolation valve air leakage due to 
cracked yoke. 

Containment purge exhaust bypass 
isolation valve air leakage due to 
cracked yoke. 

Main steam isolation valve (MSIV) 
leakage due to pilot valve stem 
misalignment. 

Condensate return valve failed to 
open due to burned out motor. 

Main steam isolation valve failure 
due to AC control unit. 

Main steam isolation valve leakage 
due to pilot valve stem misalign- 
ment. 

Main steam isolation valve failed to 
close due to sticking pilot valve. 

Electromatic relief valve failed to 
reset due to foreign material in 
valve seat. 

Main steam isolation valve leaked. 

Main steam isolation valve leaked. 

Suction recirculation pump valve 
failed due to inoperable valve oper- 
ator. 

Recirculation system valve leakage 
due to packing leakage. 

Suction recirculation pump valve 
failed due to damaged valve opera- 
tor. 

MSIV closure due to pressure vessel 
overfill and relief valve failure. 

Safety relief valve relieved below 
design pressure. 

Retainer valve leakage due to dam- 
aged disc-retainer and valve-body 
threads. 

Feedwater check valve and air- 
operated butterfly valve leaked due 
to worn rubber seats. 

HPCI inboard steam isolation valve 
failed to open. 

Air-operated primary containment 
sample return isolation valve failed - 
to close due to physical binding, 
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3 
HPCI motor-operated va lve  f a i l e d  t o  
open due t o  va lve  jamming a g a i n s t  
seat .  

H P C I  motor-operated va lve  f a i l e d  t o  
open due t o  burned r e l a y  c o i l .  

LPCI  va lve  f a i l e d  t o  c l o s e  due t o  
disconnected wir ing.  

LPCI va lve  f a i l e d  t o  o p e r a t e  due t o  
t r i p p e d  thermal va lve  motor overload 
breaker .  

Main s t o p  va lve /con t ro l  va lve  slow 
c l o s u r e  due t o  broken w i r e .  

Air-operated primary containment 
sample r e t u r n  i s o l a t i o n  va lve  f a i l e d  
t o  c l o s e  due to phys ica l  binding on 
t h e  va lves .  

N o .  1 t u r b i n e  c o n t r o l  valve f a s t -  
a c t i n g  so leno id  f a i l e d  t o  a c t u a t e  
due t o  contamination. 

Containment i s o l a t i o n  va lve  leaked. 

M S I V  slow o p e r a t i o n  due t o  s t i c k i n g  
p i l o t  valve.  

Sa fe ty  va lve  leakage.  

N o .  4 t u r b i n e  c o n t r o l  va lve  f a s t -  
a c t i n g  so leno id  f a i l e d  t o  a c t u a t e .  

Inboard i s o l a t i o n  va lve  f a i l e d  t o  
c l o s e  due t o  t r i p p e d  motor overload 
breaker .  

HPCI e l e c t r o m a t i c  r e l i e f  va lve  f a i l -  
ed t o  open. 

HPCI steam va lve  i n  drywel l  f a i l e d  
t o  open du r ing  r e a c t o r  s t a r t u p .  

I s o l a t i o n  condenser va lve  f a i l ed  t o  
open due t o  f a u l t y  valve ope ra to r .  

MSIV i n  "B" steam l i n e  f a i l e d  due t o  
o i l  l e a k  i n  f i t t i n g .  

Inboard s t eam- i so la t ion  va lve  f a i l e d  
t o  c l o s e  due t o  t r i p p e d  breaker .  

HPCI e l e c t r o m a t i c  r e l i e f  va lve  f a i l -  
ed t o  open due t o  scored d i s c .  

Vacuum pump s u c t i o n  valve f a i l e d  t o  
c l o s e  f u l l y .  

N o .  4 t u r b i n e  c o n t r o l  va lve  f a i l e d .  

LPCI t o r u s  sp ray  i s o l a t i o n  valve 
f a i l e d  t o  o p e r a t e  due t o  g a l l i n g .  

Turbine c o n t r o l  va lve  f a i l e d  t o  
o p e r a t e  due t o  f a u l t y  load-mismatch 
r e l a y .  

Primary containment rubber-seated 
v e n t  va lve  leaked due t o  cracked 
seat.  

P r i m a r y  containment rubber-seated 
v e n t  v a l v e  leaked due t o  cracked 
seat. 

Containment sump i s o l a t i o n  va lve  
f a i l e d  t o  o p e r a t e  due t o  i n c o r r e c t  
mounting. 

HPCI va lve  f a i l e d  t o  o p e r a t e  due t o  
broken d i s k .  

MSIV f a i l e d  t o  c l o s e  due t o  binding 
i n  l a t c h i n g  mechanism. 

Containment sump i s o l a t i o n  valve 
f a i l e d  t o  ope ra t e .  

Containment sump i s o l a t i o n  va lve  
f a i l e d  t o  ope ra t e .  

Containment sump i s o l a t i o n  va lve  
f a i l e d  t o  o p e r a t e  due t o  a i r  leakage 
p a s t  r e g u l a t o r .  

Feedwater c o n t r o l  va lve  e r ra t ic  op- 
e r a t i o n  due t o  d i r t  i n  a i r  supply. 

LPCI  va lve  f a i l e d  t o  open due t o  
improperly a d j u s t e d  p o s i t i o n  switch.  

MSL s t o p  c o n t r o l  so l eno id  va lve  
l i nkages  fou led  due t o  d i r t .  

Power-operated r e l i e f  va lve  s t u c k  
open. 

D i e s e l  gene ra to r  so l eno id  p i l o t  
va lve  f a i l e d  t o  open due to d i r t  
p a r t i c l e s .  

MSIV c l o s e d  completely due t o  
sheared p i n  i n  t h e  l i nkage .  

MSIV c l o s e d  completely due t o  
sheared p i n  i n  t h e  l i nkage .  

MSIV c l o s e d  completely due t o  
sheared p i n  i n  t h e  l inkage.  

Power ope ra t ed  r e l i e f  va lve  f a i l e d  
t o  c l o s e  due t o  scored guide.  

S top  v a l v e  f a i l e d  due t o  l i m i t  
sw i t ch  s e t t i n g .  

HPIC va lve  malfunct ion caused by 
p l a s t i c  p i p e  cap o i l  h y d r a u l i c  con- 
t r o l  system. 
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HPIC turbine control valve malfunc- 
tion due to plastic pieces in pilot- 
valve oil inlet. 

HPCI turbine exhaust check valve 
leaked. 

ECCS outboard head spray-isolation 
valve failed to close due to adjust- 
ment. 

Stop-check valve failure due to disc 
rupture. 

Containment isolation valve seat 
leakage. 

HPCI outboard steam isolation valve 
failed to close due to motor fail- 
ure. 

HPCI exhaust check valve disc found 
separated from valve hinge. 

HPCI steam-supply isolation valve 
failed to close due to packing leak- 
age. 

HPCI exhaust check valve disc rup- 
ture. 

Group I relief valve malfunction. 

Outboard main steam drain isolation 
valve failed to close due to loose 
mounting screws. 

Recirculation pump discharge valve 
stuck due to damaged threads. 

Relief valve "A" failed to reseat 
due to rust particles lodged across 
valve orifice. 

Relief valve failed to close due to 
deposits on second-stage piston ori- 
fice. 

Primary system relief valves re- 
placed due to spring problems. 

Safety relief valve failed to oper- 
ate due to drift in setpoints. 

Safety relief valve malfunction. 

Torus-to-drywell vacuum-breaker 
valve problems due to binding in 
valve operators. 

Air-operated vacuum-breaker valve 
boot seals found depressurized. 

Air-operated vacuum-breaker boot 
seals found depressurized due to 
excessive clearance between actuat- 
ing arm and pilot valve. 

Low-flow feedwater containment iso- 
lation valve leak due to cut seat- crs surf ace. 

Main steam stop valve on SG failed 
to close due to faulty, motor opera- 
tor. 

Main steam isolation valve on SG 
failed to open due to short of 
drive-motor windings. 

Main steam stop valve failed to 
close due to worn gear. 

MSIV inoperable due to broken drum 
on limit switch. 

Limitorque valve inoperable due to 
broken support bearing for gear 
shaft. 

Pump emergency primary makeup system 
steam-admission valve failure due to 
linkage. 

Relief valve failure in primary make 
up system. 

e. Pipes 

Desuperheating water line of the 
secondary steam system failed due to 
a crack. 

Reactor vent line failure due to 
leaky fitting of reducer nipple. 

Drain line from coil of second stage 
reheater failed due to cracks at 
weld edge. 

Bent line to MSIV weld failure due 
to cracks as a result of excessive 
line motion. 

Discharge line of the emergency 
service water pump failed due to a 
rubber expansion joint rupture. 

Recycle line to the floor drain 
system leakage due to erosion of the 
carbon steel elbow. 

Small indentations on piping. 

Defective fittings on the feedwater 
flow DP cell. 

Hanger tack welds failed as a result 
of water hammer in the cross-over 
line. 

Atmospheric control system. 18" 
header cracked. 

Carbon steel elbow leaked downstream - 
of steam-trap. 
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df  
Pumps 

S h a f t  t h r e a d  w e a r  on t h e  feedwater 
o i l  pump. 

Excessive steam leakage p a s t  t h e  
c o n t r o l  s l i d e  valve.  

Primary c o o l a n t  leakage due t o  pump 
seal leakages.  

ECCS c o r e  sp ray  pump f a i l e d  due t o  
c i r c u i t  b reake r  binding and burned 
o u t  check swi t ch  c o n t a c t s .  

F i r e  i n  o i l  supply l i n e  t o  t u r b i n e  
d r iven  f eedwater pump. 

ECCS c o r e  sp ray  pump f a i l e d  due t o  
c i r c u i t  b reake r  misalignment and 
burned o u t  latch-check switch con- 
tacts.  

ECCS containment-spray pump s t a r t  
f a i l u r e  as a r e s u l t  of corroded 
b r e a k e r  con tac t s .  

Pump f a i l e d  to  o p e r a t e  d u e - t o  f a u l t y  
i n t e r l o c k .  

Pump i n  SIS loop f a i l e d  t o  s t a r t  due 
to improper wir ing.  

LPCI pump f a i l e d  t o  s t a r t  due t o  
i n t e r m i t t e n t  b reake r  c o n t a c t s .  

Standby sampling pump i n o p e r a t i v e  
due t o  fou led  o i l  l u b r i c a t o r .  

Sample pump t r i p p e d  prematurely.  

Excessive leakage to  primary con- 
ta inment  due t o  r e c i r c u l a t i o n  pump 
"A" s e a l  leakage. 

Containment sp ray  pump f a i l e d  t o  
r o t a t e  f r e e l y  due t o  g a l l e d  impe l l e r  
r i n g .  

ECCS pump f a i l u r e  due t o  f a u l t y  
pump-start permissive r e l a y .  

Standby l i q u i d  c o n t r o l  pump f a i l e d  
t o  develop s u f f i c i e n t  head. 

Residual h e a t  removal system (RHR) 
pump f a i l u r e  due t o  ground f a u l t  by 
a i r  d e f l e c t o r .  

RHR pump f a i l u r e  due t o  upper gland 
seal overtightnessx. 

Standby l i q u i d  c o n t r o l  pump f a i l e d  
t o  develop s u f f i c i e n t  head. 

Sample pump t r i p p e d  due t o  personnel  
e r r o r .  

Feedwater pump f a i l u r e  due t o  over- 
h e a t i n g  of  h y d r o s t a t i c  bear ings.  

Charging pump secured due t o  crack 
i n  socke t  weld. 

R e c i r c u l a t i o n  pump f a i l e d  due t o  
seal leak.  

Sample pump "A" removed from s e r v i c e  
due t o  f a u l t y  motor l eads .  

3.4 INDIVIDUAL FAILURE ANALYSIS LISTING 
L i s t e d  h e r e  are i n v e s t i g a t i o n s  and con- 
s i d e r a t i o n s  t h a t  w e r e  g iven t o  i n c i d e n t s  
t h a t  have occurred i n  nuc lea r  o p e r a t i n g  
experience.  The t a b u l a t i o n s  a r e  a sam- 
p l e  and s e r v e  t o  i l l u s t r a t e  t h e  type of  
ana lyses  t h a t  w e r e  performed i n  checking 
t h e  f a u l t  trees and c a l c u l a t i o n s  a g a i n s t  
a c t u a l ,  i n d i v i d u a l  f a i l u r e  experience.  
I n  c o n t r a s t  t o  t h e  p rev ious  s t a t i s t i ca l  
a n a l y s i s  of  t h e  i n c i d e n t s ,  t h e  i n c i d e n t s  
i n  t h i s  phase of t h e  a n a l y s i s  w e r e  exam- 
ined i n  a more i n d i v i d u a l  eng inee r ing  
manner f o r  model checking purposes. 

1. Connect icut  Yankee Atomic Power Co. 
-(Connecticut Yankee) #96 

a. Problem. During a r o u t i n e  op- 
e r a t i o n  i n s p e c t i o n  s e v e r a l  
seismic suppor t  hold-down b o l t s  
on t h e  s l i d i n g  supports  f o r  t h e  
steam g e n e r a t o r s  w e r e  loose.  
Subsequent i n v e s t i g a t i o n  found 
e i g h t  b o l t s  broken and f i f t e e n  
o t h e r s  suspected of being 
broken. There are a t o t a l  of 
256 hold-down b o l t s  on t h e  f o u r  
steam gene ra to r s .  

As noted by t h e  i n c i d e n t  r e p o r t  
t h i s  is t h e  second i n s t a n c e  of 
s i g n i f i c a n t  b o l t  f a i l u r e  rela- 
t i v e  t o  s e i s m i c  suppor t s .  

b. Reactor S a f e t y  Study (RSS)  
Action. Q u e s t i o n s  r e l a t e d  t o  
t h e  adequacy of  t h e  s e i s m i c  
de s ign  f o r  Category 1 s t r u c t u r e  
systems and components w e r e  
i n v e s t i g a t e d  by t h e  s t u d y  on a 
sample b a s i s .  The r e s u l t s  of 
t h i s  work are r e p o r t e d  i n  Ap- 
pendix X. 

2.  Consol idated Edison Co. ( Ind ian  
P o i n t  2 )  # 4 9  

a. Problem. E igh t  anchor b o l t s  
f a i l e d  i n  t e n s i o n  and 120° of 
t h e  weld which j o i n s  t h e  roof 
dome to  t h e  tank w a l l  of t h e  
condensate  s t o r a g e  t a n k  f a i l e d .  
This tank provides  t h e  sou rce  
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3. 

of make up w a t e r  t o  t h e  secon- 
dary system. A t  t h e  t i m e  of 
f a i l u r e  t h e  t ank  contained more 
than 31,000 g a l l o n s  bu t  less 
than 80 ,000  g a l l o n s  of  water. 
(Design c a p a c i t y  i s  6 0 0 , 0 0 0  
g a l l o n s ) .  Ambient temperature 
w a s  20' t o  25OF and t h e  wind 4 .  
w a s  from t h e  east t o  sou theas t  
with heavy g u s t s  up t o  35 MPH. 

b. RSS Action. Considerat ion of  
p a s s i v e  f a i l u r e s  of t h e  conden- 
sate t ank  and supply l i n e s  t o  
t h e  a u x i l i a r y  f eed  system has 
been given i n  f a u l t  tree analy- 
sis of  t h e  a u x i l i a r y  feed sys- 
t e m .  

Duke Power Co. (Oconee) #51 

a .  Problem. Twenty-one of  t h e  
f i f t y - t w o  incone l  in-core in-  
s t rument  s t u b  tube,s (0.75 inch- 
I D  schedule  1 6 0 )  t h a t  p e n e t r a t e  
t h e  bottom of  t h e  r e a c t o r  ves- 
s e l  broke o f f  i n s i d e  t h e  ves- 
sel. The break occurred i n  t h e  
v i c i n i t y  of  t h e  weld t h a t  j o i n s  
t h e  s t u b  tube  t o  t h e  bottom of  
the v e s s e l .  One a d d i t i o n a l  
s t u b  tube  had f a i l e d  a t  t h e  
same l o c a t i o n  b u t  w a s  no t  com- 
p l e t e l y  sheared.  F ive  addi- 
t i o n a l  t ubes  had f a i l e d  i n  t h e  
v i c i n i t y  of  t h e  flow d i s t r i b u -  
t o r  p l a t e  and several o t h e r s  
w e r e  b e n t  a t  a p o i n t  2-3 inches 
above t h e  seal weld. I n  addi- 
t i o n  a thermocouple guide ex- 
t end ing  from t h e  t o p  v e s s e l  
head had f a i l e d  and one accel- 
erometer used i n  measuring v i -  
b r a t i o n  had become detached. 

Pieces o f  t h e  f a i l e d  s t u b  tubes  
w e r e  found throughout t h e  reac- 
t o r  c o o l a n t  system, ranging i n  
s i z e  from s m a l l  buckshot t o  
p i e c e s  approximately 2" i n  d i -  
ameter. This  caused e x t e n s i v e  
damage t o  t h e  tube s h e e t  and 
tubes  i n  steam gene ra to r  "A" 

p r o j e c t i n g  above t h e  tube s h e e t  
i n  gene ra to r  "B" . 
and lesser damage t o  t h e  tubes  5. 

b. RSS Action. F a i l u r e  of t h e  in-  
c o r e  tubes  caused loose  p a r t s  
t o  occur  w i t h i n  t h e  reactor 
c o o l a n t  system (RCS) . I n  t h i s  
p a r t i c u l a r  case, which involved 
t h e  f i r s t  o f  a l i n e  of  vendor 
p l a n t s ,  t h e  h y d r a u l i c  design 
d e f i c i e n c i e s  w e r e  found i n  i n i -  
t i a l  p l a n t  o p e r a t i o n s  and cor- 
r ec t ed .  The occurrence of  
l oose  p a r t s  w i t h i n  t h e  RCS 
could p o t e n t i a l l y  r e s u l t  i n  

c o r e  and cause f u e l s  t o  over- 
hea t .  A s  noted i n  Appendix I ,  

some flow blockage wi th in  

t h e  s tudy  gave cons ide ra t ion  t o  
p o t e n t i a l  consequences r e s u l t -  
i n g  from flow blockage. 

the 0 
Rochester G a s  & Electric Co. 
TGinnal #53 

a. Problem. Dynamic stress analy- 
ses of  t h e  p r e s s u r i z e r  s a f e t y  
va lve  i n s t a l l a t i o n  i n  t h e  p r i -  
mary system i n d i c a t e  h ighe r  
r e a c t i o n  f o r c e s  du r ing  s a f e t y  
va lve  d i scha rge  than  o r i g i n a l l y  
considered,  prevent ing i s o l a -  
t i o n  i n  t h e  even t  of a f a i l u r e .  
The ana lyses  a l s o  i n d i c a t e  t h a t  
an o v e r s t r e s s e d  cond i t ion  would 
e x i s t  on v i r t u a l l y  a l l  of  t h e  
3" and 4" p ipe  and f i t t i n g s  
between t h e  p r e s s u r i z e r  nozzles  
and t h e  s a f e t y  valves .  

b. RSS Action. The PWR even t  
trees f o r  s m a l l  LOCA: 

S p e c i f i c a l l y  r ecogn ize  t h e  
f a i l u r e  p o s s i b i l i t y  of safe- 
t y  v a l v e  headers ,  inadver- 
t e n t l y  s t u c k  open s a f e t y  
va lves  and r e l i e f  valves .  

S p e c i f i c a l l y  d e f i n e  combina- 
t i o n s  of s a f e t y  f e a t u r e s  
(ECCS) t h a t  would be re- 
q u i r e d  t o  o p e r a t e  i n  case of 
t h e  p r e s s u r i z e r  vapor space 
LOCA . 

0 Have numerical  estimates on 
t h e  f a i l u r e  p r o b a b i l i t y  f o r  
such ECCS combinations as 
would be r e q u i r e d  f o r  t h e  
vapor space LOCA, s i n c e  such 
a LOCA could cause unique 
ECCS a c t u a t i o n  c h a r a c t e r i s -  
t ics  which are a l s o  recog- 
n i zed  and considered i n  t h e  
RSS even t  trees. 

Consumer Power  Co.  ( P a l i s a d e s )  #55 

a. Problem. During i n s p e c t i o n  of  
t h e  primary s i d e  of  Steam 
Generator "B" a fo re ign  o b j e c t  
be l i eved  t o  be t h e  head and 
shoulder  of  one of t h e  b o l t s  
which lock t h e  r i n g  shim i n  t h e  
upper guide s t r u c t u r e  assembly 
w a s  found. The b o l t s  w e r e  304 
SS 2 1 / 4 "  l ong  with a nominal 
1 /2"  t h r e a d  and a 3/4" x 1" 
shoulder .  Prel iminary metal- 
l u r g i c a l  examination i n d i c a t e s  
t h e  f a i l u r e  mechanism as fa-  
t i g u e .  
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7. 
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b. RSS Action. Refer to previous 
comment on item 3 (incident 
5 1 ) .  

Consolidated Edison Co. (Indian 
Point 2) # 5 7  and # 5 9  

a. Problem. Mechanical binding of 
three control rods during test- 
ing at operating temperature 
conditions were experienced. 
Apparent cause of this incident 
is attributed to a guide sheath 
undersized condition. Boro- 
scopic examination revealed 
evidence of scratching, metal 
galling and conditions that 
have the appearance of weld 
splatter. 

b. RSS Action. This type of fail- 
ure contributed to the data 
base for control rod failures. 
The fault trees also identify 
mechanical binding as a possi- 
ble failure mode for components 
where appropriate. 

Virginia Electric Power Co. (Surry- 
1) #63 . 
a. Problem. While attempting to 

control the reactor primary 
coolant temperature by venting 
steam from the secondary side 
of the steam generators to the 
atmosphere, the operator at- 
tempted to open the three atmo- 
sphere steam power relief 
valves; however these valves 
failed to open. An attempt was 
then made to initiate venting 
through the back up decay heat 
release system. When the decay 
heat relief control valve was 
opened, the valve discharge 
nozzle (4 1/2" OD) disengaged 
from the exhaust vent as a 
result of the initiating reac- 
tion force permitting the re- 
lease of secondary steam to a 
small room of the turbine 
building. 

b. RSS Action. This condition was 
considered .as a contributor to 
the failure of the auxiliary 
feedwater system since the pos- 
sibility of steam discharge 
into the room where the secon- 
dary safety/relief valves are 
located, could interact with 
the auxiliary feedwater system 
which could be needed to con- 
trol plant heat removal follow- 
ing such high energy line 
breaks. 

8. Consolidated Edison Co. (Indian 
Point) # 6 5  

a. Problem. Removal of the entire 
unirradiated core from the 
reactor vessel. The core con- 
sists of pressurized fuel rods 
which have experienced cladding 
collapse during long term irra- 
diation. The collapse of the 
cladding has been attributed to 
densification of the pellets 
after prolonged service. 

b. RSS Action. The impact of fuel 
densification as it concerns 
fuel cladding temperature mar- 
gins during plant accidents and 
transients is covered in the 
AEC's licensing process and by 
the AEC's acceptance criteria 
for the design and performance 
of emergency core cooling sys- 
tems. These analyses establish 
conservative thermal margins 
for full performance where den- 
sification is significant. 

9. Georgia Power co. (Hatch #1) #52 

a. Problem. Flaws discovered at 
two recirculation inlet nozzles 
of the Reactor Pressure Vessel. 
On one nozzle a crack having an 
approximate dimension of 0.6 
inches in the through-wall di- 
rection, located in the heat 
affected zone between the weld 
metal and vessel plate materi- 
al. 

b. RSS Action. This particular 
type of incident is accounted 
for predicting the probability 
of pressure vessel failure. 

10. Commonwealth Edison Co. (Quad 
Cities 2) # 56 

a. Problem. Failure of four pipe 
hangers that support the 24" 
ring suction header located 
outside of the pressure sup- 
pression pool (Torus). 

b. RSS Action. Failures of this 
type were examined to assess 
their contribution to pipe 
failure data. Failure of the 
header appeared as a potential 
failure mode of the vapor sup- 
pression system. 

11. Commonwealth Edison Co. (Quad 
Cities 1) # 58 

a. Problem. The rapid closing of 
two circulating water system 
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reverse flow valves caused the 
rupture of an 8 foot diameter 
rubber expansion joint in the 
discharge line. As a result of 
the failure approximately 
600,000 gallons of river water 
entered the turbine building. 
The flooding of the turbine 
building resulted in the loss 
of safety related equipment, 
i.e., cooling water pumps for 
two of the three station emer- 
gency diesel generators, all 
four service water pumps for 
unit 1 residual heat removal 
system and the station seismo- 
graph. 

b. RSS Action. Pumps, valves and 
other equipment associated with 
Engineered Safety Systems have 
been examined as to their ele- 
vations and physical locations 
relative to important sources 
of water and included in fault 
trees where appropriate. 

12. Northern States Power Co. (Monti- 
cello) #61 -- 
a. Problem. Loss of generator 

excitation caused a turbine 
trip and reactor scram. A 
group 1 isolation signal of 
undetermined cause was re- 
ceived, resulting in the clos- 
ing of the main steam isolation 
valves. During the ensuing 
pressure transient the reactor 
reached a maximum pressure 
level of 1140 psig. Relief 
valves A ,  B, and C operated but 
relief valve I'D" failed to 
operate. The "A" safety valve 
operated (1220 psig setpoint) 
and the thermocouple for the 
"D" safety valve showed a tem- 
perature increase indicating 
that it may have leaked a small 
amount of steam. A high dry- 
well pressure alarm was also 
received. The Emergency Core 
Cooling systems, with the ex- 
ception of the High Pressure 
Coolant Injection system (HPCI) 
which was isolated for surveil- 
lance testing started automati- 
cally. 

b. FtSS Action. Relief valve fail- 
ures have been identified as a 
failure event on the automatic 
depressurization system ( A D S )  
tree and failure of the HPCI 
system to operate due to isola- 
tion for surveillance testing 
has been identified on the HPCI 
fault tree. 

13. Commonwealth Edison Co. (Quad Cit- 
n ies 2) # 62 

a. Problem. A fire in a c a b l e v  
tray resulted in the loss of - 

recirculation pump and 
erratic indication on some of 
the control room process in- 
strumentation and damage to 24 
electric cables. A controlled 
reactor shutdown was initiated. 

b. RSS Action. The routing and 
separation of safety system ca- 
bles in trays has been covered 
in the common mode failure 
analyses. 

II B II 

14. Commonwealth Edison Co. (Quad Cit- 
5 ies 2) #64 

a. Problem. The "Bl' recirculation 
pump tripped due to a problem 
in the speed control unit. 

b. RSS Action. This type of 
transient is within the normal 
plant operating capability. 
However, this transient could 
result in a demand for reactor 
shutdown and is included in the 
data €or initiating events €or 
the transient event trees. 

15. Commonwealth Edison Co. (Dresden 2) 
$66 

a. Problem. In service inspection 
(Radiography) of "B'l main steam 
piping showed the main steam 
flow restrictor to have failed 
at the weld securing the down- 
stream cone. The loose cone 
lodged immediately upstream of 
the inboard MSIV. 

b. RSS Action. This weld failure 
resulted in a loose part within 
the reactor coolant system. 
Loose parts that might inter- 
fere with the operability of 
systems and components, e.g., 
valves, were considered in the 
fault tree analyses. 

16. Commonwealth Edison Co. (Dresden, 
1, 2, and 3 )  #69 

a. Problem. Failure of 40-50 feet 
of the dike for the 1275 acre 
cooling lake. Condenser cool- 
ing water supply was transfer- 
red to the 1llinois.river. 

b. RSS Action. Loss of pump basin 
water has been identified as a 
failure event on the high pres-- 
sure service water (HPSWI- an-' 
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emergency service water (ESW) 
f a u l t  trees. 

I \  

w 1 7 .  Mil l s tone  P o i n t  Company (Mi l l s tone  
I )  # 7 0  

a. Problem. Two of  t h e  f o u r  feed- 
water s p a r g e r s  contained c i r -  
cumfe ren t i a l  c r acks  i n  t h e  
v i c i n i t y  of t h e i r  a t tachment  
welds. One s p a r g e r  crack ap- 
peared t o  p e n e t r a t e  t h e  f u l l  
w a l l  t h i ckness  and w a s ,  a t  
l eas t ,  one-half  of  t h e  spa rge r  
c i rcumference i n  l eng th .  

b. RSS Action. Cracks such as 
t h e s e  cou ld  p o t e n t i a l l y  l ead  t o  
f a i l u r e  of  t h e  spa rqe r s .  The 
s p a r g e r  f a i lu r ' e  could l e a d  t o  
loss  of t h e  feedwater s y s t e m .  
F a i l u r e  of t h e  feedwater system 
i s  included i n  t h e  t r a n s i e n t  
even t  trees. Operating d a t a  
were used t o  estimate t r a n s i e n t  
even t s  with loss of feedwater.  

18. Boston Edison Co. (P i lg r im 1) # 7 1  

a. Problem. A f t e r  experiencing a 
flow b ia sed  f l u x  scram t h e  
o p e r a t o r  manually opened one 
r e l i e f  va lve  t o  reduce s y s t e m  
p r e s s u r e ,  t h e  va lve  f a i l e d  t o  
reseat. Approximately 1 0  , 0 0 0  
g a l l o n s  of  w a t e r  (primary) w a s  
d ischarged t o  t h e  t o r u s .  

b. RSS Action. Operation of a 
r e l i e f  va lve  and subsequent 
f a i l u r e  of t h e  va lve  t o  c l o s e  
r e p r e s e n t  a s m a l l  LOCA i f  t h e  
feedwater system f a i l s  t o  make- 
up t h e  c o o l a n t  inventory.  The 
t r a n s i e n t  even t  t ree  a n a l y s i s  
i nc luded  stuck-open re l ief  
va lves  f o r  both success and 
f a i l u r e  of t h e  feedwater system 
t o  supply make-up inventory.  

19.  Vermont Yankee Nuclear Power Corp. 
(Vermont Yankee) # I Z  

a. 

b. 

crs 

Problem. An i n c r e a s e  i n  s t a c k  
release ra te  w a s  experienced 
wh i l e  o p e r a t i n g  a t  1 0 0 %  power 
( 1 5 9 3  MWT). Maximum release 
rate  reached w a s  20,000 p C i /  
sec. Reactor power w a s  reduced 
t o  7 0 %  and release r a t e  reduced 
t o  1 8 , 0 0 0  p C i / s e c .  

RSS Action. Th i s  type o f  
i n c i d e n t  p e r t a i n s  t o  r o u t i n e  
e f f l u e n t  r e l e a s e s  and is n o t  
r e l e v a n t  t o  t h e  RSS s tudy of 
r e a c t o r  acc iden t s .  

20. Vermont Yankee Nuclear Power Corp. 
(Vermont Yankee) # 7 3  

a.  Problem. A f i r e  occurred i n  
t h e  s t a t i o n  u n i t  a u x i l i a r y  
t ransformer fol lowing a t u r b i n e  
t r i p  and subsequent motoring of 
t h e  main g e n e r a t o r .  Cause of 
t h e  f i r e  w a s  appa ren t  f a i l u r e  
of mal-operation of p r o t e c t i v e  
b reake r s  f o r  t h e  g e n e r a t o r  and 
t u r b i n e .  

b. RSS Action. F a i l u r e  of major 
e l e c t r i c  components t h a t  can 
r e s u l t  i n  f a i l u r e  of  t h e  elec- 
t r i c  power system t o  engineered 
s a f e t y  f e a t u r e s  is  i d e n t i f i e d  
on t h e  f a u l t  trees and i n  com- 
mon mode analyses .  

2 1 .  Niagara Mohawk Power Corp. (Nine 
M i l e  P o i n t  1) # 7 5  

a .  Problem. Premature a c t u a t i o n  
of a s a f e t y  va lve  r e s u l t e d  i n  
release of primary steam t o  t h e  
containment drywell .  A t u r b i n e  
t r i p  a l s o  occurred.  

b. FSS Action. Turbine t r i p s  o r  
i n a d v e r t e n t  s a f e t y  va lve  actua-  
t i o n s  have been covered by t h e  
t r a n s i e n t  even t  tree a n a l y s i s .  

22. Vermont Yankee Nuclear Power Co. 
(Vermont Yankee) # 7 6  

a. Problem. Turbine gland seal 
f a i l u r e  wh i l e  t u r b i n e  w a s  on 
t h e  t u r n i n g  g e a r  caused a s m a l l  
q u a n t i t y  of primary steam t o  
l e a k  from t h e  t u r b i n e  seals 
i n t o  t h e  t u r b i n e  bu i ld ing .  

b. RSS Action. T h i s  type of f a i l -  
u r e  could u o t e n t i a l l v  r e s u l t  i n  
a r e a c t o r -  shutdown- which i s  
accounted f o r  i n  t h e  t r a n s i e n t  
even t  tree a n a l y s i s .  

23. Vermont Yankee Nuclear Power Corp. 
(Vermont Yankee) # 7 7  

a. Problem. F a i l u r e  of a s t a r t  up 
t ransformer caused t h e  loss  of  
s t a t i o n  e lec t r ic  power and a 
r e s u l t a n t  scram. During t h e  
ensuing primary system t r an -  
s i e n t  t h r e e  of f o u r  r e l i e f  
va lves  a c t u a t e d  b u t  one could 
n o t  be v e r i f i e d  t o  have opened 
due t o  a thermocouple malfunc- 
t i o n .  

b. RSS Action. See comment f o r  
i t e m  14. 
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2 4 .  Vermont Yankee Nuclear Power Corp. 
(Vermont Yankee) #79 

28. 

a. Problem. While c a l i b r a t i n g  t h e  
pump speed c o n t r o l  system an 
i n c r e a s e  i n  speed o f  one recir- 
c u l a t i o n  pump occurred.  The 
ensuing t r a n s i e n t  r e s u l t e d  i n  a 
primary system p r e s s u r e  in-  
crease and an inc rease  i n  t h e  
s t a c k  release rate  from 0 . 0 5  
Ci/Sec t o  2 . 5  Ci/Sec. 

b. RSS Action. See comment f o r  
i t e m  19. 

29. 

25. Mi l l s tone  P o i n t  Co. (Mi l l s tone  
P o i n t  1) #80 

a. Problem. A manufacturing e r r o r  
t o  provide  a s p e c i f i e d  chamber 
a t  t h e  j u n c t i o n  weld between 
t h e  c o n t r o l  rod b lade  shea th  
and t h e  c o n t r o l  rod  b lade  l i m -  
i t e r  c a s t i n g  could r e s u l t  i n  a 
ledge  t h a t  would i n t e r f e r e  wi th  
f u e l  assemblies when t h e  b lade  
is wi th in  one inch  of t h e  f u l l y  
i n s e r t e d  p o s i t i o n .  

b. FSS Action. This  anomaly does 
n o t  appear  as a f a u l t  cond i t ion  
on t h e  f a u l t  t rees because in-  
s e r t i o n  t o  one inch  of f u l l  
i n s e r t i o n  i s  deemed adequate.  

30. 

26. J e r s e y  Cen t ra l  Power & Light  Co. 
(Oyster  Creek) #78 

a. Problem. A malfunct ion r e l i e f  
va lve  caused a blowdown of t h e  
primary system fo l lowing  a re- 
actor s c r a m .  During t h e  ensu- 
i n g  t r a n s i e n t  one r e l i e f  va lve  
f a i l e d  t o  reseat d ischarg ing  
50,000 g a l l o n s  of  primary 
coo lan t  t o  t h e  t o r u s .  

b. RSS Action. See comment f o r  
i t e m  18. 

27. Mi l l s tone  P o i n t  Co.  (Mi l l s tone  1) 

32. 

#85  

a.  Problem. During in spec t ion  of 
t h e  reactor i n t e r n a l s ,  c racks  
w e r e  d i scovered  i n  t h e  NE and 

maximum crack  w a s  es t imated  t o  
be 4 inches  long and 1/32 
inches wide. 

- 

NW f eedwater spargers .  The 3 3 .  

b. RSS Action. See comment f o r  
i t e m  1 7 .  

Boston Eidson C o .  (P i lgr im 1) #87 
n 

a.  Problem. S t r i k e  a g a i n s t  Boston 
Edison Co. by t h e  U t i l i t y  
Workers of America (UWUA Local 
387) .  

b. RSS Action. N o t  a p p l i c a b l e  t o  
t h e  cons ide ra t ions  def ined  i n  
t h e  Reactor Sa fe ty  Study. 

Vermont Yankee Nuclear Power Corp. 
(Vermont Yankee) # 8 9  

a.  Problem. Lightning s t r u c k  t h e  
t o p  of t h e  v e n t i l a t i o n  s t a c k  
d i s a b l i n g  one of t h e  t w o  s t a c k  
gas  monitoring systems and t h e  
a r e a  gamma r a d i a t i o n  monitor.  
T h e  l i g h t n i n g  a l s o  caused an 
explos ion  i n  t h e  off-gas  holdup 
system. 

i t e m  1 9 .  
b. RSS Action. See comment f o r  

Commonwealth Edison Co .  (Quad C i t -  
ies 2 )  # 82 

a. Problem. A l i g h t n i n g  s t r i k e  
caused f a i l u r e  of  a r u p t u r e  
d i s c  i n  t h e  of f -gas  holdup 
system. 

i t e m  19. 
b. RSS Action. See comment f o r  

Commonwealth Edison C o .  (Dresden 2 )  
$83 

a. Problem. Explosion i n  t h e  o f f -  
gas  system whi l e  making modifi-  
ca t ions .  

- 

b. RSS Action. See comment f o r  
i t e m  1 9 .  

Vermont Yankee Nuclear Power  Corp. 
(Vermont Yankee) #93 

a. Problem. Lightning s t r u c k  t h e  
v e n t i l a t i o n  s t a c k  d i s a b l i n g  
both s t a c k  gas  monitors  and t h e  
area gamma r a d i a t i o n  moniior 
a l so  caus ing  an explosion i n  
t h e  of f -gas  holdup system. 

b. RSS Action. See comment f o r  
i t e m  19. 

I o w a  E lec t r i c  Light  & Power Co. 
(Duane Arnold) #92 

a. Problem. P o s s i b i l i t y  t h a t  t h e  
f u e l  bundles have a manufactur- 
i n g  d e f e c t  i n  t h e  lower ti 
p l a t e  c a s t i n g s .  
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34. 

35. 

36. 

3 7 .  

38 .  

b. RSS Action. Defects of t h i s  
t ype  p o t e n t i a l l y  involve con- 
s i d e r a t i o n s  p e r t i n e n t  t o  flow 
blockage and emergency c o r e  
coo l ing  f u n c t i o n a b i l i t y .  See 
Appendices I and V. 

Vermont Yankee Nuclear Power Corp. 
(Vermont Yankee) #97 

a.  Problem. I n s p e c t i o n  of  f u e l  
bundles r evea led  c racks  i n  5 of  
t h e  f u e l  bundle channels.  

b. RSS Action. See comment f o r  
i t e m  33. 

Mi l l s tone  P o i n t  Co. (Mi l l s tone  
P o i n t  1) #90 

a. Problem. Assembly e r r o r s  which 
l e d  to  t h e  i n v e r t e d  i n s t a l l a -  
t i o n  of some c o n t r o l  rod 
blades.  

b. RSS Action. Analysis  i n d i c a t e s  
t h a t  t h e  f i s s i o n  process  can be 
adequately c o n t r o l l e d  even t  
with b l ades  i n s t a l l e d  i n ,  t h i s  
f a sh ion .  

Boston Edison Co. (P i lg r im 1) # 9 4  

a. Problem. Inadve r t en t  opening 
of t h e  "D" t a r g e t  r e l i e f  va lve  
and f a i l u r e  t o  r e s e a t .  

b. RSS Action. See comment f o r  
i t e m  18. 

Jersey C e n t r a l  Power and Light Co. 
(Oyster  C r e e k )  #95 

a. Problem. During r o u t i n e  
swi t ch ing  of e lec t r ic  loads  t o  
t h e  s t a r t u p  t r ans fo rmer  r e s u l t -  
ed i n  temporary loss of elec- 
t r i c a l  power t o  e s s e n t i a l  
equipment due t o  an improperly 
se t  t a p  on a d i f f e r e n t i a l  cu r -  
r e n t  r e l a y .  

b. RSS Action. The f a u l t  t ree f o r  
t h e  e lectr ical  power system 
i d e n t i f i e s  f a u l t s  which could 
cause an outage of power t o  
s a f e t y  system equipment includ-  
i n g  o p e r a t o r  e r r o r  f o r  wrong 
se t  p o i n t s .  

Vermont Yankee Nuclear Power Corp. 
(Vermont Yankee) # l o 0  , 

a. Problem. During c o n t r o l  rod 
'Triction d r i v e  tests on one 
control  rod with t h e  reactor 
v e s s e l  head removed, a s c r a m  
occurred from high f l u x  l e v e l s .  

I n v e s t i g a t i o n  r evea led  t h a t  an 
a d j a c e n t  c o n t r o l  rod w a s  i n  t h e  
f u l l y  withdrawn p o s i t i o n .  

b. RSS Analysis .  Events such a s  
t h i s  one a r e  no t  s i g n i f i c a n t  i n  
t h e  o v e r a l l  a c c i d e n t  a n a l y s i s .  

39. Baltimore G a s  and E lec t r i c  Co. 
(Ca lve r t  C l i f f s )  #67 

a. Problem. A c o n c r e t e  void i n  
t h e  area of  t h e  containment 
v e r t i c a l  tendon bea r ing  p l a t e s  
on t h e  i n s i d e  r i n g s  w a s  d e t e c t -  
ed. One void has  a depth o f  1 2  
inches encompassing a s u r f a c e  
a r e a  of  1 5  squa re  inches  ex- 
tending t o  t h e  proximity of  an 
ad jo in ing  bea r ing  p l a t e .  I n  a 
second bea r ing  p l a t e  a conc re t e  
void 6 inches deep over  a 
s u r f a c e  a r e a  of 1 0  squa re  
inches with a c rack  a t  t h e  
bottom of  t h e  void.  

b. RSS Action. Lack of  conc re t e  
c o n s o l i d a t i o n  and voids  w e r e  
c o n s t r u c t i o n  d e f i c i e n c i e s  iden- 
t i f i e d  du r ing  p l a n t  construc-  
t i o n  and p r i o r  t o  p l a n t  opera- 
t i o n .  This d e t e c t i o n  and 
c o n t r o l  i s  i n d i c a t i v e  of imple- 
mentat ion of a program of qual-  
i t y  a s su rance  du r ing  t h e  con- 
s t r u c t i o n  phase. I f  t h i s  t ype  
of d e f i c i e n c y  had remained 
undetected i n  c o n t r u c t i o n ,  it 
could have a f f e c t e d  t h e  
s t r e n g t h  of  t h e  containment 
b a r r i e r  i f  t h e  containment w e r e  
s u b j e c t e d  t o  high ove rp res su res  
a f t e r  a loss of  c o o l a n t  acci- 
den t .  Considerat ion w a s  given 
t o  t h e  p o s s i b l e  e x i s t e n c e  of 
such containment deficiencies 
i n  t h e  s t u d y ' s  e s t i m a t i o n  of 
p r e d i c t a b l e  containment f a i l u r e  
p re s su res .  See Appendix V I I I .  

40. V i r g i n i a  E lec t r ic  and Power Co. 
(Surry 1) # 6 8  

a. Problem. A bonnet gaske t  on a 
1 4  i nch  main feedwater l i n e  
check va lve  f a i l e d  r e l e a s i n g  
approximately 1000 g a l l o n s  of 
secondary system water i n t o  t h e  
containment bu i ld ing .  

b. RSS Action. Data on g a s k e t  
f a i l u r e  and valve e x t e r n a l  
leakage are a p a r t  of  t h e  d a t a  
base where c a l c u l a t i o n s  have 
been performed t o  p r e d i c t  
f a i l u r e  rates. 
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41 .  Yankee Atomic Elec t r ic  Co. (Yankee) 
3 7 4  

a. Problem. I n d i c a t i o n s  of bind- 
i n g  du r ing  o p e r a t i o n s  of  t h e  
cruciform c o n t r o l  rods prompted 
v i s u a l  i n s p e c t i o n s  which re- 
vealed two c o n t r o l  rods had 
been d i sp laced  and t h a t  t i e  
down b o l t s  f o r  t h e  shrouds had 
sepa ra t ed  and were loca ted  on 
t h e  v e s s e l  lower c o r e  suppor t  
p l a t e .  

. b. RSS Action. See comments under 
i t e m  6 r ega rd ing  c o n t r o l  rod 
binding and under i t e m  3 re- 
garding loose  p a r t s .  

42.  Southern C a l i f o r n i a  Edison Co. (San 
Onofre 1) # 8 l  

a. Problem. An earthquake with a 
magnitude of  5.2 on t h e  R ich te r  
scale w a s  d e t e c t e d  by seismic 
d e t e c t o r s .  N o  damage w a s  re- 
ported.  

b. RSS Action. The Design Ade-  
auacv Dort ion of t h e  Reactor 
gafe%yL Study checked t h e  capa- 
b i l i t y  of  a p l a n t  t o  c a r r y  t h e  
des ign  stresses produced by an 
earthquake. See Appendix X. 

43. F l o r i d a  Power and Light  Co. (Turkey 
P o i n t  3) #84 

a. Problem. Loss of  power from an 
Exide i n v e r t e r  wh i l e  instrumen- 
t a t i o n  w a s  i n  a 1 o u t  of  2 
scram l o g i c  c o n d i t i o n  caus ing  
r e a c t o r  shutdown and loss of 
of € s i t e  power. 

b. RSS Action. Analysis  of  t h i s  
t ype  of  i n c i d e n t  i s  covered i n  
t h e  e lectr ical  power system 
f a u l t  trees because t h e  f a i l u r e  
causes  r e a c t o r  shutdown. Tur- 
b i n e  t r i p  h a s  been eva lua ted  
f o r  i t s  c o n t r i b u t i o n  t o  loss of 
o f f s i t e  power t o  t h e  p l a n t .  
Its c o n t r i b u t i o n  t o  t r a n s i e n t  
i n i t i a t i n g  even t s  i s  covered by 
t h e  t r a n s i e n t  even t  tree. 

4 4 .  Southern C a l i f o r n i a  Edison Co. (San 
Onofre 1) #88 

a. Problem. While t h e  r e a c t o r  w a s  
s h u t  down and maintenance w a s  
being performed on one of t h e  
o f f s i t e  e lec t r ica l  sou rces  f o r  
t h e  p l a n t ,  t h e  a l t e r n a t e  o f f -  
s i t e  e lectr ical  f eed  t o  t h e  
p l a n t  w a s  i n t e r r u p t e d  by t h e  
i n a d v e r t e n t  a c t u a t i o n  of  a d i f -  

f e r e n t i a l  c u r r e n t  p r o t e c t i o n  
r e l a y .  This r e s u l t e d  t o  a loss 
of a l l  o f f s i t e  power i n t o  t h e O  
p l a n t ,  and t h e  c o n t r i b u t i n g  
f a u l t  w a s  a t t r i b u t e d  t o  improp- 
er  grounding of p r o t e c t i o n  sys- 
t e m s  f o r  t h e  main s t a t i o n  
gene ra to r .  The emergency on- 
s i t e  power source (provided by 
two d i e s e l  g e n e r a t o r s )  s t a r t e d  
and operated t h e  necessary 
p l a n t  h e a t  removal equipment. 
A f t e r  about 3/4 of an hour 
o p e r a t i o n ,  a malfunct ion i n  
v o l t a g e  r e g u l a t o r  f o r  one 
d i e s e l  gene ra to r  r e s u l t e d  i n  an 
overload t r i p  of  both t h e  
emergency o n s i t e  power sources .  
A momentary (about  1 minute) 
i n t e r r u p t i o n  of  t h e  emergency 
power sou rce  occurred as a 
r e s u l t  of  t h i s  common f a u l t .  

b. RSS Action. Considerat ions 
( throuqh f a u l t  trees, even t  
trees and data  a p p l i c a t i o n )  
w e r e  g iven t o  such types  of 
f a u l t s  t h a t  could r e s u l t  i n  an 
i n t e r r u p t i o n  and loss  of both 
t h e  o f f s i t e  and o n s i t e  sources  
of e lec t r ica l  power f o r  t h e  
p l a n t .  Assessment of  t h e  prob- 
a b i l i t y  and consequences from 
such an even t  as loss of  a l l  
e lectr ic  power t o  a p l a n t  w a s  
an important  p a r t  of  t h i s  s tudy  
e f f o r t .  

45. Consumers Power Company (Palisades) 
$98 and ROE 74-3 

a. Problem. Mechanical V ib ra t ions  
of  Reactor I n t e r n a l s .  Inspec- 
t i o n  r evea led  t h e  fol lowing:  

1. 

2. 

3. 

4 .  

A l l  expansion-compensating 
r i n g  b o l t s  w e r e  found bro- 
ken. 

Measurements i n  t h e  proxim- 
i t y  of  t h e  upper guide 
s t r u c t u r e  reveal t h a t  t h e  
c o r e  suppor t  b a r r e l  i s  
nominally 1 /4"  lower than  
a s - b u i l t  drawings spec i fy .  

The c o r e  suppor t  b a r r e l  
f l a n g e  has  worn a ledge i n  
t h e  v e s s e l  f l a n g e  permit-  
t i n g  t h e  core suppor t  
b a r r e l  f l a n g e  t o  be v e r t i -  
c a l l y  d i sp l aced .  

A groove approximately 
1/16" deep and 1 / 4 "  wide 
w a s  worn i n t o  t h e  reacto 
v e s s e l  head f l a n g e  when t h  
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compensating r i n g  made 
c o n t a c t  with t h e  v e s s e l  
head. 

b. RSS Action. Analysis  i n d i c a t e s  
t h i s  relates t o  ECCS funct iona-  
b i l i t y  q u e s t i o n s  which a r e  
covered i n  Appendix V. 

46 .  
P o i n t  3 & 4 )  # 9 9  

a.  Problem. U t i l i t y  workers on 
s t r i k e  with t h r e a t s  of sabotage 
of a main gene ra to r  a t  t h e  
p l a n t .  

b. RSS Action. P o t e n t i a l  acc i -  
a e n t s  due t o  sabotage have n o t  
been an e x p l i c i t  p a r t  of t h e  
Reactor S a f e t y  Study. 

47 .  Consumers Power Co.  (Milford 1 & 2 )  
# l o 1  - 
a. Problem. Def i c i enc ie s  i n  

Cadweld s p l i c i n g  of conc re t e  
r e i n f o r c i n g  ba r s .  

b. RSS Action. See comment f o r  
i t e m  3 9 .  

48. Consolidated Edison Co. ( Ind ian  
P o i n t  2 )  #lo2 

a. Problem. A c rack  i n  t h e  1 8  
inch  feedwater l i n e  t o  steam 
gene ra to r  # 2  r e s u l t e d  i n  t h e  
d i scha rge  of w a t e r  and steam t o  
t h e  containment v e s s e l .  The 
c rack  w a s  n o t  i s o l a t a b l e  from 
t h e  steam gene ra to r .  The c rack  
i s  l o c a t e d  s e v e r a l  inches 
i n s i d e  t h e  containment v e s s e l ,  
i s  c i r c u m f e r e n t i a l ,  extends ap- 
proximately one h a l f  t h e  cir-  
cumference of t h e  p i p e ,  and 

appears  t o  be a s s o c i a t e d w i t h  a 
f i l l e t  weld, j o i n i n g  t h e  end 
p l a t e  of  t h e  containment pene- 
t r a t i o n  bellows assembly t o  t h e  
feedwater l i n e .  

b. RSS Action. Pipe r u p t u r e s  f o r  
a l l  systems show on i n d i v i d u a l  
s y s t e m  f a u l t  trees. Pipe l e a k s  
and r u p t u r e s  a r e  a l s o  covered 
by t h e  d a t a  base.  

49.  V i r g i n i a  E lec t r i c  Power Co. (Surry 
1) #lo3 

a.  Problem. L o s s  of flow i n  t h e  
'A" main c o o l a n t  loop due t o  a 
broken pump s h a f t  i n  Reactor 
Coolant Pump (RCP)  "A" .  The 
break w a s  15  inches above t h e  
i m p e l l e r ,  between t h e  thermal 
b a r r i e r  and t h e  lower pump 
bearing.  

b. RSS Action. This  event  r e s u l t -  
ed i n  a loss of flow i n  one RCS 
loop. Such t r a n s i e n t s  are 
accounted f o r  i n  t h e  p l a n t  
design.  P o t e n t i a l  shutdowns of 
t h e  r e a c t o r  a r e  covered by t h e  
t r a n s i e n t  even t  tree. 

Reference 

50. Duke Power Co. (Oconee 2 )  #lo6 

a .  Problem. The f a i l u r e  of  a re- 
a c t o r  c o o l a n t  pump seal caused 
leakage of  primary w a t e r  t o  t h e  
f l o o r  of t h e  containment bu i ld -  
ing.  

b. RSS Action. Leakage due t o  t h e  
f a i l u r e  of a c o o l a n t  pump seal 
i s  w i t h i n  t h e  c a p a b i l i t y  of 
normal RCS inventory make-up 
systems. The even t  trees con- 
s i d e r  s m a l l  LOCA c o n d i t i o n s  
more seve re  than  t h i s  event .  

1. W i l l i a m s ,  H.L., " R e l i a b i l i t y  Evaluat ion of t h e  Human Component i n  Man-Machine 
Systems", Electr ical  Manufacturing, 1958,  4, 78-82. 
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n 



Pumps 

Piping (a) 

8 7 6 0  4 0 0  6 1 x 8 7 6 0  4 5 0  18 3 x 8 7 6 0  8 5 0  24  3 x 
8 7 6 0  280k 3 1 x 8 7 6 0  315k 8 3 x lo-' 8 7 0 0  5 9 5 k  11 1 x 

Diesels 

Valves 

I ns tr umen t s 

E760 24 9 3 x 8 7 6 0  27 1 2  3 x 8 7 6 0  51 2 1  3 x 
8 7 6 0  2 3 1 2  3 2  1 x 8 7 6 0  1 4 6 7  7 0  3 x 8 7 6 0  3 8 4 2  1 0 2  3 x 
8 7 6 0  2 5 6 0  6 3 x l o m 7  8 7 6 0  3 0 4 2  44 1 x 8 7 6 0  5 6 1 3  5 0  1 x lob6 

I 

TABLE Ill 3-3 AVERAGED FAILURE RATE ESTIMATES 

(Rounded to nearest half exponent) 

TABLE Ill 3-1 NUMBER OF FAILURES RY PLANT SHOWING FAILURES DURING STANDBY AND 
OPERATIONS 

1 9 7 2  
DATA 

PWR BFR COME I PJE D i 1 Vonths Lours 
Plant Oper. Oper. % % 
Type Standby Oper. Time Time Standby OPer. Reactor 

Dresden 1 BWR 1 2 1 2  8 7 6 0  3 3 . 4  66.6 

Yankee PWR 8 5 1 2  8 7 6 0  6 1 . 5  3 8 . 5  

FWR 5 7 1 2  8 7 6 0  4 1 . 7  5 8 . 3  
Indian Point 1 P w P 7 1 2  1 2  E760 3 6 . 8  6 3 . 2  

Humboldt Bay 3 
Big Rock Point BWR 4 3 1 2  8 7 6 0  5 7 . 1  4 2 . 9  

PWR 3 7 1 2  8 7 6 0  3 0 . 0  7 0 .  0 San Onofre 1 
100.6 PWR 0 3 1 2  8 7 6 0  Haddam Neck 

Nine Mile Point 1 BWF? I 1 3  1 2  8 7 6 0  3 5 . 0  6 5 . 0  

B\VR 1 0  1 9  1 2  8 7 6 0  3 4 . 5  6 5 . 5  Oyster Creek 

---- 

Ginna PWR 1 5 1 2  8 7 6 0  1 6 . 7  8 3 . 3  
BWR 8 20  1 2  8 7 6 0  2 8 . 6  7 1 . 4  Dresden 2 

Point Beach 1 PWR 2 4 1 2  E760 3 3 . 3  6 6 . 7  

Millstone 1 BWR 7 22 17 8 7 6 0  2 4 . 1  7 5 . 9  

Monticello BWR 1 0  34 1 2  8 7 6 0  2 2 . 7  7 7 . 3  

Palisades PWR 6 22 1 2  8 7 6 0  2 1 . 4  7 8 . 6  
8 6  217 204 1 4 8 , 9 2 0  xxxx X X X Y  

Robinson 2 PWR 3 1 7  1 2  8 7 6 0  1 5 . 0  8 5 . 0  

Dresden 3 9WR 4 22  1 2  9 7 6 0  1 5 . 4  8 4 . 6  

" p c "f Xs/hr NpNc nf As/hr T N P C  1'1 nf Xs/hr t Component 
I 

I (a) Failure rate given in units of per hour per foot, where 2 8 0 k  denotes approximately 2 8 0 , 0 0 0  ft. 

(b) Failure rate per hour per rod, for failure to enter. 
t 
I 

TABLE 11 I 3-4 ~VERAGED DEMArlD PROBABILITY ESTIMATES 

I(Rounded to nearest half exponent) 
i 

PPJR EWR COME I !]ED 

e,! N N )I 
n I.: N "f P C  T nf p c NT @d N !\l N p c  T @d Compon'ent 

I 
TABLE 1 1 1  3-2 NUMBER OF FAILURES BY PLANT COMPOMENT/SYSTEM 
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c.7 Reactor d 
w 

Dresden 1 1 2 3 
Yankee Rove 1 5 3 1  1 2 1 3  

1 9  Indian Point 1 1 8 1  2 2 0 2  1 2 
Humboldt day 3 1 2  1 1  1 3 3 1 2  
Big Roc!? Point 2 2 1 2 7 

Connecticut Yankee 3 3 

Nine Mile Point 1 2 
cyster Creek 1 1 2 5 4  3 

Dresden 2 3 11 1 0  4 28 

3 1  1 1 0  1 2 2 San Cnofre 1 

1 1  1 8 4  3 2 0  

1 6 3  3 2 9  
Ginna 1 1 1  1 2 6  

Point Beach 1 1 1 2 1  1 6  

3 1  6 2 9  Millstone 1 1 1 2  
Robinson 2 2 3 1 1 1  7 1  4 2 0  

2 1  6 2 44 Monticello 5 2 1 1 5 1  
Dresden 3 7 1 1 1 5  2 26 
Pa 1 i sades 7 3 1 3  1 9 3  1 2 8  

2 2  1 

TOTALS 2 0 2 3  1 2 1  3 4 4 7 4 8  1 4  11 2 7 1 3 1 0 2  24 26  303  

1 

(a) Average number of instrumentation tests obtained from histogram of test distributions for safeguard 
instrumentation. I 

T a b l e  I11 3-1 - T a b l e  I11 3-4 
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TABLE III 3-5 1 9 7 2  FAILURE CATEGORIZATION INTO RANDOM VERSUS COMMON MODE 

PWR BWR 

Random Common Mode Random Common Mode 

Reactor Number P e r c e n t  Number P e r c e n t  Number P e r c e n t  Number P e r c e n t  

Dresden 1 3 1 0 0 . 0  

YanL.ee Row 1 2  9 2 . 3  1 7 . 7  

I n d i a n  P o i n t  1 1 9  1 0 0 . 0  
H u m b o l d t  B a y  3 1 0  8 3 . 3  2 1 E . 7  

R i g  Rock  P o i n t  5 7 1 . 4  2 2 8 . 6  

S a n  O n o f r e  1 9 9 0 . 0  1 10.0 

Haddam N e c k  3 1 0 0 . 0  
N i n e  M i l e  P o i n t  1 1 7  E 5 . 0  3 1 5 . 0  

O y s t e r  C r e e l :  2 7  9 3 . 1  2 6 . 9  

G i n n a  4 6 6 . 7  2 3 3 . 3  

D r e s d e n  2 2 4  8 5 . 7  4 1 4 . 3  

P o i n t  B e a c h  1 4 6 6 . 7  2 3 3 . 3  

E l i l l s t o n e  1 2 8  9 6 . 6  1 3 . 4  

R o b i n s o n  2 1 8  9 0 . 0  2 1 0 . 0  

M o n t i c e l l o  3 7  8 4 . 1  7 1 5 . 9  

D r e s d e n  3 2 5  9 6 . 2  1 3 . 6  

P a l i s a d e s  

TOTAL 9 4  11 1 7 6  2 2  

2 5  8 9 . 3  - 3 1 0 . 7  - - - 

PWF. 
( p e r c e n t )  

BWR 
( p e r c e n t )  

A .  C o m p o n e n t  E f f e c t  

B. S y s t e m  E f f e c t  

C .  I n t e r a c t i o n  E f f e c t  

1. D e s i g n ,  e t c .  C a u s e  

2 .  Human C a u s e  

3 .  E n v i r o n m e n t  C a u s e  
4 .  Hardware C a u s e  

3.1 

18.1 

9.1 

27 .3  
1 8 . 2  

9 . 1  
_ _ _ _  

(OTHERS QUESTIONABLE) 

2 2 . 7  

4 . 5  

4 . 5  

1 3 . 6  
1 8 . 3  

1 3 . 6  

6 . 3  

Table I11 3-5 -Table I11 3-6 
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4.1 INTRODUCTION 

Section 4 
Expanded Final Data Assessment 

Tables  I11 4-1 and I11 4-2 i n  t h i s  sec- 
t i o n  p r e s e n t  as a s e p a r a t e  t a b u l a t i o n  
t h e  f i n a l  a s ses sed  d a t a  base u t i l i z e d  i n  
t h e  s tudy.  The information is e x t r a c t e d  
from t h e  t a b l e s  i n  s e c t i o n  2 and in -  
c ludes  f u r t h e r  e l a b o r a t i o n  on app l i ca -  
b i l i t y  c o n s i d e r a t i o n s  f o r  safeguard 
r e l a t e d  components. Except f o r  pumps, 
t h e  a p p l i c a b l e  environment f o r  t h e s e  
t a b l e s  c o n s i s t s  of  s t anda rd  o p e r a t i o n a l  
nuc lea r  power p l a n t  c o n d i t i o n s  (as char- 
a c t e r i z e d  i n  t h e  model d e s c r i p t i o n s ) .  
The a s ses sed  ranges cover v a r i a t i o n s  
which can o c c u r  i n  t h e s e  environments. 
Pump f a i l u r e  t o  run ,  given success fu l  
s t a r t ,  w a s  a l s o  a s ses sed  f o r  extreme 
temperature  and p r e s s u r e  c o n d i t i o n s  
c h a r a c t e r i z i n g  a s e v e r e  acc iden t .  Table 
I11 4-3 g i v e s  a d d i t i o n a l  d a t a  a s ses s -  
ments f o r  post-accident  cond i t ions  f o r  
c e r t a i n  o t h e r  components r e l e v a n t  t o  t h e  
s tudy.  A d i s c u s s i o n  i s  provided f o r  a 
component when f u r t h e r  r e l e v a n t  d e t a i l s  
are a p p l i c a b l e .  

The t a b l e s  c o n t a i n  t h e  a s ses sed  ranges 
f o r  t h e  d a t a ,  t h e  median va lue  o f  t h e  
range and t h e  e r r o r  f a c t o r .  The range 
r e p r e s e n t s  a 90% p r o b a b i l i t y ,  o r  ("con- 
f idence  l e v e l " ) ,  a s s o c i a t e d  wi th  t h e  
random v a r i a b l e  approach. The median is 
a r e f e r e n c e  v a l u e  f o r  t h e  range; t h e r e  
is  a 50-50 chance t h a t  t h e  d a t a  v a l u e  is 
e i t h e r  h ighe r  o r  lower than t h e  median 
value.  The e r r o r  f a c t o r  is t h e  upper 
l i m i t  o f  t h e  range d iv ided  by t h e  median 
value.  S ince  t h e  median i s  t h e  geomet- 
r i c  midpoint,  t h e  e r r o r  f a c t o r  is a l s o  
t h e  median d iv ided  by t h e  lower l i m i t .  
The va lues  given i n  t h e  t a b l e s  a r e  
rounded t o  t h e  n e a r e s t  h a l f  exponent 
va lue  ( i .e . ,  1 o r  3 appearing as t h e  
s i g n i f i c a n t  f i g u r e ) .  Un i t s  f o r  t h e  d a t a  
are p r o b a b i l i t y  p e r  demand, "d",  o r  p e r  
hour , *'hrvr.  

4.1.1 NOTES ON PUMPS ' 

a. T e s t  and Maintenance. 

General ly ,  t hose  t es t  and mainte- 
nance s i t u a t i o n s  where an o v e r r i d e  
f e a t u r e  can au tomat i ca l ly  r e t u r n  t h e  
pump (o r  o t h e r  dev ices )  t o  opera- 
t i o n a l  s t a t u s ,  given demand w i l l  
have no t es t  and maintenance cont r i -  
bu t ion  t o  u n a v a i l a b i l i t y .  D i s t r ibu -  
t i o n s  on t es t  and maintenance ac t  
d u r a t i o n s  a r e  used t o  account  f o r  

v a r i a t i o n s  i n  t h e  t i m e s  r equ i r ed  t o  
complete t h e  act  from p l a n t  t o  p l a n t  
o r  s i t u a t i o n  t o  s i t u a t i o n .  Tes t ing  
t i m e s  i nc lude  t h e  t i m e  r equ i r ed  t o  
make t h e  minor r e p a i r s  i n c i d e n t a l  t o  
t h e  tests . 
Tes t ing  t h e  pumps wi th in  t h e  s a f e t y  
systems r e q u i r e s  i s o l a t i o n  of  t h e  
pump under t es t  i n  t h e  ma jo r i ty  of  
cases. This r e s u l t s  i n  a con t r ibu -  
t i o n  t o  u n a v a i l a b i l i t y  due t o  pump 
downtime. I n  g e n e r a l ,  t h e  probabi- 
l i s t i c  c o n t r i b u t i o n  i s  de r ived  from 
t h e  t es t  a c t  d u r a t i o n  t i m e  which 
ranges ( 9 0 % )  from 1 5  minutes t o  4 
hours under a log-normal d i s t r i b u -  
t i o n .  i From t h i s  range,  t h e  mean 
tes t  d u r a t i o n  t i m e  (downtime) i s  

t e s t ) .  
t hus  1 . 4  hours  ( t D  = 1.4 hours  f o r  

Maintenance on t h e  pumps ranges i n  
d u r a t i o n  from 30 minutes t o  s e v e r a l  
days. From t h i s  range t h e  mean 
maintenance ac t  d u r a t i o n  t D  i s  37 
hours. Maximum ou tage  du r ing  pow- 
e red  o p e r a t i o n  may be l i m i t e d  t o  24 
hours on pumps o t h e r  t han  those  
l o c a t e d  i n s i d e  containment. U s e  of  
t h e  24 hour l i m i t  as an upper bound 
g i v e s  a mean maintenance act  dura- 
t i o n ,  ( t D ) ,  of 7 hours.  Pumps lo- 
c a t e d  i n s i d e  t h e  containment v e s s e l  
are pe rmi t t ed  by s p e c i f i c a t i o n  t o  be 
down s i n g l y  f o r  a maximum of  72 
hours  du r ing  p l a n t  ope ra t ion .  The 
a s s o c i a t e d  mean d u r a t i o n  t i m e  f o r  
t h e s e  p a r t i c u l a r  pumps is t D  = 1 9  
hours. 

I n  g e n e r a l ,  t h e  tes t  pe r iod  €or 
s a f e t y  system pumps is f i x e d  by t h e  
s p e c i f i c a t i o n  a t  monthly i n t e r v a l s .  
The t es t  frequency is t h e r e f o r e  ap- 
proximately c o n s t a n t  a t  1 /act pe r  
month. The nominal t e s t  con t r ibu -  
t i o n  t o  u n a v a i l a b i l i t y ,  QT, is t h e  
r a t i o  of  mean t e s t  act  d u r a t i o n  t i m e  
( t D )  , t o  t es t  i n t e r v a l .  

tD 
'QT = #Hrs/Month 

'See s e c t i o n  on t es t  and maintenance 
d a t a .  
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Non-routine maintenance ranges from 
monthly t o  y e a r l y  with a mean pump 
maintenance i n t e r v a l  of  4.5 months/ 
act  o r  a mean frequency o f  mainte- 
nance of  0 .22  acts/month. The main- 
tenance c o n t r i b u t i o n  t o  unava i l ab i l -  
i t y  QM i s  a f u n c t i o n  of  t h e  
maintenance frequency ( f )  , mean 
maintenance a c t  d u r a t i o n  ( t D )  , and 
maintenance i n t e r v a l .  The equat ion 
f o r  QM i s  given by t h e  equa t ion  

when t D  i s  now t h e  average mainte- 
nance downtime. S u b s t i t u t i n g  va lues  
i n t o  t h e  above equa t ions  w i l l  g ive  
numerical va lues  f o r  QM. 

b. Environments. 

The s a f e t y  pumps l o c a t e d  o u t s i d e  
containment are n o t  l i k e l y  t o  be 
s u b j e c t e d  t o  abnormal environmental 
c o n d i t i o n s  i n  t h e  even t  of  t h e  
assumed l o s s  of  c o o l a n t  a c c i d e n t  
w i th  t h e  except ion of  a temporary 
change i n  temperature  and r a d i a t i o n  
l e v e l  of the  pumped f l u i d .  S ince  
t h e s e  pumps are designed f o r  such 
c o n d i t i o n s ,  t h e  assessments  f o r  
o u t s i d e  pumps are based on perform- 
ance d a t a  from s imi l a r  pumps opera- 
t i n g  under des ign  cond i t ions .  

The pumps l o c a t e d  i n s i d e  containment 
may be s u b j e c t e d  t o  a much more 
s e v e r e  environment du r ing  t h e  pe r iod  
from t h e  a c c i d e n t  t o  t h e  t i m e  t h a t  
t h e  s a f e t y  system can reduce t h e  
temperature ,  p r e s s u r e ,  humidity,  and 
r a d i a t i o n  l e v e l s  t o  near  normal. 
This  extreme environmental  cond i t ion  
has  a chance of subs id ing  w i t h i n  2 4  
hours. 

The l e v e l s  of  t h e  immediate post-  
a c c i d e n t  environment cannot be de- 
termined e x a c t l y ,  bu t  c o n d i t i o n s  
g e n e r a l l y  r e p r e s e n t a t i v e  of t h e  ac- 
c i d e n t  w e r e  used i n  a series of pump 
q u a l i f i c a t i o n  tests f o r  t h e  i n s i d e  
pumps. These tests w e r e  non- 
exhaust ive.  The r e s u l t s  of t h e s e  
tests and experience d a t a  from pump 
performance i n  t es t  r e a c t o r s  oper- 
a t i n g  a t  extremely high temperatures  
w e r e  considered i n  making t h e  as- 
sessments f o r  pumps i n s i d e  contain-  
ment. Recovery t o  nea r  normal envi- 
ronmental c o n d i t i o n s  i s  l i k e l y  t o  
i n c r e a s e  t h e  p r o b a b i l i t y  o f  cont in-  
ued pump ope ra t ion .  Experience and 
t e s t i n g  ( R e f .  1, 2 ,  3 ,  4 )  have re- 
vealed,  however, some degradat ion i n  
l u b r i c a n t s ,  bea r ings ,  and motor in-  

s u l a t i o n  a f t e r  exposure,  p o s s i b l y  
degrading pump performance given 
s u r v i v a l  o f  t h e  i n i t i a l  24-hour per-  
iod.  To account  f o r  t h e  p o t e n t i a l  
deg rada t ion ,  a f a i l u r e  p r o b a b i l i t y  
between normal and abnormal condi- 
t i o n s  i s  assigned with s u f f i c i e n t  
a s s o c i a t e d  u n c e r t a i n t i e s  t o  account  
f o r  t h e  p o s s i b i l i t y  of  dev ia t ions .  

n 

4.1 .2  NOTES ON VALVES 

a. F a i l u r e  Modes. 

F a i l u r e  o f  a va lve  t o  o p e r a t e  
inc ludes  changing s ta te  from c l o s e d  
t o  open o r  open t o  c losed.  F a i l u r e  
t o  remain open (plug)  r e f e r s  t o  
r educ t ion  o f  flow t o  an unusable 
l e v e l  due t o  f o r e i g n  material  o r  
g a t e  f a i l u r e ,  etc.  Not included i n  
t h e  data is t h e  c o n t r i b u t i o n  f o r  an 
i n a d v e r t e n t  o r  f a l s e  s i g n a l  d r i v i n g  
va lves  c losed .  I n s t a n c e s  of  valve 
g a t e s  s e p a r a t i n g  from d r i v e  stems 
and lodging i n  a c losed  p o s i t i o n  
(while  t h e  v a l v e  monitors continued 
t o  i n d i c a t e  open) have been r epor t ed  
i n  nuc lea r  o p e r a t i n g  experience.  

b. T e s t  and Maintenance. 

Motor ope ra t ed  va lve  t es t  act  dura- 
t i o n  t i m e s  range from 1 5  minutes t o  
2 hours  ( 9 0 %  range) wi th  a mean t e s t  
t i m e  t D  of  0 .86  hours (log-normal).  
No downtime tes t  c o n t r i b u t i o n  i s  
ob ta ined  i f  t h e  va lve  has  a tes t  
o v e r r i d e  f e a t u r e  which au tomat i ca l ly  
r e t u r n s  t h e  va lve  t o  a n  o p e r a t i o n a l  
s t a t u s  given demand. The p o s i t i o n  
monitors used on automatic  va lves  
d e t e c t  t h e  p o s i t i o n  of  va lve  d r i v e ;  
they do n o t  determine flow o r  posi-  
t i o n  o f  va lve  g a t e .  Hence monitor- 
i n g  does no t  i n f l u e n c e  f a u l t  dura- 
t i o n  t i m e  f o r  f a i l u r e  t o  remain open 
(plug)  f a i l u r e  modes. 

Valve outages f o r  maintenance range 
from 30 minutes t o  s e v e r a l  days with 
a mean maintenance d u r a t i o n  t D  o f  24  
hours. Maintenance acts  on c e r t a i n  
va lves  may be l i m i t e d  t o  2 4  hours  
du r ing  powered o p e r a t i o n s  by speci-  
f i c a t i o n .  Under t h e s e  cond i t ions  
t h e  mean act  d u r a t i o n  t i m e  t D  i s  7 
hours. The mean maintenance act  
frequency f i s  0.22 acts p e r  month. 
Thus , 

where t D  i n  t h e  f i r s t  equat ion is 
t h e  tes t  downtime and i n  the second 
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equat ion maintenance downtime. Sub- 
, s t i t u t i n g  w i l l  y i e l d  t h e  a p p l i c a b l e  

numerical  va lues  f o r  QT and QM. ikr) 
c. Environments. 

I n  g e n e r a l ,  va lves  w i t h i n  t h e  s a f e t y  
system o p e r a t e  on demand w i t h i n  a 
few minutes a f t e r  t h e  acc iden t .  
Hence degrada t ion  due t o  post-  
a c c i d e n t  environments is deemed n o t  
s i g n i f i c a n t  w i t h i n  t h e  a s s o c i a t e d  
u n c e r t a i n t i e s .  

4.1.3 NOTES ON P I P E  - TESTING 

C e r t a i n  s a f e t y  p ip ing  i s  t e s t e d  monthly 
du r ing  t h e  tes ts  on pumps w i t h i n  t h e  
s a f e t y  system. C e r t a i n  p o r t i o n s  of  t h e  
p ip ing  however are incapable  of  being 
p e r i o d i c a l l y  tested except  du r ing  t h e  
i n i t i a l  tes ts  p r i o r  t o  f i n a l  l i c e n s i n g  
of t h e  p l a n t .  

Therefore  t h e  f a i l u r e  ra te  assessments 
w e r e  a p p l i e d  t o  both standby p ipes  
( s a f e t y )  and a c t i v e  p i p e s  (p rocess )  w i th  
l a r g e  u n c e r t a i n t i e s  t o  account f o r  t h e  
p o s s i b i l i t y  o f  e i t h e r  extreme. The 
s a f e t y  assessments  are given i n  u n i t s  of 
pe r  s e c t i o n  p e r  hour w i t h  a s e c t i o n  
de f ined  as an average l e n g t h  between 
major d i s c o n t i n u i t i e s  such as va lves ,  
pumps, etc. (approximately 1 0  t o  100  
f e e t ) .  Each s e c t i o n  can inc lude  s e v e r a l  
welds, elbows and f l anges .  See s p e c i a l  
assessment s e c t i o n  of  t h i s  appendix f o r  
more d e t a i l s .  

4 .1 .4  NOTES ON MOTORS 

I n  many i n s t a n c e s ,  pumps and va lves  
wi th in  t h e  s a f e t y  system are d r iven  by 
e lec t r ic  motors. Ava i l ab le  experience 
d a t a  do n o t  p e r m i t  s e p a r a t i o n  o f  motor 
f a i l u r e  from pump f a i l u r e .  Therefore ,  
separate motor f a i l u r e  rates for pump 
and v a l v e  d r i v e  motors should no t  be 
included.  The assessments  above app ly  
t o  those  e lec t r ic  motors t h a t  func t ion  
independent ly  of  t h e  pump and valves .  

4.1.5 NOTES ON RELAYS - FAILURE MODES 

The a v a i l a b l e  d a t a  do n o t  completely 
i s o l a t e  separate causes  o f  f a i l u r e ;  
hence t h e  above f a i l u r e  modes are n o t  
n e c e s s a r i l y  independent. Fox example, 
f a i l u r e  rates f o r  f a i l u r e  t o  e n e r g i z e  
inc ludes  f a i l u r e  o f  t h e  normally open 
c o n t a c t s  t o  close. Hence r e l a y  and 
c o n t a c t  f a i l u r e  rates i n  g e n e r a l  should 
n o t  be  combined t o g e t h e r  t o  determine 
o v e r a l l  r e l a y  f a i l u r e  rates. I n d i v i d u a l  
c o n t r i b u t i o n s ,  however, can be employed 
where t h e r e  are i n d i v i d u a l ,  s e p a r a t e  
e f f e c t s  on t h e  system. Examples are 

u i l u r e  of c o n t a c t  of  a m u l t i p l e  c o n t a c t  

r e l a y ,  o r  s h o r t s  t o  power (which could 
e f f e c t  power c i r c u i t )  i f  t h e s e  modes 
have a unique, i n d i v i d u a l  e f f e c t  on t h e  
system. 

4.1.6 NOTES ON SWITCHES - FAILURE MODES 

The d a t a  do n o t  uniquely s e p a r a t e  t h e  
causes o f  f a i l u r e ;  hence t h e  above 
f a i l u r e  modes a re  n o t  n e c e s s a r i l y  inde- 
pendent. F a i l u r e  t o  o p e r a t e  inc ludes  
f a i l u r e  of  c o q t a c t s .  I n  g e n e r a l ,  t h e  
c o n t a c t  c o n t r i b u t i o n  should n o t  be added 
t o  the  swi t ch  c o n t r i b u t i o n  t o  determine 
o v e r a l l  switch f a i l u r e  ra te .  As wi th  
r e l a y s ,  when s e p a r a t e ,  i n d i v i d u a l  e f -  
f e c t s  occur ,  i n d i v i d u a l  c o n t a c t  c o n t r i -  
bu t ions  can be computed (such as f o r  
m u l t i p l e  c o n t a c t  s w i t c h e s ) .  

4 .1 .7  NOTES ON BATTERIES - FAILURE 
MODES 

The emergency d c  power system involves  
58-60 series connected lead cadmium o r  
l e a d  calcium b a t t e r y  ce l l s  t o  form a 125 
v o l t  supply.  Two 125 v o l t  systems a r e  
series connected t o  o b t a i n  250 v o l t s .  
These b a t t e r i e s  are c o n s t a n t l y  charged 
by cha rge r s  and t h e  open c i r c u i t  ou tpu t  
vo l t age  monitored a t  r e g u l a r  i n t e r v a l s .  
The s i g n i f i c a n t  f a i l u r e  mode i n  t h i s  
arrangement involves  f a i l u r e  t o  provide 
adequate o u t p u t  v o l t a g e  under emergency 
load c o n d i t i o n s .  F a i l u r e s  by s h o r t s  t o  
ground o r  i n t e r n a l  s h o r t s  w i t h i n  ce l l s  
are l i k e l y  t o  be d e t e c t e d  qu ick ly  wi th  
n e g l i g i b l e  r e s u l t i n g  f a u l t  d u r a t i o n  
t i m e .  

4.1.8 NOTES ON SOLID STATE DEVICES 

a. Environments. High power app l i ca -  
t i o n  i s  de f ined  as a p p l i c a t i o n  i n  
. c i r c u i t s  involving c u r r e n t s  of 1 
ampere o r  above and/or v o l t a g e s  - 28 
v o l t s  and above. 

b. F a i l u r e  Modes. The a v a i l a b l e  d a t a  
ao n o t  pe rmi t  s e p a r a t i o n  of  t h e  
causes  of  f a i l u r e  i n  a l l  cases; 
hence t h e  above f a i l u r e  modes are 
n o t  independent.  F a i l u r e  rates f o r  
s h o r t s  should n o t  be added t o  rates 
f o r  f a i l u r e  t o  f u n c t i o n  un le s s  
s p e c i a l  c o n s i d e r a t i o n  o f  s h o r t  
f a i l u r e s  is necessary due t o  unique 
e f f e c t s  on t h e  system. 

The r e l a t i v e l y  l a r g e  e r r o r  f a c t o r s  
on s o l i d  s ta te  device assessments 
reflect  t h e  p o t e n t i a l  v a r i a t i o n  from 
a p p l i c a t i o n  t o  a p p l i c a t i o n .  For 
p a r t i c u l a r  s i t u a t i o n s ,  a d e t a i l e d  
a n a l y s i s  could y i e l d  narrower 
bounds. 

111-41 



4.1 .9  NOTES ON DIESELS 

a. T e s t  and Maintenance. C e r t a i n  spe- 
c i f i c  tests on emergency d i e s e l  
g e n e r a t o r s  r ende r  t h e  power p l a n t  
unava i l ab le  f o r  use i n  t h e  event  of  
a demand on t h e  equipment. The 
d u r a t i o n  of  t h e s e  tes ts  ranges from 
15  minutes t o  4 hours wi th  a mean 
tes t  ac t  d u r a t i o n  t i m e  t D ,  of 1 . 4  
hours. 

Maintenance acts  on d i e s e l s  range i n  
d u r a t i o n  from 2 hours  t o  1 6 0  hours.  
The mean maintenance ac t  d u r a t i o n  i s  
2 1  hours. I f  s p e c i f i c a t i o n s  l i m i t  
t h e  maximum d i e s e l  outage du r ing  
p l a n t  o p e r a t i o n  t o  2 4  hours  t h e  
a s s o c i a t e d  mean i s  then  1 3  hours. 

b. F a i l u r e  Modes. The demand p robab i l -  
i t i e s  on f a i l u r e  t o  s t a r t  involves  
t h e  complete p l a n t  i nc lud ing  s tar t -  
ers, pumps and f u e l i n g  systems. 
Because o f  p o s s i b l e  v a r i a n c e  i n  t h e  
redundancy o f  a u x i l i a r y  equipment, 
t h e  o p e r a t i o n a l  f a i l u r e  ra te  f o r  t h e  
engine i s  sepa ra t ed  from t h e  
o p e r a t i o n a l  f a i l u r e  ra te  f o r  t h e  
complete power g e n e r a t o r  system. 

c. Environments. These above d a t a  
apply t o  d i e s e l  o p e r a t i o n  i n  normal 
environments. Diesels ope ra t ing  i n  
extreme weather c o n d i t i o n s  o r  with 
exhaust  o u t l e t s  near  t h e  i n t a k e  a i r  
v e n t s ,  e tc . ,  may have s i g n i f i c a n t l y  
higher  o p e r a t i o n a l  f a i l u r e  rates due 
t o  t h e  s e n s i t i v i t y  of  t h e  system t o  
i n t a k e  a i r  q u a l i t y .  These should be 
a s ses sed  on an i n d i v i d u a l  b a s i s .  

4 . 1 . 1 0  NOTES ON INSTRUMENTATION - 
FAILURE MODES 

The d a t a  f o r  s h i f t  i n  c a l i b r a t i o n  incor-  
p o r a t e  a v a r i a t i o n  of d r i f t  magnitude. 
These d a t a  may be p e s s i m i s t i c  i f  used 
f o r  i n s t rumen ta t ion  wi th  wide opera- 
t i o n a l  t o l e r a n c e  bands. I n  t h e s e  c a s e s  
i n d i v i d u a l  assessment should be 
performed . 
The r e l a t i v e l y  l a r g e  e r r o r  f a c t o r s  asso- 
c i a t e d  wi th  in s t rumen ta t ion  assessments 
r e f l e c t  t h e  wide v a r i a t i o n  i n  configura-  
t i o n  from a p p l i c a t i o n  t o  a p p l i c a t i o n .  
For any p a r t i c u l a r  i n s t rumen ta t ion  sys- 
t e m ,  a d e t a i l e d  a n a l y s i s  may be done t o  
o b t a i n  narrower bounds. 

4 .1 .11  NOTES ON WIRES AND TERMINAL 
BOARDS - FAILURE MODES 

The f a i l u r e  rates f o r  wires are based on 
a t y p i c a l  c o n t r o l  c i r c u i t  w i r e  s e c t i o n  
with so lde red  and l u g  connect ions t o  
components and t e rmina l  boards. The 

1 1 1 - 4 2  

c i r c u i t  c o n s i s t s  of  approximately 
connect ions wi th  approximately 20 iF (& 
t h e s e  connect ions comprised of  l u g  ter- 
minals  on t e rmina l  boards. 

The d a t a  do n o t  permit  a unique separa- 
t i o n  of  f a i l u r e  modes i n  a l l  cases; 
hence t h e  f a i l u r e  modes l i s t e d  f o r  w i r e s  
and t e rmina l s  are no t  n e c e s s a r i l y  inde- 
pendent. P r o b a b i l i t i e s  f o r  d e f e c t i v e  
t e rmina t ions  should no t  i n  gene ra l  be 
added t o  w i r e  p r o b a b i l i t i e s  t o  o b t a i n  
o v e r a l l  c i r c u i t  p r o b a b i l i t i e s .  Sepa ra t e  
t e rmina l  board d a t a  are  provided f o r  
those cases i n  which unique system 
e f f e c t s  e x i s t .  

4.2 SUMMARY OF POST ACCIDENT 
ASSESSMENTS 

Table I11 4-3  summarizes t h e  assessments 
p e r t a i n i n g  t o  l e a k  f a i l u r e s  of t h e  con- 
tainment system, and t h e  a s s o c i a t e d  
hardware i n  t h e  post-accident  s i t u a t i o n .  
A t  t h e  t i m e  of  a s e v e r e  loss-of-coolant  
a c c i d e n t  t h e  p r e s s u r e  wi th in  t h e  con- 
tainment system may rise t o  40-45 p s i g  
from normal o p e r a t i n g  p res su res .  This 
p r e s s u r e  r i se  is  expected t o  be r a p i d ,  
but  should subs ide  i n  a few minutes i f  
t h e  s a f e t y  system performs as intended.  
I n  t h e  even t  o f  s a f e t y  system f a i l u r e ,  
t h e  cond i t ions  may exceed t h e  des ign  
l i m i t s  of  t h e  system. Those assessments  
de r ived  from d a t a  from hardware oper- 
a t i n g  w i t h i n  des ign  l i m i t s  apply on ly  t o  
cond i t ions  given safeguard system opera- 
t i o n .  

4 . 2 . 1  NOTES ON CONTAINMENT HARDWARE - 
TEST 

Normally t h e  containment system i s  a t  o r  
s l i g h t l y  below atmospheric p r e s s u r e  wi th  
continuous monitoring o f  t h e  i n t e r n a l  
containment environment; hence s i g n i f i -  
c a n t  l e a k s  o c c u r r i n g  p r i o r  t o  an  acci- 
d e n t  should be qu ick ly  de t ec t ed .  The 
c a p a b i l i t y  of  t h e  system t o  withstand 
high p r e s s u r e  is v e r i f i e d  a t  t h r e e  y e a r  
i n t e r v a l s  by p r e s s u r i z i n g  t h e  system t o  
t h e  design l e v e l s .  

4 . 2 . 2  GENERAL DATA BEHAVIOR 

The assessments used i n  t h e  s tudy  are 
grouped and p l o t t e d  i n  t h e  fol lowing 
f i g u r e s  t o  show t r e n d  and class behav- 
i o r .  I n  t h e  assessment p rocess ,  t h e s e  
types of  p l o t s  were also used t o  h e l p  
check t h e  o v e r a l l  cons i s t ency  of  t h e  
f i n a l  d a t a  base.  

re la t ive f a i l u r e  assessments  f o r  
Figure I11 4-1  i s  a summary of  



I classes of  switching components.l The 
assessments are p l o t t e d  a s  demand 
f a i l u r e  p r o b a b i l i t i e s ,  and are shown i n  
descending o r d e r  of  magnitude. 

Figure I11 4-2 i s  a summary of t h e  
r e l a t i v e  f a i l u r e  assessments  f o r  f i v e  
classes o f  valves .  The assessments  a r e  
p l o t t e d  a s  demand f a i l u r e  p r o b a b i l i t i e s ,  
and are shown i n  descending o r d e r  of  
magnitude. 

F igu re  I11 4-3 i s  a summary of t h e  
assessments f o r  t h e  o p e r a t i o n a l  f a i l u r e  
ra te  of pumps, given proper  start f o r  
t h r e e  d i f f e r e n t  environmental  l e v e l s .  

I 

I 

The p l o t s  a r e  i n  o p e r a t i o n a l  f a i l u r e  
rates pe r  hour and are  shown i n  decreas-  
i n g  s e v e r i t y  of  t h e  environment. 

Figure I11 4-4 i s  a summary of t h e  
demand f a i l u r e  p r o b a b i l i t i e s  f o r  f o u r  
gene ra l  classes o f  hardware. Class 1 
con ta ins  heavy mechanical equipment such 
as d i e s e l  g e n e r a t o r s ;  Class 2 e l e c t r o -  
mechanical dev ices  such as motors,  
c l u t c h e s ,  etc. ;  C las s  3 i nc ludes  mechan- 
i c a l  dev ices  such as pumps and va lves ;  
and C l a s s  4 e lec t r ica l  equipment such as 
c i r c u i t  b reake r s ,  r e l a y s ,  e t c .  

F igu re  I11 4-5 i s  a summary of t h e  g ross  
l e a k  and r u p t u r e  assessments f o r  t h e  
pas s ive  safeguard and containment asso- 
c i a t e d  hardware. 'The f i g u r e s  are a t  t h e  end of  t h e  t e x t .  
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TABLE Ill 4-1 SUMMARY OF ASSESSMENTS FOR MECHANICAL HARDWARE TABLE Ill 4-1 (Continued) TABLE 111 4-1 (Continued) 

Computational Error 1 
Assessed Range Factor I Median 

Failure Elode Components Computational E~~~~ 
Median Factor Components Failure Mode Assessed Range 

Computational Frror 
Factor Failure Mode Assessed Rar.ge Conponents 

Med i a n 

Pumps 

(includes 
- Test Valves, 

Flow Meters, 

Orif ices: Failure to remain 

Solenoid 

Operated : Failure to operate, 

‘d ’ 

Failure to remain 

open, Qd(plug) : 

Rupture, ; i s :  lxlO-’ - lxlO-’l/hr 

3 1x10-3/d 

- 3 ~ 1 0 - ~ / d  1x10-4/d 

(d) . ~ x I O - ~  - 3 ~ 1 0 - ~ / d  

3 

10 lx10-8/hr 

driver) : Failure to start 
on Demand , Q ~ ( ~ ) :  3x10-~ - 3 ~ 1 0 - ~ / d  1x1~-3/d 3 

3 ~ 1 0 - ~  - 3~10-~/hr 3 ~ 1 0 - ~ / h r  10 

3 

10 Failure to run, 

given start, Xo 
(normal environ- 

ments) : 

Failure to run, 

given start, A. 

(extreme, post 

accident environ- 

ments inside 

containment) : 

Failure to run, 

given start, h o  

(post accident, 

after environ- 

mental recovery): 

Pipes 

PiFe 3” 

dia per 

sect ion : Rupture/Plug , 
A s ‘  io: 

P i p e  > 3” 

dia per 

section: Rupture/Plug, 

lxlO-lO/hr 30 3 ~ 1 0 - l ~ -  3xlO-’/hr A s ,  i. : 

C lu tc h , 
mechanical: Failure to operate, 

Qd (d) : 1x1~-4 - 1x10-3/d 3x1 0 -4/d 3 
Scram Ross 

(Single) : Failure to insert: 3 x i ~ - ~  - 3 ~ i O - ~ / d  3 - 4  ixl0 /d 

Air-Fluid 

Operated : Failure to operate, 

Qd (a) : 1x10-4 - 1x10-3/d 

Failure to remain 

open, ad (plug) : - 3x10-~/d 

A s :  l ~ l O - ~  - lx10-6/hr 

Rupture, is: lxlO-’ - l~lO-~/hr 

.) 

3 

3 

10 

3 

3 

10 

3 

3x16-’I - 3~10-~/hr 1x1 O-’/hr 30 

1 ~ 1 0 - ~  - IxlO-*/hr I~lO-~/hr 10 

I 

I 

Check 

Val.ves : Failure to open, 
Qd: ~ x I O - ~  - 3 ~ 1 0 - ~ / d  

Internal leak, Xo 
(severe) : l ~ l O - ~  - lx10-6/hr 

lxlO-’ - l~lO-~/hr Rupture, h : 

lX1 o - ~  /d 

3x1 O-’l/hr 

1xlOW8/hr 

Valves 

Motor 

Operated : Failure to operate, 

Q, (includes 
driver) (b) : 

Failure to remain 

lX1 0- /d 3 
-4 

3x10 - 3 ~ 1 0 - ~ / d  

open, Qd (plug) : 3x10-~ - 3 ~ 1 0 - ~ / d  1x10-4/d 3 

A :  l ~ l O - ~  - lx10-6,’hr 3~10-~/hr 3 

Rupture, A s :  MO-’ - l~lO-~/hr lx10-8/hr 10 

(a) Demand probabilities are based on the presence of proper input control signals. 
For turbine driven pumps the effect of failures of valves, se:>sors and other 
auxiliary hardware may result in significantly higher overali failure rates 
for turbine driven pump systems. 

(b) Demand probabilities are based on presence of proper input control signals 

(c) Plug probabilities are given in demand probability, and per hour rates, since 
phenomena are generally time dependent, but plugged condition may only be 
detected upon a demand of the system. 

(d) Demand probabilities are based on presence of proper input contro; signals. 

Vacuum 

Valve: Failure to operate, 

1x1~-5 - 1x10-4/d ad: 3x1 0-  ’/d 

Manual 

Valve: Failure to remain 
open, Qd (plug): ~ x I O - ~  - 3x10-~/d 1x10-4/d 

Rupture, X : lxlO-’ - lxlO-’l/hr lxlO-’/hr 

3 

10 

3 

3 

Relief 

Valves: Failure to open, 
Qd: 3 ~ 1 0 - ~  - 3x10-’/d lX  10- 5/d 

Premature open, 
io: 3 ~ 1 0 - ~  - 3~10-~/hr l~lO-~/hr 

Table I11 4-1 
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TABLE Ill 4-2 SUMMARY OF ASSESSMENTS FOR ELECTRICAL EQUIPMENT TABLE I l l  4-2 (Continued) TABLE Ill 4-, TABLE Ill 4-2 (continued) (Continued) 

Computational Error 
Median Factor Failure Mode Assessed Range Components Failure Mode Computational Error 

Median Factor 
Components Failure Mode 

Computational Error 
Assessed Range ’ Median Factor 

Computational Error 
Median Factor Assessed Range Component 6 Components Failure Yo2e Assessed Range 

Transformers : Open Circuit 
primary or 

secondary, A : 

Short primary to 
secondary, io: 

Solid State 

Devices, Hi 

power Appl i- 

cations (diodes, 

transistors, 

etc.) : Fails to function 

A :  

Fails shorted, 

A :  

Solid State 

Devices, 

LOW power 

Applications: Fails to function 
A :  

Fails shorted: 

Circuit 

Breakers : Failure to transfer, 

Qd (a) : - 3~10-~/d 1x10-3/d 
Premature transfer, I 

3xio-’l - 3~10-~/hr lx10-6/hr A :  

Switches 

Ins t rumen tr 

tion - Gent 
(Includes 

transmi ttei 

amplifier i 

output 

device) : 

Clutch, 
Electrical: Failure to operate, 

Qd (a) : 1x1~-4 - 1x10-3/d /d 

Premature dis- 

engagement, io: lxlO-’l - l~lO-~/hr lx10-6/hr 

3x10-7 - 3~10-~/hr lxlO-‘/hr 3 

lx10-6/hr 3 3xiO-’l - 3~10-~/hr 

I 

3 

10 

Failure to Operate, 

Shift A : in calibra- 

tion, A o :  

Failure to open, 

Qd: 

A o :  

Premature open, 

Motors, 
Electric: Failure to start, 

Qd(a) : 1x1~-4 - 1x10-3/d 3x 10- /d 

lx10-6/hr lx10-’l - l~lO-~/hr 

3 ~ 1 0 - ~ / h r  3x10-‘ - 3~10-~/hr 

1x1~-5/d 3x10-‘ - 3 ~ 1 0 - ~ / d  

lx10-6/hr 3~10-’l - 3xlO-‘/hr 

10 

10 

3 

3 

3 Limit: Failure to operate, 
lx10-4 - lX10-3/A Qd: 

Failure to run, 

given start, A. 
(normal environ- 

ment) : 

Failure to run, 

given start, 

(extreme environ- 

ment) : 

X O  

Fuses: Torque : Failure to operate, 
- 3x1Od4/d Qd: ~XIO-’ - 3~10-~/hr 

iX10-’l - I~lO-~/hr 

10 3xlO-‘/hr 

lxlO-‘/hr 10 

3 ~ 1 0 - ~  - 3 ~ 1 0 - ~ / h r  l~lO-~/hr 3 
Pressure : Failure to operate, 

3x10-5 - 3xlo-’/d Qd: 

Wires (Typical 

circuits, 

several 

joints) : 

Manual : Failure to transfer, 
Qd: 3 ~ 1 0 - ~  - 

I 
i 

given switch I 

! 

Failure of NO 
contacts to close 

1x10-~ - lx10-‘/Ar 
I operation, io: 

Failure of NC by 
opening, given 

no switch 
operation, h : 3x10-’ - 3~10-~/hr 

1 

10 

3 

Switch 

Contacts: 
Relays: Failure to 

energize, Q,(~) : 10 

10 

lX1o-’l - lxlO-’/hr lxlC-‘/hr 

i ~ i o - ~  - lxlO-‘/hr lxlO-’l/hr 

3 1x1~-6 - 1x10-5 3xlO-‘/hr 

3 ~ 1 0 - ~  - 3~10-~/hr 

ixio-’ - lxlO-’l/hr 

10 3xlO-’l/hr 

10 lx10-8/hr 

Open circuit, h o :  

Short to ground, 

xo: 

Short to power, 

A :  

Failure of NO 
contacts to close, 

given energized, 

io: lxlO-’ - lxlO-‘/hr 3xlO-’l/hr 

Failure of NC 

contacts by 

Opening, given 

not energized, 

3 
I 

Xo: 3 ~ 1 0 - ~  - 3xlO-’l/hr lxlO-’l/hr I 3  

Short across NO/NC 

contact, lo: lxlO-’ - lxlO-’l/hr lx10-8/hr 10 

Coil open, A o :  1x10-8 - 1x10-6 1x1 O-’l/hr 10 

power, X : l ~ l O - ~  - lxlO-’l/hr lx10-8/hr 10 
Coil Short to 

lxlO-’l/hr 10 Diesels 

( Complete 

plant) : 
3 ~ 1 0 - ~ / d  

Failure to start, 
1x10-* - lxlO-i/d Qd : 

Failure to 

run, emergency 

conditions, 

given start, 

io: 

3 Terminal 
Boards : 3~10-~/hr 10 

1x1 0-8/hr 10 

Open connection, 

A :  

Short to adjacent 

circuit, A o :  

lxlO-’l/hr 10 

lX10-’ - lX10-’l lx10-8/hr 10 

1 ~ 1 0 - ~  - lxlO-‘/hr 
i Short across NO/NC 

contact, io: 1~10-’ - 1x10-7/Ar 

I 10 3~10-~/hr 3 ~ 1 0 - ~  - 3 ~ 1 0 - ~ / h r  Battery 

Power 

S y s tems 

(wet cell) : 

Diesels 

(Engine 

only): 

babilities are based on presence of proper input control signals. (a) Demand I 
Failure to provide I 

I 
3 3xlO-‘/hr Fai.lure to run, 

emergency con- 

ditions, given 

start, Xo: 10 ~ X I O - ~  - 3~10-~/hr 3 ~ 1 0 - ~ / h r  

Table I11 4-2 
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TABLE 111 4-3 SUJWARY OF POST ACCIDEElT ASSESSMENTS 

Computational Error 
Pled ian Factor Component Failure fflode(a) Assessed Range 

Welds 

( containment 

quality) : L e a k ,  (post 

acciden:, serious) : ~ x ~ O - ~ O  - l ~ l O - ~ / h r  3x 10- /hr 

Elbows,  

Flanges, 

Expansion 

joints 

(conta inment 

q u a  1 i ty ) : Leak, Xo (post 

accident, serious) : 1x10-* - 1x10-5/hr 

30 

30 

Gaskets 

(Containment 

quality) : Leak, Xo (post 
accident, serious) : ixlO-’ - l ~ l O - ~ / h r  3~10-~/hr 30 

(a) For assessments of containment system rupture probabilities, see the special 
assessment section of this appendix. 

Table I11 4-3 
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Section 5 
Test and Maintenance Data 

and Applications 

5.1 INTRODUCTION 

Certain test and maintenance acts cause 
effective removal of a component from 
the system, rendering it unavailable for 
some period of time. This unavailabili- 
ty due to test or maintenance is a func- 
tion of the test or maintenance act 
duration time and the frequency of the 
acts. The contribution to the unavaila- 
bility can be written as: 

Q =  f(avg acts/month) x tD (avg hrs/act) 
720 (hrs/month) 

where f is the frequency and tD is the 
duration time (downtime). 

The duration time tD depends on several 
factors including the component in- 
volved, the complexity of the test or 
maintenance, the magnitude of repair, 
contingencies which arise, etc. When 
maintenance is performed non periodical- 
ly, f is likewise dependent on similar 
factors. The log-normal distribution 
was used to describe the variable nature 
of these parameters, for the following 
reasons (in addition to the general con- 
siderations discussed in Appendix 11): 

a. The general agreement found between 
the log-normal model, and the avail- 
able test and maintenance data. See 
Figs. I11 5-1 thru I11 5-4. 

b. The positive skewed nature of the 
log-normal distribution, which is in 
accord with the experience that the 
majority of acts are completed in 
relatively short times, but that 
occasionally circumstances require 
significantly longer times. 

c. The capability of defining the dis- 
tribution and its various parameters 
from a knowledge of only the as- 
sessed ranges. The mean value is 
pertinent for quantification of the 
unavailability, and can be obtained 
from whatever range is assessed, by 
identifying the limit values with 
the 5% (Xmin) and 95% (%ax) per- 
centile values and using. the 
relationships given in Appendix 11. 

Estimates of the maximum and minimum 
values for the test act and maintenance 
act durations and freauencies were 
‘.erived from: 1) discussions with plant clrr’ 

test and maintenance teams; 2) analysis 
of technical specification (which 
dictate the maximum allowable outages 
during powered operation) and; 3 )  review 
of maintenance summary reports for four 
operating plants. 

The contributions to unavailability were 
separated into test contributions and 
maintenance contributions €or four major 
classes of components: pumps, valves, 
diesels, and instrumentation. 

The bounds which were used to derive 
mean test durations for the quantifica- 
tion formulas are given in Table I11 
5-1, The test act includes the minor 
repair, calibration and reconfiguration 
time that normally occurs as part of the 
periodic testing during normal plant 
powered operation. Those tests that 
occur during refueling (and other plant 
outages) do not affect system availabil- 
ity, In general, testing of most safety 
hardware occurs at monthly intervals; 
i,e,, f (the test frequency) = 1 and the 
average unavailability due to testing 
is : 

Q = -  
720 ‘ 

where 

tD = average (mean) duration time 

Maintenance summary reports from Mill- 
stone 1 and Dresden 1, 2, and 3 for 1972 
provided the data listed on Table I11 
5-2 for act duration ranges and mean 
values observed for major corrective and 
preventative maintenance programs, 

The data from which these values were 
derived are shown plotted in Figs. I11 
5-1 to I11 5-4, along with the theoreti- 
cal cumulative log-normal distribution 
derived from the sample mean and vari- 
ance. The agreement between the model 
and the data supports use of this dis- 
tribution as an adequate approximation. 
(Log-normal probability plots showed 
similar adequacy in the log-normal fit). 

From discussions with plant personnel, 
it was learned that minor maintenance 
and repair can occur quite frequently, 
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and involves short periods of time 
compared to the more major acts. Fur- 
thermore, the plant Technical Specifica- 
tions restrict in many cases, the dura- 
tion time that a component within the 
safeguard system can be "out" for main- 
tenance while the plant is in operation. 
Certain pumps are limited to 24 hour 
outages, while others are limited to 72 
hours. If the repairs cannot be com- 
pleted within the allowed interval the 
plant is placed in a "shutdown" config- 
uration until they are completed. The 
maximum unavailability of certain 
components in the event of an accident 
is thus limited by these restrictions. 
The maintenance act duration data for 
most restricted components were there- 
fore derived using 30 minutes and 24 or 
72 hour limits. For diesels, because of 
generally longer maintenance and looser 
restrictions, bounds of 2 hours and 72 
hours were used. These limits and their 
calculated log-normal means are shown on 
Table I11 5 - 3 . 1  

Finally, frequency of the maintenance 
act varies from monthly to yearly as 
indicated by the summary reports; 
therefore, bounds of 1 month and 12 
months were used as the 5 and 95 per- 
centile points on a log-normal distribu- 
tion to derive the maintenance act 
frequency values. The mean interval is 
4 . 6  months per act with a range of 1 to 
12 months per act, The mean frequency 
is 0,22 acts per month with a range of 
1.0 to 0.083 acts per month, 

5.2 CORROBORATION OF THE MODEL 
RESULTS 

To determine the capability of the 
models to predict unavailability values, 

'Because of the specifications , the 
distributions are actually truncated 
and maintenance times greater than the 
limit should be set equal to,the limit. 
The log-normal averages account for 
these truncations. 

the model results were corroborated with 
the data. The average unavailability 
from maintenance data was calculated 
from the individual act duration times 
listed in the maintenance summary, which 
were summed over all the components of 
that class for the year. This value was 
divided by the number of components of 
that class in the summary plants to 
determine an average maintenance act 
duration per year, and then this value 
was normalized by the number of hours 
per year to determine average unavaila- 
bility, i.e. , 

Duration of observed acts 
(hrs/yr) 

per plant summary 

The model results were determined 
the equation discussed earlier, i.e., 

using 

f 't, 
U 

Q . =  - 
720 

where tD and f are the log-normal mod- 
eled values previously given, 

UNAVAILABILITY 

Component Model Results Data Results 

Pumps 2 10-3 2.5 

Valves 2 3 

Diesels 6 x 1 x 10-2 

Instrumen- 2 x 8 x 
tation 

As observed, there is adequate agreement 
between the theoretical and raw data 
results 

n 
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TABLE 1 1 1  5-1 SUMMARY OF TEST ACT DURATION 

Calculated 

Component 
Range on Test 

Act Duration Time, Hr 
Mean Test Act 

Duration Time, tDf Hr 

Pumps 0 .25  - 4 1.4 
Valves 0 .25  - 2 0.86 

Diesels 0.25 - 4 1 . 4  

Instrumentation 0 .25  - 4 1 . 4  

TABLE Ill 5-2 SUMMARY OF MAJOR MAINTENANCE ACT DURATION (RAW DATA) 

Range on Maintenance Mean Maintenance Act 
Component Act Duration Time, Hr Duration Time, tDf Hr 

Pumps 
Valves 
Diesels 
Instrumentation 

2 - 4 0 0  
1 - 3 5 0  

2 - 3 0 0  

1/4 - 7 2  

3 7  

2 4  
2 1  

7 

TABLE Ill 5-3 LOG-NORMAL MODELED MAINTENANCE ACT DURATION 

Component 
Range On 

Duration Time, Hr 
Mean Act 

Duration Time, Hr 

Pumps 

Valves 
Diesels 
Instrumentation 

1 / 2  - 2 4  
1 / 2  - 7 2  

1 / 2  - 2 4  

2 - 7 2  
1 /4  - 2 4  

7 

1 9  
7 

2 1  

6 

Table I11 5-1 -Tab le  I11 5-3 
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6.1 HUMAN REL hBILITY ANALYSIS 

Section 6 
Special Topics 

6.1.1 INTRODUCTION 

The Safety Systems provided in nuclear 
power plants, to prevent and mitigate 
accidents are generally designed to 
operate automatically during the initial 
states of accident sequences. Informa- 
tion on the conditions in the reactor 
and on the operation of the Safety 
Systems during an accident would be 
displayed at the control room and the 
operator would be able to follow the 
sequence of events but no direct human 
action would be required until the 
accident is brought automatically under 
control. There is, however, human in- 
teraction with the system in routine 
plant operation, testing and nain- 
tenance. Furthermore human intervention 
would be required in case of malfunction 
of automatic systems. [Ience, human 
reliability needs to be considered in 
safety system analysis. 

As an extensive actuarial-type data base 
does not exist for human reliability, 
the analysis involves a significant 
effort in estimation of the reliability 
of human responses under emergency and 
normal conditions, and the influence of 
stress, routine and other factors on 
error rates for various tasks. 

Whenever possible, data were obtained 
for human reliability in industries 
involving tasks comparable to those 
found in nuclear power plants. For some 
cases data were obtained from military 
experience, with less similarity to 
nuclear plant tasks. Because the total 
available data on the whole are somewhat 
meager, human reliability analysis as 
applied to nuclear power plants is still 
somewhat subjective. Nonetheless, the 
derived numbers are considered to be 
sufficiently accurate for risk analysis 
purposes, with the error bands tending 
to cover the associated uncertainties. 

The human reliability analysis was 
performed to estimate the influence of 
human errors on the unavailability of 
various safety systems and components. 
Several equally valid approaches can be 
used to quantify human reliability, and 
the approach in the study utilized the 
general features of the THEW Technique 
for Human Error Rate Prediction, a model 
developed at Sandia Laboratories (Refs. 

, J, 2). The model uses conventional 
eliability technology, describing 

events in terms of what it ca--s prob- 
ability tree diagraming. Probability 
tree diagraming is simply a form of 
decision tree or event tree where each 
step or branch indicates different human 
actions possible, different environments 
possible, etc. 

In the present study, the system fault 
trees in Appendix I1 were analyzed as to 
the human errors which were combined in 
the trees. In a number of cases, the 
human errors were relatively straight- 
forward, and values were directly 
assigned from basic data considerations. 

In other cases, when the human errors 
were more involved, probability tree 
diagraming was used to decompose the 
human error into constituent acts for 
which basic data existed or for which 
values could be assigned from extra- 
polations of basic data. Details of the 
probability tree diagraming are not 
given for all the cases analyzed; 
instead, sufficient information and ex- 
amples will be given to describe the 
general technique with data values used 
and results obtained. 

6.1.2 HUMAN PERFORMANCE DATA 

An actuarial data base for human error 
rates in nuclear power plants does not 
exist. Although the AEC does collect 
information on human errors associated 
with abnormal power plant incidents, the 
data are not generally in a form usable 
for human reliability analysis. There- 
fore, in this study, substitutes had to 
be found for actuarial data. A first 
data source consisted of human perform- 
ance data on tasks with similarity to 
nuclear plant operation, test, mainte- 
nance, and calibration tasks. Such data 
have been compiled for European nuclear 
reactor operator tasks and also for the 
process tasks found in petrochemical 
operations. The sources were the United 
Kingdom Atomic Energy Authority (UKAEA), 
the Danish AEC, and the Imperial 
Chemical Industries, Ltd. (ICI) of Great 
Britain. 

The above sources, though relevant, 
suffer from lack of actual recorded 
data. Most of the numbers represent 
estimates of human error rates based on 
the judgment of technical personnel in 
the organizations mentioned. Some data 
from controlled studies have also been 
obtained from the UKAEA (Refs. 3 ,  4 )  and 
the IC1 (Ref. 5). 
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A second d a t a  source c o n s i s t s  of  human 
e r r o r  ra te  d a t a  from weapons product ion,  
maintenance, and t e s t i n g  t a s k s  with less 
s i m i l a r i t y  t o  nuc lear  p l a n t  t a s k s  than 
t h e  above. These d a t a  have been co l -  
l e c t e d  by human r e l i a b i l i t y  a n a l y s t s  a t  
Sandia Laborator ies .  I n  using t h e s e  
d a t a ,  t h e  a n a l y s t s  had t o  judge t h e i r  
a p p l i c a b i l i t y  t o  nuc lea r  p l a n t  t a s k s .  
This  judgment accounted f o r  s i m i l a r i t y  
i n  pe rcep tua l ,  c o g n i t i v e ,  and motor 
a s p e c t s  of  t h e  t a s k s .  I t  is  p o s s i b l e  
f o r  t h e  equipment involved i n  t h e  
performance of  two d i f f e r e n t  t a s k s  t o  be 
p h y s i c a l l y  d i f f e r e n t ,  and y e t  f o r  t h e  
psychological  (behav io ra l )  a s p e c t s  of 
t h e  t a s k s  t o  be s i m i l a r .  

A p a r t i c u l a r  l a c k  of  d a t a  f o r  t h e  
p r e s e n t  s tudy concerns t h e  r e l i a b i l i t y  
of nuc lea r  power p l a n t  personnel  a f t e r  a 
l a r g e  loss of c o o l a n t  acc iden t  (LOCA) 
has  occurred. S ince  t h e r e  is no h i s t o r -  
i ca l  precedent  f o r  t h i s  even t ,  t h e r e  has 
been no oppor tun i ty  t o  see how t h e s e  
personnel  would react i n  t h e  presumedly 
highly s t r e s s f u l  s i t u a t i o n  c r e a t e d  by 
such an occurrence.  I n  t h e  absence of 
such experience,  t h e  b e s t  d a t a  a v a i l a b l e  
come from s t u d i e s  of man's behavior  i n  
o t h e r  emergency cond i t ions .  

Two s t u d i e s  t h a t  m e r i t  mention he re  a r e  
both considered classics i n  t h e  area of 
human f a c t o r s .  I n  one s tudy by t h e  
American I n s t i t u t e s  f o r  Resea rc~  (Ref. 
6 )  c r i t i c a l  i n c i d e n t s  w e r e  c o l l e c t e d  
from S t r a t e g i c  A i r  Command aircrews 
a f t e r  they survived i n - f l i g h t  e m e r -  
genc ie s  (such a s  loss o f  engine on 
t a k e o f f ,  cab in  f i r e ,  t i r e  blowout on 
landing , etc.  ) . The c r i t i ca l  i n c i d e n t  
average e r r o r  ra te  w a s  0.16: t h a t  i s ,  
1 6 %  o f  t h e  t i m e  t h e  c r i t i ca l  a c t i o n s  of  
t h e  aircrews i n  such stress s i t u a t i o n s  
e i t h e r  made t h e  s i t u a t i o n  worse o r  d i d  
n o t  provide r e l i e f .  

I n  t h e  second s tudy ,  conducted by t h e  
Human Resources Research Organizat ion 
(Ref. 7 )  Army r e c r u i t s  w e r e  sub jec t ed  t o  
s imulated emergencies such as t h e  
i n c r e a s i n g  proximity of  f a l l i n g  mortar 
s h e l l s  t o  t h e i r  command pos t s .  The 
recrui ts  w e r e  exposed t o  t h e s e  s imulated 
emergencies i n  such a way t h a t  they 
be l i eved  t h e  s i t u a t i o n s  t o  be real. A s  
v n y  as  one t h i r d  of new r e c r u i t s  f l e d  
i n  panic ,  r a t h e r  t han  perform the 
assigned t a s k  t h a t  would have r e s u l t e d  
i n  a c e s s a t i o n  of t h e  mortar  a t t a c k .  
These s t u d i e s  have y i e lded  i n d i c a t i o n s  
of t h e  d e v a s t a t i n g  effects t h a t  very 
high stress l eve l s  can have on the 
performance of even thoroughly t r a i n e d ,  
r e l i a b l e  personnel.  

I n  t h i s  s tudy,  based on t h e  most rele- 

vant  a v a i l a b l e  d a t a  an e s t ima te  of 0.2 
t o  0.3 i s  assumed as t h e  average e r r o r  
ra te  f o r  nuc lea r  power p l a n t  personnel  
i n  a h igh - s t r e s s  s i t u a t i o n  such as a 
LOCA. This  estimate is based on t h e  
assumption t h a t  t h e  perceived stress i n  
a LOCA s i t u a t i o n  i s  comparable t o  t h e  
perceived stress i n  t h e  two c a s e s  
s t u d i e d ,  whereas it might, i n  f a c t ,  be 
lower. The human-rel iabi l i ty  a n a l y s t s  
making t h i s  s tudy have judged t h a t  t h e  
perceived stress would not  be h ighe r ,  so 
t h e  range of  0.2-0.3 is t o  be considered 
conse rva t ive .  

The average f a i l u r e  ra te  of 0.2 t o  0 .3  
can t h u s  be used as a rough gauge f o r  
average performance of  nuc lea r  p l a n t  
personnel under extreme a c c i d e n t  condi- 
t i o n s .  The value,  o f  cour se ,  i s  simply 
a rough average va lue ,  and, t o  o b t a i n  
more a c c u r a t e  e v a l u a t i o n s ,  each pa r t i cu -  
l a r  s i t u a t i o n  must be i n d i v i d u a l l y  
analyzed t o  assess t h e  s p e c i f i c  human 
f a i l u r e  ra te  which is app l i cab le .  

Other r e p o r t e d  d a t a  on stress and human 
behavior (Ref. 8 )  i n d i c a t e  t h a t  t h e  
e r r o r  ra te  f o r  a t a s k  bea r s  a cu rv i -  
l i n e a r  r e l a t i o n s h i p  t o  perceived stress 
l e v e l  (see Fig.  I11 6 - 1 ) .  T h a t  i s ,  w i t h  
very l o w  stress l eve l s ,  a t a s k  is so 
d u l l  and unchallenging t h a t  most opera- 
t o r s  would n o t  perform a t  t h e i r  optimal 
l e v e l .  Passive-type i n s p e c t i o n  t a s k s  
are o f t e n  of  t h i s  type and can be 
a s s o c i a t e d  wi th  e r r o r  rates of 0 .5  o r  
higher  (Ref. 9 )  . The average e r r o r  
r a t e  o f  10'1 ass igned  f o r  less passive 
monitoring t a s k s  i s  based on d a t a  from 
t h e  above r e f e r e n c e  and from r e f e r e n c e  
1 0 .  

When t h e  stress l e v e l  of  a j o b  i s  some- 
what h ighe r  (h igh  enough t o  keep t h e  
o p e r a t o r  a le r t )  optimum performance 
l e v e l s  are reached. But when stress 
l e v e l s  are s t i l l  h ighe r ,  performance 
begins  t o  d e c l i n e  aga in ,  t h i s  t i m e  due 
t o  t h e  d e l e t e r i o u s  e f f e c t s  of worry, 
f e a r  o r  psychological  responses t o  
stress. A t  t h e  h i g h e s t  level of  stress, 
human r e l i a b l i t y  would be a t  i t s  lowest  
l eve l ,  as shown i n  Fig.  I11 6-1. 

The curve form1 shown i n  Fig.  I11 6-1 
has  been a p p l i e d  t o  v a r i o u s  t a s k s  i n  
nuc lea r  power p l a n t s  i n  determining some 
of t h e  values i n  t h e  human e r r o r  rate 
d a t a  base presented la ter  i n  t h i s  
r e p o r t .  For example, t h e  e r r o r  ra te  i n  
a typical walk-around inspec t ion  o f  a 
f a c i l i t y  a f t e r  maintenance is presumed 
t o  correspond t o  a n  i n s p e c t o r  e r r o r  rate 

'All f i g u r e s  appear a t  t h e  end of  t e x t .  

111-60 



of 0 .5  f o r  a p a s s i v e  i n s p e c t i o n  t a s k  
r ep resen ted  on t h e  curve as performance 
under a "very low" stress l e v e l .  On t h e  G.$ o t h e r  hand, it i s  judged t h a t  t h e  normal 
c o n t r o l  room s i t u a t i o n  is s u f f i c i e n t l y  
demanding t h a t  performance should be 
opt imal ,  cons ide r ing  only t h e  e f f e c t s  of 
stress. Performance a f te r  a l a r g e  LOCA 
i s  presumed t o  correspond t o  t h e  high 
e r r o r  r a t e  (low performance) end of t h e  
curve,  due t o  t h e  e f f e c t s  of high stress 
l e v e l s .  

Following a LOCA, human r e l i a b i l i t y  
would be low, n o t  on ly  because of  t h e  
stress involved,  b u t  a l s o  because of  a 
probable  i n c r e d u l i t y  response.  Among 
t h e  o p e r a t i n g  personnel  t h e  p r o b a b i l i t y  
of  occurrence of  a l a r g e  LOCA is  be- 
l i e v e d  t o  be low so t h a t ,  f o r  some 
moments, a p o t e n t i a l  response would 
l i k e l y  be t o  d i s b e l i e v e  panel indica-  
t i o n s .  Under such cond i t ions  it i s  
e s t ima ted  t h a t  no a c t i o n  a t  a l l  might be 
taken f o r  a t  l eas t  one minute and t h a t  
i f  any a c t i o n  i s  taken it would l i k e l y  
be i n a p p r o p r i a t e .  

With r ega rd  t o  t h e  performance curve,  i n  
t h e  s tudy  t h e  g e n e r a l  e r r o r  ra te  w a s  
a s ses sed  t o  be 0 .9  ( 9  x 1 0 - 1 )  5 minutes 
a f t e r  a l a r g e  LOCA, t o  0.1 (10-1) a f t e r  
30 minutes,  and t o  0 . 0 1  (10-2) a f t e r  
s e v e r a l  hours.  I t  i s  e s t ima ted  t h a t  by 
7 days a f t e r  a l a r g e  LOCA t h e r e  would be 
a complete recovery t o  a normal, steady- 
s t a t e  c o n d i t i o n  and t h a t  normal e r r o r  
rates f o r  i n d i v i d u a l  behavior would 
apply.  

There i s  an important  except ion t o  t h e  
shape of  t h e  performance curve de- 
s c r ibed .  This  excep t ion  would occur  if 
t h e  o p e r a t o r s  are c a l l e d  on t o  t a k e  some 
c o r r e c t i v e  a c t i o n  a f t e r  a LOCA and t h e  
t i m e  a v a i l a b l e  t o  t a k e  t h i s  c o r r e c t i v e  
a c t i o n  i s  s e v e r e l y  r e s t r i c t e d .  One 
theo ry  o f  human behavior  under t i m e -  
stress (Refs.  2 ,  11) holds t h a t  t h e  
normal e r r o r  ra te  f o r  each succeeding 
corrective a c t i o n  doubles when an e r r o r  
h a s  been made i n  t h e  preceding 
c o r r e c t i v e  a t t empt  o r  when t h e  preceding 
a c t i o n  d i d  n o t  have its intended 
c o r r e c t i v e  e f f e c t .  Thus, i f  one s ta r t s  
o u t  w i th  an e r r o r  rate of 0.2, 
t h e o r e t i c a l l y  it t a k e s  on ly  t h r e e  more 
a t t e m p t s  a t  c o r r e c t i v e  a c t i o n  t o  r each  a 
l i m i t i n g  case o f  an e r r o r  r a t e  of 1.0. 
Th i s  l i m i t i n g  c o n d i t i o n  corresponds t o  
a n  i n d i v i d u a l ' s  becoming completely d i s -  
organized. Extensive c l i n i c a l  experi-  
ence e x i s t s  i n  t h e  l i t e r a t u r e  on human 
performance t o  suppor t  t h e  theo ry  t h a t  
l a r g e  numbers of  i n d i v i d u a l s  w i l l  f a i l  
t o  perform as s igned  t a s k s  under severe 
stress and may become completely 

i so rgan ized  (Refs.  8 ,  1 2 ) .  

S u f f i c i e n t  d a t a  do no t  e x i s t  t o  
determine e m p i r i c a l l y  t h e  exac t  shape 
and spread of  t h e  d i s t r i b u t i o n s  of  human 
e r r o r s  which a r e  d i r e c t l y  a p p l i c a b l e  € o r  
nuc lea r  power p l a n t  t a s k s .  Therefore ,  
estimates of t h e  human e r r o r  d i s t r i b u -  
t i o n  have been formed wi th  t h e  use of 
d a t a  from o t h e r  sources .  

For t h e  p a r t i c u l a r  shape, a log-normal 
curve w a s  used i n  t h e  s tudy ,  based i n  
p a r t  on a Monte Carlo a n a l y s i s  of human 
performance d a t a  ( a n a l y s i s  by 
L.  W .  Rook, i n  Ref. 1 3 )  and on t h e  t i m e  
taken t o  respond t o  a s imulated alarm 
s i g n a l  superimposed on normal t a s k s  i n  a 
nuc lea r  power p l a n t  (Ref. 4 ) .  I n  t h e s e  
s t u d i e s  t h e  human performance curve w a s  
found t o  be skewed, w i th  more perform- 
ance s c o r e s  tending towards t h e  low 
e r r o r  r a t e s  and low response t i m e s .  

Other s t u d i e s  have y i e lded  curves with 
shapes t h a t  d i f f e r  i n  d e t a i l s ,  b u t  i n  
gene ra l  t h e  performance curve is  skewed 
toward t h e  higher  e r r o r  r a t e s  o r  re- 
sponse t i m e s .  I n  view of  t h e  accu rac i e s  
r equ i r ed  f o r  t h e  purposes of t h e  s tudy 
and t h e  g e n e r a l  i n s e n s i t i v i t y  of t h e  
o v e r a l l  r e s u l t s  t o  t h e  p a r t i c u l a r  shape 
used, it i s  reasonable  t o  assume t h e  
log-normal d i s t r i b u t i o n .  Therefore ,  t h e  
log-normal d i s t r i b u t i o n  which w a s  em- 
ployed i n  o t h e r  areas of  s tudy w a s  used 
f o r  t h e  human e r r o r  d i s t r i b u t i o n s ,  i .e . ,  
t h e  d i s t r i b u t i o n  a s s o c i a t e d  with t h e  
e r r o r  ranges and spreads.  

Table I11 6-1  p r e s e n t s  gene ra l  human 
e r r o r  r a t e  estimates der ived from 
e x i s t i n g  d a t a  (as desc r ibed  above) ,  as 
modified by t h e  independent judgments of 
two human- re l i ab i l i t y  a n a l y s t s .  These 
judgments w e r e  made a f t e r  reviewing 
information on nuc lea r  power p l a n t  per- 
sonnel  s k i l l  l e v e l s ,  p rev ious  jobs h e l d  
by t h e s e  personnel ,  o p e r a t i n g  proce- 
du res ,  and t h e  des ign  of the  c o n t r o l s ,  
d i s p l a y s ,  and o t h e r  equipment read o r  
manipulated by t h e  o p e r a t i n g  personnel .  
The information w a s  ob ta ined  i n  i n t e r -  
views wi th  o p e r a t i n g  personnel ,  supervi-  
s o r ,  and eng inee r ing  personnel  a t  
nuc lea r  power p l a n t s ,  by obse rva t ion  of  
c o n t r o l  room, tes t ,  maintenance, and 
c a l i b r a t i o n  t a s k s  a t  s e v e r a l  p l a n t s ,  and 
by a s tudy o f  w r i t t e n  mater ia ls  and 
photographs. 

As noted i n  t h e  t a b l e ,  mod i f i ca t ion  o f  
t h e s e  underlying ( b a s i c )  p r o b a b i l i t i e s  
w a s  made as necessary when inco rpora t ed  
i n t o  t h e  f a u l t  trees. The mod i f i ca t ions  
considered t h e  e x a c t  n a t u r e  of t h e  human 
engineer ing,  e.g. ,  t h e  close s i m i l a r i t y  
of l a b e l i n g  of d i f f e r e n t  switches,  w i th  
t h e  a t t e n d a n t  higher  p r o b a b i l i t y  of  
g ra sp ing  and manipulat ing t h e  wrong 
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switch.  A l a t e r  s e c t i o n  desc r ibes  t h e  
a p p l i c a t i o n  and modi f ica t ion  of t h e  
b a s i c  e r r o r  r a t e  e s t ima tes  t o  a sample 
human-re l iab i l i ty  a n a l y s i s  problem. 

I n  genera l ,  human e r r o r  r a t e s  f o r  t a s k s  
have been es t imated  t o  t h e  n e a r e s t  o rde r  
of magnitude, wi th  two a n a l y s t s  making 
independent estimates based on a de- 
t a i l e d  d e s c r i p t i o n  of t h e  t a sk  requi re -  
ments ( inc lud ing  w r i t t e n  i n s t r u c t i o n s  
and photographs of  c o n t r o l s ,  d i s p l a y s ,  
valves  and o t h e r  i t e m s  t o  be read o r  
manipulated by ope ra t ing  pe r sonne l ) .  I n  
a l l  ca ses ,  t he  independent es t imates  
agreed t o  t h e  n e a r e s t  o r d e r  of magni- 
tude.  The a s soc ia t ed  assessed  e r r o r  
f a c t o r s  ( p r o b a b i l i t y  ranges)  covered t h e  
poss ib l e  v a r i a t i o n s  and u n c e r t a i n t i e s  
a s soc ia t ed  wi th  the  f i n a l  es t imates .  

The two s p e c i a l i s t s  attempted t o  avoid 
overes t imat ing  human r e l i a b i l i t y ,  t h a t  
i s ,  underest imat ing e r r o r  r a t e s .  Con- 
c u r r e n t l y ,  they t r i e d  t o  avoid de l ibe r -  
a t e l y  overes t imat ing  e r r o r  r a t e s  t o  
provide only conserva t ive  estimates. 
However, i n  pos t -acc ident  s i t u a t i o n s ,  
e.g. ,  a f t e r  a LOCA, it was deemed proper  
t o  avoid ove r ly  o p t i m i s t i c  assessments 
of human r e l i a b i l i t y .  

Some of t h e  estimates were based d i r e c t -  
l y  on d a t a  c o l l e c t e d  on t a s k s  i d e n t i c a l  
o r  highly s i m i l a r  t o  nuc lear  r e a c t o r  
t a sks .  For example, UKAEA experience is 
t h a t  l a r g e  manual va lves  t h a t  have no 
readout  of t h e i r  p o s i t i o n  except  t h e  
va lve  i t s e l f  a r e  l e f t  i n  t h e  i n c o r r e c t  
p o s i t i o n  a f t e r  non-routine ope ra t ions  
approximately once i n  1 0 0  t i m e s  (10-2 
occu r rence ) .  Such information w a s  ap- 
p l i e d  i n  the  p re sen t  .study without  
modi f ica t ion .  (This  is t h e  case  when no 
s p e c i a l  p recaut ions  a r e  taken,  such a s  
use of padlocks with a d m i n i s t r a t i v e l y  
c o n t r o l l e d  keys .) 

I n  o t h e r  cases  an a n a l y t i c a l  approach 
was necessary t o  apply e x i s t i n g  d a t a  on 
human e r r o r  r a t e s .  I n  t h e s e  cases ,  a 
nuc lea r  power p l a n t  t a s k  w a s  broken down 
i n t o  ind iv idua l  s t e p s  involv ing  percep- 
t u a l ,  conceptual /emotional ,  and motor 
a s p e c t s  of behavior.  I n  more common 
terms, t h i s  means t ak ing  a p a r t i c u l a r  
s t e p  i n  a t a s k  and cons ider ing  t h e  
fol lowing t h r e e  a spec t s :  

1. The i n p u t s  t o  t h e  ope ra to r ,  a s  pro- 
vided by such th ings  as d i sp lays  on 
c o n t r o l  pane l s ,  l a b e l s ,  configura-  
t i o n  of  manual va lves  ( inc lud ing  
presence o r  absence of  padlocks) , 
w r i t t e n  i n s t r u c t i o n s ,  and o t h e r  
s i g n a l s .  

2 .  The th ink ing  arid dec i s ion  making 

done by t h e  ope ra to r  is inf luenced 
by t h e  i n t e r a c t i o n  of h i s  emotional 
s t a t e  (e .g . ,  f e a r  and worry immedi- 
a t e l y  a f t e r  a l a r g e  LOCA). 

3 .  The responses  t h e  ope ra to r  makes by 
means of swi tches ,  l a r g e  va lves ,  
o r a l  o r d e r s ,  w r i t i n g  down in fo r -  
mation etc. 

The above a n a l y t i c a l  approach w a s  used 
t o  break down t h e  t a s k s  i n t o  smaller 
b i t s  of behavior t h a t  could more r e a d i l y  
be combined wi th  e x i s t i n g  d a t a  o r  wi th  
t h e  experience of  t h e  ana lys t s .  

F i n a l l y ,  t h e  estimates of e r r o r  r a t e s  
f o r  t h e  ind iv idua l  behaviora l  u n i t s  w e r e  
combined i n t o  estimates of e r r o r  r a t e s  
f o r  l a r g e r  u n i t s  of  behavior,  cor- 
responding t o  nuc lear  power p l a n t  t a s k s  
o r  groups of t a sks .  I n  t h i s  recombina- 
t i o n  ope ra t ion ,  t h e  es t imated  e r r o r  
r a t e s  f o r  s m a l l e r  behaviora l  u n i t s  w e r e  
a t  t i m e s  modified i n  cons idera t ion  of 
t h e i r  interdependencies  t o  avoid t h e  
d e r i v a t i o n  of u n r e a l i s t i c a l l y  low esti- 
mates of t a s k  e r r o r  r a t e s .  I n  t h e  
p re sen t  s tudy ,  t h e  t a s k  e r r o r  r a t e  
estimates so der ived  w e r e  combined with 
consensus-estimated e r r o r  rates t o  en- 
hance the  s t a b i l i t y  of t he  e s t i m a t e s .  

The es t imated  t a s k  e r r o r  rates w e r e  
modified,  where appropr i a t e ,  by t h e  
e f f e c t s  of  a v a i l a b l e  personnel  redundan- 
c y ,  t h a t  i s ,  t h e  checking of a man's 
performance by anothe'r man. I n  some 
cases ,  t h e  t o t a l  es t imated  f a i l u r e  rate 
of a t a s k ,  i nc lud ing  recovery from an 
o r i g i n a l  e r r o r  made p o s s i b l e  by us ing  
personnel  redundancy, was equal  t o  o r  
less than  10-6. However, experience 
wi th  human r e l i a b i l i t y  a n a l y s i s  and t h e  
observa t ion  of  " t h e  impossible" have l e d  
most s p e c i a l i s t s  i n  t h i s  f i e l d  t o  view 
with skept ic i sm any t a s k  e r r o r  r a t e  less 
than 10-5 f o r  any bu t  t h e  very s imples t  
human acts. Consequently, i n  t h e  pres-  
e n t  a n a l y s i s ,  estimates of human e r r o r  
rates smaller than  10-5 w e r e  no t  used. 

The estimates of  t a s k  e r r o r  r a t e s  w e r e  
incorpora ted  i n  f a u l t  trees by t h e  f a u l t  
tree a n a l y s t s ,  and human f a i l u r e  events  
w e r e  t r e a t e d  i n  t h e  same manner as o t h e r  
f a i l u r e  events :  

6.1.3 PERFORMANCE-SHAPING FACTORS 

Severa l  f a c t o r s  had t o  be considered i n  
de r iv ing  es t imated  error rates f o r  
nuc lear  power p l a n t s .  Following are t h e  
more important  of  t hese  f a c t o r s ,  each of 
which is d iscussed  under t h e  t o p i c  
headings which follow. 

e Level of presumed psychological  
stress n 
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Q u a l i t y  of human engineer ing o f  
c o n t r o l s  and d i s p l a y s  

Q u a l i t y  of t r a i n i n g  and p r a c t i c e  

Presence and q u a l i t y  of  w r i t t e n  
i n s t r u c t i o n s  and method of  use 

Coupling o f  human a c t i o n s  

T y p e  of  d i s p l a y  feedback 

Personnel redundancy 

6.1.3.'1 Level o f  Presumed Psychological  
Stress. 

As d i scussed  ear l ier ,  t h e  h ighes t  e r r o r  
rates w e r e  ass igned t o  t h e  t i m e  pe r iod  
immediately a f t e r  a l a r g e  LOCA, wi th  
recovery t o  normal l e v e l s  o f  human r e l i -  
a b i l i t y  occur r ing  as  a func t ion  of  t h e .  
I m p l i c i t  w i th  t h i s  assumption t h a t  e r r o r  
rates dec rease  with t i m e  i s  t h e  underly- 
ing assumption t h a t  t h i n g s  do g e t  
b e t t e r .  That i s ,  t h e  nuc lea r  power 
p l a n t  i s  brought under c o n t r o l  with 
a p p r o p r i a t e  automatic  and manual 
responses  to  t h e  emergency. 

Normal e r r o r  ra te  va lues  have been 
assigned t o  r o u t i n e  c o n t r o l  room 
o p e r a t i o n s  and t o  maintenance and cal- 
i b r a t i o n  t a s k s ,  as it is  assumed t h a t  
t h e  normal stress l e v e l  has a f a c i l i t a -  
t i v e  e f f e c t .  I n  t h e  in t e rv i ewing  and 
obse rva t ion  o f  c o n t r o l  room o p e r a t o r s ,  
maintenance personnel ,  and c a l i b r a t i o n  
t e c h n i c i a n s ,  it appeared t h a t  . the jobs 
w e r e  s u f f i c i e n t l y  cha l l eng ing  t o  main- 
t a i n  f a c i l i t a t i v e  l e v e l s  of motivat ion.  
N o  one seemed bored o r  " j u s t  p u t t i n g  i n  
t i m e " .  (This  is a c l i n i c a l  judgment 
based on t h e  independent obse rva t ions  of 
two p s y c h o l o g i s t s  t r a i n e d  i n  c l i n i c a l  
eva lua t ions .  ) 

6.1.3.2 Qua l i ty  of  Human Engineering of  
Con t ro l s  and Displays.  

The b a s i c  e r r o r  rates i n  Table I11 6-1 
w e r e  modified by assigned h ighe r  rates 
t o  s i t u a t i o n s  where t h e  arrangement and 
l a b e l i n g  o f  c o n t r o l s  t o  be manipulated 
w e r e  p o t e n t i a l l y  confusing. For exam- 
p l e ,  motor ope ra t ed  va lves  MOV-1860A and 
MOV-1860B are t o  be  opened a t  t h e  RWST 
l o w  l e v e l  se t  p o i n t  (14.5% f u l l ) .  Ime- 
d i a t e l y  a d j a c e n t  t o . t h e s e  switches are 
MOV-1863A and MOV-1863B. The two sets 
of switch numbers are s i m i l a r ,  and they 
have s i m i l a r  f u n c t i o n a l  l a b e l s :  

LO HEAD S . I .  PP A SUM!? SUCT W 

LO HEAD S.I .  PP A DISC IS0 W 

Furthermore, a t  t h e  low l e v e l  s e t  p o i n t ,  
both sets of  va lves  would normally be 
c losed  and t h e  green i n d i c a t o r  lamps 
above them would be i l l umina ted .  A 
sample human r e l i a b i l i t y  a n a l y s i s  using 
t h e s e  switches is desc r ibed  i n  a l a t e r  
s e c t i o n  t o  i l l u s t r a t e  how t h e  p o t e n t i a l  
confusion i n  us ing  t h e s e  switches can 
r e s u l t  i n  human e r r o r s .  

F a i r l y  high rates w e r e  ass igned t o  t h e  
p r o b a b i l i t y  of  manipulating t h e  wrong 
switch i n  cases  where s i m i l a r  appearing 
c o n t r o l s  and d i s p l a y s  w e r e  c l o s e  to-  
g e t h e r  without  s e p a r a t i o n  by f u n c t i o n a l  
f low l i n e s  on t h e  panels  o r  some o t h e r  
means t o  show normal process  flow, a 
design c h a r a c t e r i s t i c  of  o p e r a t i n g  pan- 
els on some re sea rch  r e a c t o r s  (Ref. 1 4 ) .  
I n  g e n e r a l ,  t h e  des ign  of c o n t r o l s  and 
d i s p l a y s  and t h e i r  arrangements on 
o p e r a t o r  pane l s  i n  t h e  nuc lea r  p l a n t s  
s t u d i e d  i n  t h i s  a n a l y s i s  d e v i a t e  from 
human engineer ing s t anda rds  s p e c i f i e d  
f o r  t h e  d e s i  yn of man-machine sys  t e m s  
and accepted a s  s t anda rd  p r a c t i c e  f o r  
m i l i t a r y  systems (See Refs. 1 5  through 
19). Whether such s t anda rds  are  
necessary and would r e s u l t  i n  a n e t  
b e n e f i t  i s  o u t s i d e  t h e  goa l  of  t h i s  
a n a l y s i s .  

I t  w a s  a p p r o p r i a t e  t o  a s s i g n  f a i r l y  low 
e r r o r  rates t o  t a s k s  where t h e  q u a l i t y  
of  human engineer ing i s  such t h a t  t h e  
cues given f o r  t a s k  i n i t i a t i o n  and 
c o r r e c t  t a s k  completion are d i f f i c u l t  t o  
ignore.  For example, lower e r r o r  rates 
have been assigned t o  cases where t h e  
t a s k  i n i t i a t i o n  cue i s  a n  annunciator  
alarm than  where t h e  cue i s  merely t h e  
d e v i a t i o n  o f  a m e t e r  on a panel  i n  t h e  
c o n t r o l  room. Also, f o r  some l a r g e  
manual va lves ,  t h e  use of a s p e c i a l  
padlock and cha in  wi th  a d m i n i s t r a t i v e l y  
c o n t r o l l e d  keys and a s s o c i a t e d  paper 
work reduces t h e  p r o b a b i l i t y  o f  f o r -  
g e t t i n g  t o  r e t u r n  t h e  va lve  t o  t h e  
normal c o n d i t i o n  a f t e r  maintenance. I n  
t h e  l a t t e r  case t h e  primary cause of 
l e a v i n g  such a va lve  i n  t h e  wrong 
c o n d i t i o n  a f t e r  maintenance would be 
f a i l u r e  t o  use t h e  r e q u i r e d  procedures. 
An e s t ima ted  10-4 e r r o r  ra te  pe r  
oppor tun i ty  w a s  ass igned t o  such 
f a i l u r e .  

I n  c e r t a i n  cases, a high recovery f a c t o r  
w a s  a s s igned  t o  t h e  e r r o r  of  manipulat- 
i ng  an i n c o r r e c t  MOV o r  p a i r  of  MOV's. 
An example of  a recovery f a c t o r  i s  as 
follows. A s s u m e  an o p e r a t o r  is supposed 
t o  open a p a i r  o f  MOV's t o  i n c r e a s e  t h e  
flow .rate as  d i sp layed  on a m e t e r .  The 
normal procedure would be f o r  t h e  
o p e r a t o r  t o  make t h e  switch manipulation 
and then  observe t h e  flow meter f o r  t h e  
proper ra te  o f  flow. I f  t h e  proper  rate 
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of flow fails to materialize, the opera- 
tor would have a high probability of 
realizing something was wrong and would 
likely take corrective action. The 
example in a later section illustrates 
some recovery factors. 

In general, it was found that most 
errors in maintenance and calibration 
tasks either had immediate and com- 
pelling feedback of their correctness or 
incorrectness or that subsequent recov- 
ery factors made it highly improbable 
that errors would remain undetected for 
long. 

6.1.3.3 Quality of Training and 
Practice. 

On the basis of interview, observation, 
a visit to a training center, and review 
of training materials, the level of 
training of nuclear power plant per- 
sonnel was judged to be outstanding. 
For example, interviews with control 
room operators revealed a clear under- 
standing of normal reactor operation. 
They can readily describe the events 
occurring in normal on-line operation 
and have a clear conceptual picture of 
the processes involved. (In one inter- 
view an operator who was considered by 
his supervisor to be “below average” for 
operators at the site demonstrated the 
above thorough understanding.) There- 
fore, for routine maintenance, calibra- 
tion, and control room operations, a 
high degree of trained-in excellence has 
been assumed with associated high 
estimates of human reliability. 

Although original training includes 
responses to emergencies, there is no 
provision for frequent on-site practice 
in responding to simulated emergencies 
(such as a large LOCA) at the sites 
visited. In the absence of appropriate 
simulation equipment, such on-site prac- 
tice could be simulated by frequent 
’I talk-through” of responses to emergen- 
cies. This type of informal test was 
made in the course of the present study. 
It was found that the operators inter- 
viewed could explain in general terms 
what they should do in.postulated emer- 
gency situations, but they did not 
always appear to be sure of the 
locations of switches and readings on 
displays relevant to manual backup 
actions required in the event of failure 
of automatic safeguards systems. This 
does not imply that, based on such a 
limited “test“ of operator ability in 
emergencies (i.e., a discussion of a 
hypothetical situation), operators would 
not be able to carry out emergency 
tasks. Nevertheless, the lack of abili- 
ty to “talk through” appropriate proce- 

dures without hesitation or indecision 
potentially indicates lack of a clear 
plan of action should such emergency 
situations occur. Based on the above 
findings, relatively high error rates 
were consequently assigned to operator 
actions required soon after the onset of 
a major emergency such as a large LOCA. 

6.1.3.4 Presence and Quality of Written 
Instructions and Method of Use. 

Generally, a lower error rate was as- 
signed to procedures for which written 
instructions are available. It was 
necessary to make an estimate of the 
likelihood that written instructions 
would be used by the operator, main- 
tenance technician, or calibration tech- 
nician, rather than trusting his memory 
of the procedures. For example, in one 
of the cases analyzed, even with appro- 
priate use of calibration procedures, it 
was observed that a technician anticipa- 
ted what approximate instrument reading 
should appear for each step in the 
procedure. He had performed this 
lengthy calibration procedure so often 
that he knew what to expect. This 
knowledge coupled with a very low 
frequency of finding an out-of-tolerance 
indication sets up a very strong 
expectancy that each reading will be in 
tolerance. Under these circumstances 
there is some likelihood (estimated as 
10-2) that the technician will “see” an 
out-of-tolerance indication as being in 
tolerance. (In this particular in- 
stance, however, there were so many 
recovery factors that even with the 
assumption of a error rate, the 
probability of an uncaught and uncor- 
rected calibration error was negligi- 
ble. 1 

In estimating error rates, the quality 
of the written instructions was evalu- 
ated. Of concern were such factors as 
the ease with which an operator could 
find a written emergency procedure, the 
extent to which the format would aid the 
operator, the likely ease of under- 
standing non-routine instructions, and 
so on. The style of written instruc- 
tions contributed materially to the 
estimated error rates. The written in- 
structions do not conform to established 
princip,les of good writing; they are 
more typical of military maintenance 
procedures of approximately 20 years 
ago. Other deficiencies which contribu- 
ted to relatively high error rate esti- 
mates were poor printing quality, no 
distinctive binder or location for 
emergency procedures, lack of tabs and 
inappropriate indexing which made i 
difficult to find specific procedures 
and poor format for each procedure. 
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1 

I 

I The observed method of  u se  a l s o  c o n t r i -  
buted t o  r e l a t i v e l y  high est imated e r r o r  
rates. Men were observed performing 
s e v e r a l  t a s k s  and then checking them o f f  
on t h e  check l i s t .  The c o r r e c t  and more 
r e l i a b l e  procedure would be t o  perform a 
l i s t e d  t a s k ,  check it o f f ,  and then move 
on t o  t h e  nex t  i t e m  i n  t h e  check l i s t .  
Lower e r r o r  rates were assigned t o  cases 
where information from a meter o r  a d i a l  
had t o  be recorded on t h e  check l i s t  
r a t h e r  than merely checking o f €  t h a t  an 
i t e m  had been completed. Such a proce- 
dure markedly reduces t h e  p r o b a b i l i t y  of  
f o r g e t t i n g  t o  perform a s t e p  i n  t h e  
check l i s t .  

6.1.3.5 Coupling o f  Human Actions. 

Another important  f a c t o r  i s  r e l a t e d  t o  
t h e  type o f  grouping o f  switches o r  
manual va lves  p l u s  t h e  e f f e c t s  of  
w r i t t e n  i n s t r u c t i o n s .  This  f a c t o r  is 
t h e  amount of  coupl ing o f  human a c t i o n s ,  
t h a t  i s ,  t h e  r e l a t i v e  l a c k  of  independ- 
ence of  such a c t i o n s .  Four l e v e l s  of 
coupl ing w e r e  used i n  t h e  a n a l y s i s :  no 
coupl ing ( i .e . ,  complete independence),  
loose coupl ing,  t i g h t  coupl ing,  and 
complete coupl ing (complete dependence). 
The degree of  coupl ing i s  assigned on an 
i n d i v i d u a l  f a i l u r e  b a s i s  b u t  some gener- 
a l  g u i d e l i n e s  w e r e  used as i l l u s t r a t e d  
be low. 

An example of  no coupl ing between t a s k s  
would be where t h e  p r o b a b i l i t y  of e r r o r  
i n  one t a s k  i s  independent of t h e  
p r o b a b i l i t y  o f  e r r o r  i n  another  t a s k .  
Tasks which are d i s s i m i l a r  o r  which are 
g r e a t l y  s e p a r a t e d  i n  space and t i m e  tend 
t o  be independent. However, such t a s k s  
might be a f f e c t e d  by t h e  same c o n d i t i o n s  
(e.g., t h e  stress a f t e r  a l a r g e  LOCA) 
and t h e  estimates o f  t h e i r  e r r o r  rates 
w e r e  i n f luenced  by t h i s  cons ide ra t ion .  

Loose coupl ing can be i l l u s t r a t e d  by two 
test va lves  i n  t h e  PWR containment spray 
i n j e c t i o n  system l o c a t e d  i n  a b u i l d i n g  
nex t  t o  t h e  RWST. Both t h e s e  large 
manually ope ra t ed  va lves  are chained and 
padlocked i n  t h e  normally c l o s e d  posi-  
t i o n .  P e r i o d i c a l l y  they must be un- 
locked and opened f o r  t es t  purposes. The 
procedures  c a l l  f o r  one va lve  t o  be 
opened and t h a t  p a r t  of  t h e  system 
t e s t e d ,  and then  f o r  t h e  va lve  t o  be  
c losed ,  chained,  and padlocked b e f o r e  
proceeding t o  open t h e  o t h e r  valve t o  
test t h e  o t h e r  p a r t  o f  t h e  system. I t  
w a s  judged t h e r e  w a s  a s m a l l  p r o b a b i l i t y  
t h a t ,  f o r  convenience, an o p e r a t o r  would 
r ega rd  both va lves  as a u n i t  and n o t  
fo l low t h e  p r e s c r i b e d  procedures.  That 
is, he would open both va lves  p r i o r  t o  
any t e s t i n g  and a f t e r  a l l  t e s t i n g  
reclose both valves. Therefore ,  t h e  

p r o b a b i l i t y  of f o r g e t t i n g  t o  r e c l o s e  one 
valve would n o t  be independent of t h e  
p r o b a b i l i t y  of  f o r g e t t i n g  t o  r e c l o s e  t h e  
o t h e r  valve.  S ince  most o p e r a t o r s  would 
be l i k e l y  t o  fo l low t h e  p r e s c r i b e d  
procedure,  l oose  coupl ing b e s t  expressed 
the  r e l a t i o n s h i p  e r r o r s  o f  f o r g e t t i n g  
f o r  t h e  two valves .  

For t h e  va lves  i n  q u e s t i o n ,  t h e  impor- 
t a n t  e r r o r  w a s  f o r g e t t i n g  t o  r e c l o s e  
both valves .  The p r o b a b i l i t y  of t h i s  
e r r o r  was c a l c u l a t e d  as fol lows:  Gener- 
a l l y ,  l oose  coupl ing w a s  taken t o  be t h e  
log-normal median va lue  between t h e  
upper and lower bounds. The upper bound 
on coupl ing i s  de f ined  by t h e  assumption 
of complete coupl ing between t h e  two acts  
( i .e .  r e c l o s i n g  of t h e  two v a l v e s ) .  The 
lower boucd i s  ob ta ined  from t h e  
assumption of complete independence 
between t h e  two a c t s .  Given an estimate 
of f o r  t h e  e r r o r  of f o r g e t t i n g  t o  
r e c l o s e  a s i n g l e  va lve ,  t h e  upper bound 
becomes lo-* and t h e  lower bound 
10-2 10-2 = 10-4. The log  normal 
median i s  t h e  square r o o t  of t h e  product  
of t h e  lower and upper bounds, o r ,  

- 

Thus , t h e  p r o b a b i l i t y  of f o r g e t t i n g  t o  
r e c l o s e  each va lve  i s  es t ima ted  a s  
and t h e  p r o b a b i l i t y  of  f o r g e t t i n g  t o  
r e c l o s e  both va lves  ( t h e  on ly  e r r o r  of  
importance i n  t h e  a n a l y s i s )  i s  e s t ima ted  
a s  1 x 10-3. 

T igh t  coupl ing can be i l l u s t r a t e d  by t h e  
requirement t o  c a l i b r a t e  t h r e e  b i s t a b l e  
a m p l i f i e r s  i n  t h e  r e a c t o r  p r o t e c t i o n  
system (SCRAM). One c a l i b r a t i o n  
t e c h n i c i a n  performed t h e  c a l i b r a t i o n  i n  
t h e  in s t rumen t  room while  communicating 
with an o p e r a t o r  i n  t h e  c o n t r o l  room. A 

p r o b a b i l i t y  w a s  a s ses sed  for t h e  
error of t h e  t e c h n i c i a n ' s  m i s c a l i b r a t i n g  
t h e  f i r s t  b i s t a b l e  a m p l i f i e r ,  as by 
using an i n c o r r e c t  se t  l e v e l .  The 
i n c o r r e c t  se t  l e v e l ,  f o r  example, could 
be due t o  a simple misreading e r r o r .  
Given t h a t  t h e  c a l i b r a t i o n  t e c h n i c i a n  
has  m i s c a l i b r a t e d  t h e  f i r s t  a m p l i f i e r ,  
t h e r e  i s  a s u b s t a n t i a l  p r o b a b i l i t y  of 
c a r r y i n g  over t h e  i n c o r r e c t  set l e v e l  t o  
t h e  second b i s t a b l e  a m p l i f i e r .  I t  w a s  
e s t ima ted  t h a t  t h e  c o n d i t i o n a l  
p r o b a b i l i t y  of  m i s c a l i b r a t i n g  t h e  second 
a m p l i f i e r ,  g iven m i s c a l i b r a t i o n  of  t h e  
f i r s t ,  would be 10'1, o r  a j o i n t  
p r o b a b i l i t y  of  10-3 o f  m i s c a l i b r a t i n g  
both a m p l i f i e r s .  I t  w a s  e s t ima ted  t h a t  
t h e  c o n d i t i o n a l  p r o b a b i l i t y  of miscali- 
b r a t i n g  t h e  t h i r d  a m p l i f i e r  , given 
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miscalibration of the first and second 
amplifiers, would be 1.0, or a joint 
probability of 10-3 of miscalibrating 
all three bistable amplifiers. In other 
words, a tightly coupled sequence of 
events was assumed. In this particular 
operation, there were several recovery 
factors, so that the final estimated 
influence of human errors on the reactor 
protection system was smaller than the 
above estimate for the basic act. 

An example of complete coupling is found 
when one basic act results in several 
failures. For example, one step in the 
written procedure calls for the operator 
to open two valves. The two valves are 
regarded as one unit by the operator. 
In estimating the probability of his 
omitting to open these valves, the same 
estimated error rate was given for one 
or both valves. That is, it was consid- 
ered that if he would open one valve, he 
would open the other. Likewise, if he 
failed to open one valve, he would fail 
to open the other. This analysis is an 
approximation, of course. Absolutely 
complete coupling can be very unlikely-- 
yet, in this particular example, it was 
assessed that human behavior would 
exhibit high dependency, and complete 
coupling was assumed as a reasonable 
approximation. 

As a contrast to the above discussions, 
the following example shows how an ap- 
parent common mode error due to apparent 
coupling was estimated to have no 
resulting net effect on safety system 
availability. At one site two possible 
common mode errors for comparator cali- 
bration in the reactor containment 
pressure consequence limiting system 
were : 

a. using the wrong decade resistance 
for all channels, and 

b. using the wrong scale on the digital 
voltmeter for all channels. 

Once either error is made, the calibra- 
tion technician might indeed recalibrate 
an entire rack. The estimated error rate 
for either common mode error was 10-2. 
However, when the technician went to the 
second rack, he would discover that the 
comparators in that rack, too, needed a 
gross recalibration, and he should sus2 
pect that something was wrong with the 
test procedure rather than merely pro- 
ceed to recalibrate the second rack. 
The estimated failure rate of the recov- 
ery factor for the second rack was 10-2. 
(This estimate was deliberately made 
conservative.) Since the technician 
typically calibrates all four racks in 
one shift, it can be seen that the 

overall rate of making one of the above 
two calibration errors and then failing 
to catch this error and incorrectly 
recalibrating all four racks is 
approximately 10-2 (the initial error) x 
10-2 (second rack) x 10-2 (third rack) x 
10-2 (fourth rack) , or much less than 
10-5. (Recall that we do not use any 
estimates smaller than 10-5.) 

6.1.3.6 Type of Display Feedback. 

One ,of the most important recovery fac- 
tors to mitigate the effects of an error 
is the type of display feedback. If an 
error resulted in an immediate annuncia- 
tor warning, a relatively low failure 
rate was assigned to the recovery fac- 
tors.  The total task failure rate would 
be the product of the initial error rate 
and the low failure rate of the recovery 
factor. But if the feedback consisted 
of a slow rise in pressure, for example, 
as displayed on a meter on the vertical 
wall underneath the annunciator panels, 
a higher failure rate was assigned, in 
certain instances 0.5. 

6.1.3.7 Personnel Redundancy. 

Another important recovery factor is the 
use of personnel redundancy (or, as it 
is sometimes called, human redundancy) 
which refers to the use of a second 
person to verify that the performance of 
a first person was correct. Personnel 
redundancy can vary from complete 
redundancy (i.e., complete independence 
of the initial act and the checking act) 
to very low degrees of redundancy (i.e., 
high degrees of dependency between the 
initial act and the checking act). 
Lower recovery factor failure rates are 
related to higher degrees of personnel 
redundancy. 

Beneficial use of a high degree of 
personnel redundancy is illustrated by 
the calibration of the water level 
sensors and drywell sensors at one site. 
A two-man team performs the calibration 
with one man reading and recording the 
readings on the check list while the 
other man does the calibration. After 
the calibration has been completed the 
two men reverse roles and perform a 
functional check. With this extensive 
use of personnel redundancy, an estimate 
of was assigned to the joint proba- 
bility of a miscalibration being made 
and the functional check faiking to 
catch the miscalibration. 

A low degree of personnel redundancy is 
illustrated by the use of a single 
person to perform critical actions, 
followed b; an informal type 
checking. For example, in the case @ 
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ra te  f o r  t h i s  type  of  p a s s i v e  monitor ing 
t a s k  i s  h igh  ( 0 . 5 )  . 
It  i s  sometimes thought  t h a t  r e q u i r i n g  a 
person t o  s i g n  a s t a t e m e n t  t h a t  he h a s  
accomplished a t a s k  w i l l  ensure  t h a t  he 
r e a l l y  performed t h e  t a s k .  For t a s k s  
t h a t  a r e  f r e q u e n t l y  performed, t h e  
s i g n i n g  of  one ' s  name t e n d s  t o  become a 
per func tory  a c t i v i t y  wi th  no more 
meaning than  checking o f f  an i t e m  on a 
c h e c k l i s t .  I n  g e n e r a l ,  very l i t t l e  
r e l i a b i l i t y  c r e d i t  w a s  al lowed f o r  t h e  
requirement  t o  s i g n  o f f  t h a t  a procedure 
had been completed. 

I n  g e n e r a l ,  t h e  degree  of personnel  
redundancy w a s  h igh  f o r  c a l i b r a t i o n  
o p e r a t i o n s ,  l o w e r  for  c e r t a i n  o p e r a t o r  
t a s k s  such as manipulat ing MOV's, and 
lowest f o r  maintenance t a s k s .  However, 
i n  t h e  case of  t h e  l a t t e r ,  a h ighly  
r e l i a b l e  recovery f a c t o r  w a s  t h e  t e s t i n g  
of  maintained system components b e f o r e  
t h e  system w a s  p u t  back on l i n e .  

6.1.4 A SAMPLE HUMAN RELIABILITY 
ANALYSIS 

, 
To i l l u s t r a t e  how a t y p i c a l  human re l ia-  
b i l i t y  a n a l y s i s  w a s  performed, t h i s  
s e c t i o n  o u t l i n e s  a sample a n a l y s i s  based 
on paragraphs 4.8 and 4.9 of  t h e  
procedure e n t i t l e d  "Loss of Reactor 
Coolant," provided by t h e  u t i l i t y  t h a t  
runs t h e  s u b j e c t  PWR. The t w o  para- 
graphs a r e :  

4.8 When t h e  RWST reaches  t h e  l o w  l e v e l  
s e t p o i n t  (14.5%) and CLS [Conse- 
quence Limi t ing  System] i n i t i a t i o n  
has  been reset (RESET PERMISSIVE 5 
0.5 p s i g )  complete t h e  fo l lowing  
a c t i o n s  : 

4.8.1 Open MOV-860A and B ,  s u c t i o n  
t o  t h e  low-head S I  [Safe ty  
I n j e c t i o n ]  pumps from t h e  
containment simp. 

4.8.2 Stop  t h e  containment s p r a y  
pump motors and close spray  
pump t u r b i n e  steam supply 
va lves  MS-103AI B, C and D 

4.8.3 Close Spray pump s u c t i o n  and 
d i s c h a r g e  valves MOV-CS- 
100A, 100B, 101A, B, C and 
D. 

4.9 When t h e  RWST reaches  t h e  low-low 
l e v e l  s e t p o i n t  ( 7 % )  complete t h e  
fol lowing a c t i o n s :  

4.9.1 Close I MOV-862, sucti 'on t o  
t h e  l o w  head s a f e t y  i n j e c -  
t i o n  pumps from t h e  RWST 

4.9.2 Open t h e  charging pump suc- 
t i o n s  from t h e  d ischarge  of  
t h e  low head pumps by 
opening MOV-863A and B. 

This sample a n a l y s i s  i s  r e s t r i c t e d  t o  
s t e p s  4.8.1, 4.9.1 and 4.9.2. The MOV 
switches inovlved are MOV-1860A and B ,  
MOV-1862, and MOV 1863A and B. [NOTE: 
t h e  procedures drop t h e  i n i t i a l  d i g i t  
s i n c e  it i s  understood, f o r  example, 
t h a t  MOV-860A could  r e f e r  t o  t h i s  switch 
f o r  e i t h e r  t h e  number 1 r e a c t o r  ( i . e . ,  
MOV-1860A) o r  t h e  number 2 r e a c t o r  (MOV- 
2860A) . I  These switches are shown i n  
t h e  bottom r o w  of  t h e  s k e t c h  i n  Fig.  I11 
8-2. The t w o  rows of  switches shown i n  
t h e  s k e t c h  are t h e  bottom t w o  rows of 
seven rows on t h e  l e f t  most p a n e l  of 
f o u r  segemnts i n  a l a r g e  switch board 
(one p l a n e ) .  There a r e  o t h e r  s a f e t y  
panels  i n  o t h e r  planes.  

I n  t h e  s k e t c h  t h e  switches a r e  associ- 
a t e d  wi th  i n d i c a t o r  lamps: G s t a n d s  f o r  
green ( c l o s e d  c o n d i t i o n  of  motor 
opera ted  va lve)  and R s t a n d s  f o r  r e d  
(open c o n d i t i o n  of MOV). The l i n e s  
r a d i a t i n g  from some of  t h e  i n d i c a t o r  
lamps i n d i c a t e  t h e  normal "on" c o n d i t i o n  
of  t h e s e  lamps p r i o r  t o  t h e  l o w  l e v e l  
s e t p o i n t .  

N o t  shown i n  t h e  s k e t c h ,  b u t  of  impor- 
t a n c e  t o  t h e  a n a l y s i s ,  i s  t h e  t h i r d  r o w  
from t h e  bottom of  MOV switches.  The 
r o w  c o n s i s t s  of 5 swi tches  i d e n t i c a l  i n  
shape and s i z e  t o  t h e  bottom row. The 5 
s w i t c h e s  a re  p h y s i c a l l y  a r ranged  f r o m  
l e f t  t o  r i g h t  and are l a b e l e d  as 
f 01 l o w s  : 

LO HEAD S.I .  PP A DISC IS0 W 
MOV- 186 4A 

IS0 DISC FROM COLD LEGS 

LO HEAD S . I .  PP A RECIRC IS0  W 
MOV- 18 8 5A 

I LO HEAD S . I .  PP A&R RECIRC IS0 W 
MOV- 18 8 5C 

I I LO HEAD S . I .  PP B RECIRC IS0 W 
MOV-1885B 

LO HEAD S . I .  PP B DISC IS0 W 
MOV- 18 6 4B 

IS0 DISC FROM COLD LEGS 

(Normally open-red lamp) 
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The procedures  i n  paragraph 4 .8  a r e  t o  
be performed about 20-30 minutes a f t e r  a 
LOCA, and t h e  procedures i n  4 .9  should 
be performed about  2 minutes a f t e r  t hose  
i n  4.,8. The 14.5% low l e v e l  s e t p o i n t  i s  
i n d i c a t e d  by a meter t h a t  shows dropping 
w a t e r  l e v e l  i n  t h e  RWST, and a l s o  by an 

i a t o r .  The 7% low-low l e v e l  set- 
poi  annY t is s i m i l a r l y  i n d i c a t e d .  

'Reference t o  Table  I11 6-1 i n d i c a t e s  
t h a t  t h e  b a s i c  o p e r a t o r  e r r o r  ra te  a t  
t h e  end of  30 minutes a f t e r  a LOCA i s  
approximately 10-1 .  This  b a s i c  e r r o r  
ra te  w a s  used f o r  c e r t a i n  of t h e  a c t i v i -  
t ies  as desc r ibed  below. 

The f i r s t  q u e s t i o n  t o  be asked i n  t h e  
a n a l y s i s  w a s :  what i s  t h e  p r o b a b i l i t y  
t h a t  no a c t i o n  would be taken a t  t h e  low 
l e v e l  s e t p o i n t  cond i t ion?  The second 
q u e s t i o n  w a s :  what i s  t h e  p r o b a b i l i t y  
t h a t  some p a i r  of swi t ches ,  o t h e r  than 
MOV-1860A and B would be manipulated? 

I n  answering t h e  f i r s t  u e s t i o n  t h e  
b a s i c  e r r o r  ra te  of  lo-? w a s  used. 
However, i t  w a s  assumed t h a t  by 20-30 
minutes a f t e r  a LOCA a t  least  t h r e e  
people  would be p r e s e n t  i n  t h e  c o n t r o l  
room, and t h a t  each of t h e s e  people  
would have t o  f a i l  t o  n o t i c e  t h e  need 
f o r  t a k i n g  a c t i o n  i n d i c a t e d  i n  s t e p  
4.8.1. Furthermore,  it w a s  e s t ima ted  
t h a t  t h e  p re sence  of  t h e  m e t e r  i n d i -  
c a t i o n  of f a l l i n g  RWST l e v e l  should add 
a p r o b a b i l i t y  of  0.9 t h a t  someone 
p r e s e n t  would be cued t o  perform s t e p  
4.8.1. (This  estimate i s  based on an 
assumed p r o b a b i l i t y '  of  0.5 t h a t  an 
i n d i v i d u a l  w i l l  f a i l  t o  n o t i c e  a change 
i n  a meter i n d i c a t i o n  under t h e  circum- 
s t a n c e s .  For  t h r e e  people  t h e  j o i n t  
p r o b a b i l i t y  t h a t  t h e  change w i l l  be 
unnot iced i s  0.53 = -125, y i e l d i n g  a 
p r o b a b i l i t y  of  0.875 t h a t  it w i l l  be 
no t i ced .  For convenience,  t h i s  w a s  
rounded t o  0.9.)  The p r o b a b i l i t y  t h a t  
s t e p  4.8.1 would n o t  be executed i s  thus  
e s t ima ted  as about  p r i o r  t o  t h e  
a u d i t o r y  alarm, which would provide 
ano the r  cue f o r  a c t i o n .  This  estimate 
of 10-4  i s  shown i n  t h e  f i r s t  branching 
of  t h e  p r o b a b i l i t y  tree diagram shown i n  
Fig.  I11 6-3. 

Once t h e  alarm has  sounded, t h e  opera- 
t o r s  have 2 minutes i n  which to  perform 
s t e p  4.8.1. I t  w a s  reasoned t h a t  i f  no 
a c t i o n  has  been planned u n t i l  t h e  alarm 
sounds, some degree of  d i s o r g a n i z a t i o n  
i s  i n d i c a t e d  and t h e  b a s i c  e r r o r  rate o f  
10-1 is a p p l i c a b l e  f o r  each of  t h e  t h r e e  
o p e r a t o r s .  Thus a p r o b a b i l i t y  of  10-3 
w a s  e s t ima ted  f o r  t h e  f a i l u r e  t o  t a k e  
a c t i o n  by any of  t h e  t h r e e  o p e r a t o r s  
w i t h i n  2 mintues a f t e r  t h e  f i r s t  audi to-  
r y  alarm a t  t h e  14.5% low level set- 
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p o i n t .  This  l o v 3  estimate i s  shown i n  
Fig. I11 6-3 as t h e  second branc 
l ead ing  t o  f a i l u r e  event  F1. Thus, t h  
t o t a l  e s t ima ted  f a i l u r e  ra te  F1 ( f a i l i n  
t o  erform s t e p  4.8.1 i n  t i m e )  i s  10-4 x 
10-5 = 10-7. Although a s  s t a t e d  p rev i -  
ous ly  an e s t ima ted  f a i l u r e  r a t e  of less 
than  10-5 should be viewed wi th  s k e p t i -  
c i s m ,  it can be concluded t h a t  t h e  
p r o b a b i l i t y  of f a i l u r e  t o  perform s t e p  
4.8.1 i s  r e l a t i v e l y  s m a l l ,  and t h i s  
p o t e n t i a l  f a i l u r e  w a s  t h e r e f o r e  dropped 
from f u r t h e r  cons ide ra t ion .  

I t  w a s  e s t ima ted  t h a t  i f  s t e p  4.8.1 w e r e  
performed, t h e  p r o b a b i l i t y  of s e l e c t i n g  
some p a i r  of  swi t ches  o t h e r  than MOV- 
1860A and B would be of t h e  o r d e r  of 

The r e l i a b i l i t y  of t h i s  t a s k  i s  
e s t ima ted  a t  t h i s  va lue  because it w a s  
a s s e s s e d  t o  be h igh ly  probable  t h a t  
r e s p o n s i b i l i t y  f o r  o p e r a t i n g  t h e  va lves  
would be assigned t o  one person, t h a t  
i s ,  no pe r sonne l  redundancy would be 
used. This  judgment w a s  based on 
obse rva t ion  of o p e r a t o r s  a t  work. M i s -  
s e l e c t i o n  of swi t ches  i s  t h e  type of 
e r r o r  t h a t  o p e r a t o r s  tend t o  d i s r e g a r d  
as a c r e d i b l e  e r r o r .  Therefore ,  it w a s  
deemed u n l i k e l y  t h a t  anyone would check 
t h e  o p e r a t o r  who a c t u a l l y  manipulated 
t h e  MOV's.  The b a s i c  error ra te  of  
1 0 - 1  w a s  a s ses sed  t o  be t o o  l a r g e  f o r  
t h i s  t ype  of a c t i o n ,  and 10-2 w a s  ac- 
co rd ing ly  s e l e c t e d  as t h e  n e a r e s t  o r d e r  
of magnitude estimate. 

Reference t o  Fig.  I11 6-3 i n d i c a t e s  t h a t  
t h e r e  are two p a t h s  l e a d i n g  t o  misselec- 
t i o n  of t h e  p a i r  of switches.  The p a t h  

has  a s m a l l  p r o b a b i l i t y  and hence can be 
r e j e c t e d .  The on ly  remaining f a i l u r e  
p a t h  of  consequence is  t h u s  

A-F3 (.999 x lo-') 

which reduces t o  

Given t h a t  t h e  o p e r a t o r  selects a wrong 
p a i r  of  switches a t  t h e  low l e v e l  
s e t p o i n t  t h e r e  now arise t h e  p o s s i b l e  
cand ida te s  of i n c o r r e c t  p a i r s  he w i l l  
select .  It  w a s  a s ses sed  t h a t  t h e  most 
p robab le ' cand ida te s  are MOV-1863A and B 
s i n c e  they are  on t h e  same row of 
swi t ches ,  are a d j a c e n t  t o  t h e  d e s i r e d  
swi t ches ,  and have s i m i l a r  MOV numbers 
and l a b e l s .  The p r o b a b i l i t y  of  select- 
i n g  a p a i r  of  swi t ches  from t h e  second 
row from t h e  bottom i s  lower i n  value 
because of  t h e  d i s s i m i l a r i t y  o f  switch 
nomenclature and t h e  d i f f e r e n t  appear,---, u ance of  t h e  switches themselves--(th 



have an AUTO p o s i t i o n ) .  The switches i n  
t h e  t h i r d  row from t h e  bottom have 
l a b e l s  s i m i l a r  t o  t h e  d e s i r e d  swi t ches ,  
bu t  t h e  outboard swi t ches  ( t h e  most 
l i k e l y  cand ida te s  f o r  mis - se l ec t ion )  are 
normally open. The i r  r e d - i n d i c a t o r  
lamps would f u r n i s h  a cue t h a t  they a r e  
no t  t he  c o r r e c t  switches t o  be manipula- 
t e d .  I n  a d d i t i o n ,  t h i s  t h i r d  row i s  
s p a t i a l l y  somewhat remote from t h e  
d e s i r e d  switches.  

Given t h e  i n i t i a l  e r r o r  of s e l e c t i n g  
some p a i r  of switches o t h e r  than MOV- 
1860A and B,  it i s  t h e r e f o r e  e s t ima ted  
t h a t  t h e r e  is a p r o b a b i l i t y  of .75 t h a t  
t h e  o p e r a t o r  would select MOV-1863A and 
B and a p r o b a b i l i t y  of -25 t h a t  some 
o t h e r  p a i r  of  swi t ches  would be selec- 
t ed .  The e r r o r  of mis - se l ec t ion  of MOV- 
186321 and B has  a recovery f a c t o r  which 
e n t e r s  a t  t h e  7% (low-low) l e v e l  
s e t p o i n t .  That i s ,  i n  s t e p  4 . 9 . 2  t h e  
o p e r a t o r  is supposed t o  c l o s e  MOV-1863A 
and B. I f  t h e  e r r o r  of mis - se l ec t ion  
had a l r e a d y  been committed, t h e  o p e r a t o r  
would f i n d  t h e s e  MOV's a l r e a d y  c losed .  
This s i t u a t i o n  w i l l  l i k e l y  cue him t h a t  
something i s  wrong. A 0 .9  p r o b a b i l i t y  
i s  t h e r e f o r e  used f o r  h i s  no t ing  an 
e r r o r ,  and hence t h e  t o t a l  e s t ima ted  
f a i l u r e  ra te  f o r  s t e p  4.8.1, i n c l u d i n  
f a i l u r e  of t h e  recovery f a c t o r ,  i s  10- 
x 0.75 x 10'1 = 0.00075 which i s  rounded 
t o  approximately 10-3. 

A s i m i l a r  a n a l y s i s  w a s  performed f o r  
s t e p s  4 . 9 . 1  and 4 .9 .2 .  The d e t a i l e d  
a n a l y t i c a l  approach desc r ibed  above 
involves  a degree of s u b j e c t i v i t y .  For 
t h e  s tudy  t h i s  s u b j e c t i v i t y  w a s  n o t  
p a r t i c u l a r l y  c r u c i a l  because what i s  
important  and a f f e c t s  t h e  o v e r a l l  re- 
s u l t s  i s  t h e  o r d e r  of magnitude of t h e  
human e r r o r  f a i l u r e  rate and no t  i t s  
e x a c t  value.  The e r r o r  bounds a t t a c h e d  
t o  t h e  f i n a l  estimate a l s o  gave coverage 
t o  u n c e r t a i n t i e s  and e r r o r s  which might 
e x i s t .  A s  a t o o l  i n  i t s e l f ,  t h e  de- 
t a i l e d  a n a l y t i c a l  approach i s  v a l u a b l e  
f o r  t h e  fol lowing reasons:  

9 

a. 

b. 

C. 

The e x e r c i s e  of o u t l i n i n g  a l l  plau- 
s i b l e  modes of  o p e r a t o r  a c t i o n  
dec reases  t h e  p r o b a b i l i t y  t h a t  some 
important  f a i l u r e  pa th  w i l l  be 
overlooked. 

Due t o  t h e  l a c k  of e r r o r  ra te  d a t a  
f o r  nuc lear  power p l a n t  t a s k s ,  it i s  
necessary t o  break down o p e r a t o r  
a c t i o n s  t o  a l e v e l  where e x i s t i n g  
d a t a  can be used. 

The d e t a i l e d  approach makes it 
easier f o r  a n a l y s t s  making independ- 
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e n t  estimates t o  check on t h e  source 
of any disagreement and t o  r e s o l v e  
it. 

6.2 AIRCRAFT CRASH PROBABILITIES 

The AEC Regulatory S t a f f  has  compiled 
d a t a  (Refs.  20 ,  21 ,  2 2 )  on a i r c r a f t  
movements and c a l c u l a t e d  c r a s h  probabi l -  
i t i e s  a s  a func t ion  of d i s t a n c e  from an 
a i r p o r t  and o r i e n t a t i o n  w i t h  r e s p e c t  t o  
runway f l i g h t  paths .  The p r o b a b i l i t i e s  
are computed p e r  square m i l e s  p e r  a i r -  
c r a f t  movement so t h a t  t h e  i n d i v i d u a l  
p l a n t  s i tes  can be eva lua ted  by d e t e r -  
mining t h e  p l a n t  vu lne rab le  area, d i s -  
t a n c e  from t h e  a i r p o r t  and t h e  number of 
a i r c r a f t  movements involved. Table I11 
6-2 which was taken from Reference 23 i s  
based on gene ra l  a v i a t i o n  a i r c r a f t  
movements f o r  t h e  y e a r s  1 9 6 4  through 
1968 and inc ludes  3993 f a t a l  c r a shes  as 
a r e s u l t  of 320,000,000 a i r c r a f t  move- 
ments .  Only c ra shes  r e s u l t i n g  i n  a 
f a t a l i t y  were considered.  I t  is  reason- 
a b l e  t o  assume t h a t  a c c i d e n t s  s e v e r e  
enough t o  create s i g n i f i c a n t  damage t o  a 
n u c l e a r  p l a n t  would g e n e r a l l y  invo lve  
f a t a l  i n j u r i e s ,  however. 

T a b l e  I11 6-3 p r e s e n t s  f a t a l  c r a s h  
h i s t o r i e s  of a i r  carr ier  and m i l i t a r y  
a i r c r a f t .  Crashes wi th in  t e n  m i l e s  of  
an a i r p o r t  runway and w i t h i n  a 60  degree 
r e f e r e n c e  f l i g h t  pa th  symmetric about 
t h e  extended c e n t e r  l i n e  of t h e  runway 
are considered.  

Although t h e  number of a i r c r a f t  move- 
ments p e r  y e a r  may i n c r e a s e  s i g n i f i c a n t -  
l y  i n  t h e  nex t  f o u r  decades,  t h e  f a t a l  
c r a s h  p r o b a b i l i t y  p e r  a i r c r a f t  movement 
p e r  squa re  m i l e  i s  expected t o  s t a y  
r e l a t i v e l y  c o n s t a n t  and w i l l  probably 
dec rease  as s a f e t y  technology develops 
i n  f u t u r e  years .  The updating of t h e  
c r a s h  p r o b a b i l i t i e s  t o  account f o r  
f u t u r e  growth can then be accomplished 
by e s t i m a t i n g  t h e  i n c r e a s e  i n  a i rc raf t  
movements f o r  t h e  pe r iod  of concern. A 
s tudy  conducted by Sandia Labora to r i e s  
i n d i c a t e s  t h a t  t h e  a c c i d e n t  rate p e r  
m i l e  f o r  a l l  U.S. a i r  carriers s t e a d i l y  
decreased over  t h e  pe r iod  of 1968 
through 1971 even though t h e  number of 
m i l e s  flown i n c r e a s e d  s i g n i f i c a n t l y .  

I t  i s  reasonable  t o  expect  t h i s  t r e n d  t o  
con t inue  so  t h a t  e x t r a p o l a t i o n  of  c r a s h  
p r o b a b i l i t i e s  based s o l e l y  on t h e  ex- 
pected i n c r e a s e  i n  a i r c r a f t  movements 
w i l l  r e s u l t  i n  conse rva t ive  answers. 

Based on t h e  r e f e r e n c e  d a t a  on t h e  prob- 
a b i l i t y  of a i r c r a f t  c r a shes  as a func- 
t i o n  of number of a i r c r a f t  movements and 



vu lne rab le  area, t h e  a n a l y s i s  o f  
s p e c i f i c  p l a n t s  i s  dependent on (1) t h e  
number and n a t u r e  of a i r c r a f t  movements 
i n  t h e  v i c i n i t y  of t h e  p l a n t ,  ( 2 )  t h e  
vu lne rab le  area of t h e  p l a n t  and (3 )  t h e  
damage p o t e n t i a l  of a i r c r a f t  c r a shes  
i n t o  t h e  vu lne rab le  area. 

6 .2 .1  NUMBER AND NATURE OF AIRCRAFT 
MOVEMENTS 

A i r c r a f t  movements considered have gen- 
e r a l l y  been l i m i t e d  by s i z e  o r  weight 
r e s t r i c t i o n s .  The assumption commonly 
made i s  t h a t  a i r c r a f t  having a weight of  
12,500 l b s .  o r  g r e a t e r  w i l l  cause seri- 
ous damage t o  a r e a c t o r  p l a n t .  I t  i s  
assumed t h a t  some p o r t i o n  (25% f o r  
Surry)  of t h e  s m a l l e r  a i r c r a f t  i s  l a r g e  
enough t o  cause damage. Judgements on 
s i z e  and speed c o n s i d e r a t i o n s  are made 
f o r  i n d i v i d u a l  a i r p o r t - p l a n t  i n t e r a c -  
t i o n s  based on t h e  type of  a i r c r a f t  
involved. 

6.2.2 DETERMINATION OF PLANT VULNERABLE 
AREA 

The p l a n t  vu lne rab le  a r e a  is  c a l c u l a t e d  
as t h e  "shadow" area i n  square m i l e s  o f  
vu lne rab le  p l a n t  s t r u c t u r e s  based on a 
de f ined  impact angle .  The ang le  i s  
g e n e r a l l y  assumed t o  be 20" although it 
may vary from 1 0 "  t o  30'. I t  should be 
noted t h a t  t h e  e f f e c t i v e  area w i l l  vary 
depending on t h e  d i r e c t i o n  of approach, 
t e r r a i n  f e a t u r e s ,  and type  of damage. 

6.2.3 DAMAGE POTENTIAL 

Two types  of  damage are g e n e r a l l y  con- 
s i d e r e d ,  (1) f i r e  damage e i t h e r  from t h e  
a i r c r a f t  exploding and burning o r  from 
sprayed f u e l  i g n i t i n g ,  and ( 2 )  s t r u c t u r -  
a l  damage due t o  impact of t h e  a i r c r a f t  
frame and engines.  

T a b l e  I11 6-4 w a s  taken from Reference 
23 and shows t h e  c a l c u l a t e d  
p r o b a b i l i t i e s  f o r  t h r e e  p l a n t s .  The 
table has  been expanded t o  inc lude  t h e  
Surry p l a n t  Units  3 and 4. The 
information f o r  Surry w a s  taken from t h e  
Sa fe ty  Analysis Report and from t h e  AEC 
Regulatory S t a f f  eva lua t ion .  

6.2.4 TYPICAL DAMAGE CALCULATIONS 
(SURRY 3 and 4 )  

6 . 2 . 4 . 1  Source. 

a. F e l k e r  AA!? F i e l d  

Five m i l e s  SE of t h e  s i te .  

Maximum g r o s s  weight of a i r c r a f t  = 
47,000 lb .  

1972 number of  ope ra t ions  = 81,500. 
b. Assumed Conditions:  

1. Only 1 / 2  of t h e  81,500 opera- 
t i o n s  f l y  over  t h e  s i te .  (Since 
1 / 2  are landings and 1 / 2  are 
t a k e o f f s ,  it i s  l i k e l y  t h a t  on ly  
one o r  t h e  o t h e r  and n o t  both 
types  of  ope ra t ion  would be 
involved.)  

2 .  Half of t h e  ope ra t ions  are by 
l a r g e  a i r c r a f t  and h a l f  by 
smaller a i r c r a f t  (less than 
12,500 l b . ) .  

3. Of t h e  smaller a i r c r a f t ,  only 
1 / 4  are l a r g e  enough t o  cause 
damage. 

4. Vulnerable areas o f 2  each u n i t  
are less than 0,Ol m i  and 0 . 0 0 5  
m i 2  f o r  l a r g e  and s m a l l  a i r c r a f t  
r e s p e c t i v e l y .  

5. P r o b a b i l i t y  of f a t a l  c r a sh  i s  
less than 0.3 x 10'8/mi2 p e r  
ope r a t  ion. ( M i 1 . i  t a r y  a v i a t i o n  
h a s  a b e t t e r  s a f e t y  r eco rd  than 
g e n e r a l  a v i a t i o n . )  Accordingly,  
t h e  p r o b a b i l i t y  of an a i r c r a f t  
a c c i d e n t  r e s u l t i n g  i n  s t r u c t u r a l  
damage is :  

<81,500 1 x 7 x 0.01 'S,A - < 

81  500 1 3 + + - x T  
L L. 

1 0.005 3 

< 7 x 10-'/year 'S,A - 
6 . 2 . 4 . 2  Source. 

a. Williamsburg - Jamestown A i r p o r t  

Five m i l e s  N-NW of t h e  s i te .  

M a x i m u m  g r o s s  weight of  a i r c ra f t  = 
1 2 , 0 0 0  pounds. 

1 9 7 2  number of  o p e r a t i o n s  = 45,000. 

b. Assumed Conditions:  

Using a p r o b a b i l i t y  of c r a sh  of 1 x 
10-8/mi2 and assuming t h a t  on ly  1 / 4  
of a i r c r a f t  are l a r g e  enough t o  
cause damage s i n c e  t h i s  is a rela- 
t i v e l y  small a i r p o r t  with predomi- 
n a t e l y  l i g h t  a i r c r a f t  t r a f f i c .  

< -  45 ,000  x 0.005 
'S,B - 2 

1 x 1 x x 7 Q 
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To determine t h e  l i k e l i h o o d  of an impact 
of  t h e  containment v e s s e l  t h e  r a t i o  of 
t h e  containment v e s s e l  area t o  t h e  over- 
a l l  t a r g e t  a r e a  was e s t ima ted  a t  0.5, 
which r e s u l t s  i n  a p r o b a b i l i t y  of 5 x 
10-7 f o r  impact on t h e  containment 
s t r u c t u r e s .  

3 

F u r t h e r ,  i n  Reference 23, it w a s  
concluded t h e  l i k e l i h o o d  of a 
p e n e t r a t i o n  (given impact) r e s u l t i n g  i n  
damage t o  a c r i t i c a l  element w i th in  t h e  
containment v e s s e l s  (such a s  t h e  
r e a c t o r ,  t h e  primary p ip ing ,  e tc . )  w a s  
reduced a t  least  a f a c t o r  of 100 .  
Therefore ,  t h e  e s t i m a t e  of c r i t i ca l  
damage due t o  an a i r c r a f t  acc iden t  i s  
conse rva t ive ly  e s t a b l i s h e d  a t :  

p < 5 x 10-’/plant year  . 

6.3 TOTAL LOSS OF ELECTRIC POWER 
An even t  of major concern i n  t h e  r e a c t o r  
s a f e t y  s tudy  i s  t o t a l  loss of e lec t r ica l  
power a t  LOCA o r  du r ing  t h e  course of  a 
LOCA. Accordingly, t h e  s t a t i s t i c s  and 
methodology used t o  q u a n t i f y  t h e  l i k e l i -  
hood of such an e v e n t  are r e p o r t e d  
he re in .  

This  even t  r e q u i r e s  t h e  f a i l u r e  of two 
e s s e n t i a l l y  independent systems, t h e  
o f f s i t e  power system and t h e  o n s i t e  
power system. F u r t h e r ,  because t h e  
e l e c t r i c a l  requirements are reduced as 
t i m e  p rog res ses  subsequent t o  a LOCA, 
t h e  even t  w a s  eva lua ted  f o r  two d i s c r e t e  
t i m e  pe r iods :  (1) a t  t h e  i n s t a n t  of  a 
LOCA; ( 2 )  a t  t i m e  pe r iods  up t o  n ine  
months a f t e r  a LOCA, provided t h a t  t h e  
e l e c t r i c a l  system ope ra t ed  p rope r ly  a t  
LOCA . 
Because t i m e  i s  n o t  a f a c t o r  f o r  loss o f  
e lec t r ic  power a t  LOCA, c y c l i c  o r  p e r  
demand s ta t i s t ics  w e r e  used t o  compute 
t h e  p r o b a b i l i t y  of such a loss  i n  l i e u  
of  t h e  more s t anda rd  f a i l u r e  rate da ta .  
Conversely,  because t i m e  i s  a f a c t o r  f o r  
loss of  e lec t r ic  power during t h e  course 
of  a LOCA, a p p l i c a b l e  f a i l u r e  r a t e s  w e r e  
used t o  compute t h e  p r o b a b i l i t y  of such 
a loss. 

6 . 3 . 1  TOTAL LOSS OF ELECTRIC POWER 
AT LOCA 

The sequence t h a t  l e a d s  t o  t h i s  even t  i s  
loss of t h e  o f f s i t e  power sources  a t  
LOCA, and t h e  subsequent f a i l u r e  of t h e  
d i e s e l  gene ra to r s  t o  s t a r t  o r  t o  p i ck  up 

“.oad. The Technical  S p e c i f i c a t i o n s  do 

n o t  pe rmi t  o p e r a t i o n  of t h e  r e a c t o r  
w i thou t  o f f s i t e  power. Therefore ,  o f f -  
s i t e  power i s  assumed t o  be a v a i l a b l e  
immediately p r i o r  t o  a LOCA. Since t h e  
t i m e  frame of i n t e r e s t  f o r  t h i s  even t  i s  
i n  t h e  o r d e r  of one minute,  t h e  l i k e l i -  
hood of l o s i n g  o f f s i t e  power by a f a i l -  
u r e  which i s  n o t  c a u s a l l y  r e l a t e d  t o  t h e  
LOCA i s  n e g l i g i b l e .  L i k e w i s e ,  because 
of t h e  s h o r t  t i m e  span,  c r e d i t  cannot be 
taken f o r  c o r r e c t i v e  a c t i o n s  during t h i s  
event .  

A LOCA w i l l  cause a g e n e r a t o r  t r i p ,  
r e s u l t i n g  i n  a sudden loss of genera- 
t i o n ,  I f  t h i s  sudden loss of gene ra t ion  
exceeds t h e  t r a n s i e n t  s t a b i l i t y  l i m i t  of  
t h e  power system, then o f f s i t e  power 
w i l l  be l o s t .  The Fede ra l  Power Commis- 
s i o n  has  provided t r a n s i e n t  s t a b i l i t y  
information f o r  power p l a n t s  east  of t h e  
Rockies. Based on t h i s  i n fo rma t ion ,  t h e  
p r o b a b i l i t y  i s  assumed t o  be l o m 3  t h a t  
o f f s i t e  power would be  l o s t  as a r e s u l t  
of t h e  gene ra to r  t r i p  t h a t  would ar ise  
from a LOCA. This is t h e  va lue  used i n  
t h i s  s tudy ,  although f o r  t h e  p a r t i c u l a r  
p l a n t  considered i n  t h i s  s tudy ,  t h i s  
number might be lower ( i .e. ,  t h e  
t r ansmiss ion  system of  t h e  p l a n t  review- 
ed  has  a high t r a n s i e n t  s t a b i l i t y  l i m i t  
due t o  high i n s t a l l e d  c a p a c i t y ,  t h e  ex- 
t e n s i v e  g r i d  i n t e r c o n n e c t i o n s  with o t h e r  
l a r g e  u t i l i t i e s ,  and t h e  number of 500  
and 230  kV t ransmission l i n e s  connecting 
t h e  p l a n t  t o  t h e  g r i d ) .  Conversely,  
t h i s  number would be h i q h e r  f o r  o t h e r  
areas, e.g. ,  F l o r i d a ,  where t h e  t r a n -  
s i e n t  s t a b i l i t y  l i m i t  i s  r e l a t i v e l y  low. 
The a s s o c i a t e d  e r r o r  spreads s e r v e  t o  
cover  such p o s s i b l e  dev ia t ions .  

I f  o f f s i t e  power i s  l o s t  a t  LOCA, then 
t h e  subsequent loss of two d i e s e l  
g e n e r a t o r s  r e s u l t s  i n  t o t a l  loss of 
e lec t r ic  power a t  LOCA. Both d i e s e l s  
could e i t h e r  f a i l  t o  s t a r t ,  o r  both 
g e n e r a t o r s  could t r i p  due t o  t he  sudden 
a p p l i c a t i o n  of load. E i t h e r  case, 
f a i l i n g  t o  s t a r t  o r  t r i p p i n g ,  would 
r e s u l t  i n  t o t a l  loss of power. The 
f a i l u r e  of both d i e s e l s  t o  s ta r t  i s  
considered t o  be a random even t  due t o  
two independent f a i l u r e s .  Nuclear oper- 
a t i n g  experiences ( t h e  d a t a  tables) 
i n d i c a t e  t h a t  t h e  f a i l i n g  t o  s t a r t  prob- 
a b i l i t y  i s  3 x p e r  demand. Since 
two d i e s e l  g e n e r a t o r s  are involved, t h e  
p r o b a b i l i t y  t h a t  both f a i l  t o  s t a r t  i s  
9 x 10-4, o r  approximately 10-3. I f  
both d i e s e l s  s t a r t ,  t h e  subsequent 
t r i p p i n g  of both gene ra to r s  would r e s u l t  
i n  t o t a l  loss of power a t  LOCA. Since 
both. g e n e r a t o r s  must p i ck  up a l l  
emergency loads  upon loss of  o f f s i t e  
power, t h i s  i s  a s i n g l e  event  t h a t  could 
t r i p  both u n i t s .  Based on ana lyses  and 
s p a r s e  engineer ing d a t a ,  t h e  p r o b a b i l i t y  
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of such an even t  i s  a s ses sed  t o  be 
compared t o  10-3 f o r  independent f a i l u r e  
c a l c u l a t i o n  (Ref. 2 4  through 27) .  The 
e r r o r  spreads aga in  s e r v e  t o  cover t h e  
a s s o c i a t e d  v a r i a b i l i t i e s  of  t h i s  
estimate . 
The loss of o f f s i t e  power a t  LOCA, 
( q n e t ) ,  was e s t ima ted  t o  be and 
t h e  loss of both d i e s e l  gene ra to r s ,  
( q 2 D G )  w a s  governed by t h e  t r i p p i n g  
sequence and e s t ima ted  t o  be 
Since o f f s i t e  power and o n s i t e  power 
must be l o s t  t o  cause t o t a l  loss of 
power a t  LOCA, t h e  p o i n t  p r o b a b i l i t y  of 
such an even t ,  (qAC) can be computed a s  
fol lows : 

= . 
Because t h e  ESF requirements a r e  most 
s t r i n g e n t  immediately a f t e r  a LOCA 
(e.g., t h e  Tore would be  uncovered i n  a 
matter of  minutes without  e lec t r ic  
power),  no c r e d i t  i s  taken f o r  remedial  
a c t i o n s  such as r e s t o r a t i o n  of o f f s i t e  
power o r  manual s t a r t  or  r e p a i r  of 
d i e s e l  gene ra to r s .  

6.3.2 TOTAL LOSS OF ELECTRIC POWER 
DURING A LOCA 

A premise f o r  t h i s  even t  i s  t h a t  power 
w a s  a v a i l a b l e  a t  LOCA and t h a t  t h e  
subsequent t o t a l  loss of power w a s  due 
t o  random uncor re l a t ed  events .  A s  i n  
‘the case of t o t a l  loss of e lec t r ic  power 
a t  LOCA, t h i s  e v e n t  r e q u i r e s  t h e  loss of 
o f f s i t e  and o n s i t e  power. I n  c o n t r a s t  
t o  t h e  case of t o t a l  loss of e lec t r ic  
power a t  LOCA, t h i s  even t  allows c r e d i t  
t o  be  taken f o r  c o r r e c t i v e  ac t ions .  
C r e d i t  f o r  c o r r e c t i v e  a c t i o n  i s  allowed 
because t h e  requirements of t h e  ESF sys- 
t e m s ,  p r i m a r i l y  t h e  h e a t  removal system, 
become p r o g r e s s i v e l y  less s t r i n g e n t  as 
t i m e  passes  a f t e r  t h e  LOCA. 

The p r o b a b i l i t y  of t h i s  even t  t h e r e f o r e  
involves  two a s p e c t s :  (1) r e l i a b i l i t y ,  
( 2 )  m a i n t a i n a b i l i t y .  The r e l i a b i l i t y  
a s p e c t  i s  t h e  p r o b a b i l i t y  t h a t  t h e  t o t a l  
e lec t r ic  power system w i l l  f a i l  a t  some 
t i m e ,  T ,  a f t e r  t h e  LOCA; t h e  maintaina- 
b i l i t y  a spec t  i s  t h e  p r o b a b i l i t y  t h a t  
power cannot be r e s t o r e d  b e f o r e  t h e  
maximum al lowable outage t i m e  ( i .e. ,  t h e  
t i m e  r e q u i r e d  t o  uncover t h e  c o r e ) .  
Thus, t h e  r e l e v a n t  p r o b a b i l i t y  f o r  t h i s  
even t  i s  t h e  j o i n t  p r o b a b i l i t y  t h a t  a l l  
power is l o s t  and t h a t  it is  n o t  
r e s t o r e d  b e f o r e  t h e  m a x i m u m  al lowable 
outage t i m e .  

Vendor d a t a  i n d i c a t e  t h a t  t h e  t i m e  
r e q u i r e d  t o  uncover t h e  core  upon loss 
of  a l l  e lec t r ic  power, Tmax, can 
approximated by a l i n e a r  f u n c t i : z g  
whenever t h e  t i m e  t a f t e r  LOCA exceed 
1 4 4  hours;  

( t)  = 0 ; ‘Imax t < 1 4 4  h r  

t 
‘Imax ( t )  = 1 + 720 ; t 1 4 4  h r  

Thus, a l l  e lec t r ic  power may s a f e l y  be 
l o s t  f o r  approximately two hours i n  t h e  
pe r iod  s t a r t i n g  one month a f t e r  a LOCA 
occurrence.  A s  a r e s u l t ,  t h e  r e p a i r  
models used € o r  r e s t o r a t i o n  of electr ic  
power allow a maximum r e p a i r  t i m e  which 
co inc ides  with t h e  above equat ions.  

The computed m a x i m u m  al lowable outage 
t i m e s  w e r e  subsequent ly  coupled wi th  
a p p l i c a b l e  r e p a i r  d a t a ,  and t h e  proba- 
b i l i t y  of n o t  r e s t o r i n g  power w i t h i n  t h e  
maximum allowed outage t i m e  w a s  de t e r -  
mined. The cumulative p r o b a b i l i t y  of  
l o s i n g  a l l  power i n c r e a s e s  d i r e c t l y  wi th  
t i m e ;  however, because t h e  t i m e  allowed 
t o  r e p a i r  such outages a l s o  i n c r e a s e s  
w i t h  t i m e  , t h e  cumulative p r o b a b i l i t y  of 
meaningful f a i l u r e s  increases less rap- 
i d l y  than  would otherwise be t h e  case. 

The d a t a  on which t h e  p r o b a b i l i t y  
c a l c u l a t i o n s  are based i n c l u d e  nuc lea r  
o p e r a t i n g  experience f o r  loss of o f f s i t e  
power and d i e s e l  f a i l u r e  and r e p a i r ,  and 
u t i l i t y  ope ra t ing  experience f o r  r e s t o -  
r a t i o n  of o f f s i t e  power. Nuclear oper- 
a t i n g  experience f o r  1972 inc ludes  t h r e e  
even t s  where o f f s i t e  power w a s  l o s t .  

These even t s  occurred i n  about 150,000 
o p e r a t i n g  hours ,  g iv ing  a p o i n t  estimate 
of t h e  f a i l u r e  ra te  f o r  o f f s i t e  power, 
X(net)  , of 2 x f a i l u r e s  p e r  hour. 
This d a t a  w a s  n o t  i n c o n s i s t e n t  w i th  t h e  
o t h e r  experiences.  

The r e p a i r  model f o r  r e s t o r a t i o n  of 
o f f s i t e  power w a s  based on outage d a t a  
of t h e  Bonneville Power Adminis t ra t ion 
f o r  t h e  y e a r s  1970, 1971’ and 1972. T h e  
s t a t i s t i c s  r e p r e s e n t  t h e  operating 
experience of  more than 1 1 , 0 0 0  m i l e s  of 
t r ansmiss ion  l i n e s  r a t e d  a t  500,  345, 
287, 230, 138 and 1 1 5  kV, and inc lude  
more than 1500  outages.  These statis-  
t i c s  are summarized i n  Tables I11 6-5, 
6-6, 6-7. These d a t a  r e p r e s e n t  s i n g l e  
f a i l u r e s ,  and n o t  n e c e s s a r i l y  t h e  loss 
of o f f s i t e  power; however, t h e  r e p a i r  
d a t a  are a p p l i c a b l e  because the’ r e p a i r  
of a s i n g l e  l i n e  would c o n s t i t u t e  
r e s t o r a t i o n  of o f f s i t e  power. For the -  

“6$ outages r epor t ed ,  the- r e s t o r a t i o n  ti 
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ranged from more than 1 5 0  hours t o  
\ e s s e n t i a l l y  ze ro  t i m e .  A cumulative 

i s t r i b u t i o n  curve of t h e s e  outages was 
l o t t e d  (Fig.  I11 6 - 4 ) ,  and t h e  mean 

r e p a i r  t i m e  w a s  found t o  be less than 
For t h e  post-accident  0.25 hour. 

environment, a conse rva t ive ,  c o n s t a n t  
mean r e p a i r  t i m e  (Tnet) of  1 hour w a s  
used. Thus, t h e  ~ p r o b a b i l i t y  t h a t  
o f f s i t e  power i s  no t  r e tu rned  t o  s e r v i c e  
by t i m e  t a f t e r  f a i l u r e  i s  approximated 
by exp ( - t / T n e t ) .  A s  shown i n  t h e  
t a b l e s ,  t h e  outages a r e  caused by such 
f a c t o r s  a s  trees i n  l i n e ,  l i g h t n i n g ,  
storm, f i r e ,  mal ic ious damage, 
a c c i d e n t a l  damage and f i r e .  The major 
c o n t r i b u t o r  t o  t h e  t o t a l  number of  
outages i s  l i g h t n i n g ,  and t h e  outages 
which r e q u i r e  t h e  l o n g e s t  t i m e  t o  r e p a i r  
a r e  g e n e r a l l y  those  a s s o c i a t e d  wi th  
f i r e ,  ice o r  l i n e  mater ia l  f a i l u r e s .  T o  
b e t t e r  d e p i c t  t h e  d i s t r i b u t i o n  of t h e s e  
ou tages ,  a his togram w a s  p l o t t e d  on 
semi-log paper ,  Fig.  I11 6-5. 

crd 

The d a t a  were i n  t h e  form of numbers of 
i n c i d e n t s  and t o t a l  outage t i m e s  w i th in  
each cause category.  Although t h i s  pre- 
averaging may d i s t o r t  d e t a i l s  of t h e  
d i s t r i b u t i o n  ( i .e . ,  a l l  i n c i d e n t s  of a 
given type are a s s igned  t h e  same average 
outage t i m e )  t h e  conclusions are no t  
s e n s i t i v e  t o  it. The d i s t r i b u t i o n  i n  
Fig. I11 6-4 b e a r s  a reasonable  r e s e m -  
b l ance  t o  a log-normal curve,  and t h e  
mean r e p a i r  t i m e  used i n  f u r t h e r  calcu-  
l a t i o n s  w a s  a s ses sed  t o  be  adequate f o r  
t h e  purposes of t h e  study. 

A s  p rev ious ly  s t a t e d ,  t h e  p r o b a b i l i t y  
t h a t  both d i e s e l s  f a i l  t o  s t a r t  
independently i s  approximately 
However, i f  t h e  d i e s e l s  are r equ i r ed  t o  
p i c k  up a s i g n i f i c a n t  load immediately 
a f t e r  s t a r t ,  as i s  t h e  case, t h e  proba- 
b i l i t y  t h a t  both g e n e r a t o r s  w i l l  t r i p  
o u t ,  q(2DG), i s  lo-*. D a t a  f o r  r e p a i r  
of d i e s e l  g e n e r a t o r  sets were n o t  very 
d e t a i l e d .  For t h e  s t u d y ' s  purposes,  
however, t h e  1972 nuc lea r  o p e r a t i n g  
expe r i ence  d a t a  w e r e  able t o  be used t o  
estimate t h e  mean r e p a i r  t i m e ,  TDG, of 
t h e  d i e s e l  g e n e r a t o r s ,  which w a s  twenty- 
one hours.  

T o t a l  loss o f  e lec t r ic  power du r ing  t h e  
course of a LOCA invo lves  t h e  l o s s  of 
o f f s i t e  power with both d i e s e l s  f a i l i n g  
t o  p i c k  up load ,  and n e i t h e r  t h e  o f f s i t e  
paver  sou rce  nor  a n y .  d i e s e l  being re- 
p a i r e d  be fo re  t h e  m a x i m u m  allowed outage 
t i m e ,  T m a X ,  ha s  e lapsed.  The cumulative 
o r o b a b i l i t y  for  t h i s  combined even t  can 

given by t h e  fol lowing equat ion:  

where 

to = 144 h r s  

1/T = l / T n e t  + 2 /TDG = 1.095 

T max (t) = T ' t  + 1 

T '  = 1/720 

X(net)  = 2.0 x 

q ( 2  DG) = 

6.3.3 SUMMARY 

The p r o b a b i l i t y  of t o t a l  l o s s  of  elec- 
t r i c  power w a s  computed f o r  two d i s c r e t e  
t i m e  pe r iods :  (1) a t  LOCA and ( 2 )  dur- 
i n g  t h e ' c o u r s e  of a LOCA. The r e s u l t s  
are t a b u l a t e d  as follows: 

a. T o t a l  l o s s  of e lectr ic  power a t  
LOCA, = 10-5 p e r  demand. The 
90 p e r c e n t  p r o b a b i l i t y  bounds 
(range)  on t h i s  median estimate a re :  

= l o m 6  pe r  demand; Qlower 

Qupper = per  demand. 

b. The p o i n t  estimates of t o t a l  loss of 
e lec t r ic  power du r ing  a LOCA, given 
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success  a t  LOCA, and t h e  a s s o c i a t e d  
9 0  percent  p r o b a b i l i t y  bounds f o r  
va r ious  t i m e s  a f t e r  a LOCA (see 
Table I11 6-8) were computed by 
using t h e  aforementioned equat ion 
and by inc lud ing  t h e  r e l a t i v e l y  
small  c o n t r i b u t i o n s  from o t h e r  f a u l t  
t ree analyses .  (The p o i n t  e s t i m a t e s  
w e r e  taken a s  median values  with 
r ega rd  t o  t h e  p r o b a b i l i t y  bounds.) 

6.4 PIPE FAILURE DATA 

The p r o b a b i l i t i e s  of p ipe  f a i l u r e  as an 
i s t - i t i a t i ng  event  f o r  loss of c o o l a n t  
a c c i d e n t s  are l i s t e d  i n  Table I11 6-9. 

The pipe r u p t u r e  assessments noted i n  
Table I11 6-9 w e r e  obtained from exami- 
na t ion  of nuc lea r  d a t a  sou rces ,  indus- 
t r i a l  d a t a  sou rces ,  and a number of 
o t h e r  d a t a  sources.  The same type of 
range approach as used f o r  t h e  component 
d a t a  base was used f o r  t h e  p ipe  r u p t u r e  
assessments.  Each of t h e  v a r i o u s  d a t a  
sources  w a s  i n d i v i d u a l l y  evaluated t o  
o b t a i n  p ipe  r u p t u r e  assessments.  Ranges 
( i .e. ,  e r r o r  sp reads )  w e r e  then d e t e r -  
mined which covered and were n o t  
i n c o n s i s t e n t  w i t h  t h e  i n d i v i d u a l  es t i -  
mates y i e lded  by t h e  v a r i o u s  sources.  

I n  g e n e r a l ,  t h e  p ipe  data  from t h e  
va r ious  sou rces  w e r e  q u i t e  rough and 
gave much freedom of i n t e r p r e t a t i o n .  TO 
i n c o r p o r a t e  t h e  r e s u l t i n g  u n c e r t a i n t y  
and p o s s i b l e  v a r i a t i o n s  t h a t  could e x i s t  
i n  t h e  assessments ,  t h e  ranges ( e r r o r  
sp reads )  w e r e  r e q u i r e d  t o  be l a r g e  i n  
s i z e .  A s  w i th  t h e  o t h e r  d a t a ,  t h e  
a s s o c i a t e d  median va lues  r e p r e s e n t  t h e  
geometric midpoint of t h e  ranges;  t h e  
a s s o c i a t e d  e r r o r  f a c t o r  from median t o  
range endpoint  i s  t h u s  10 .  The range,  
o r  e r r o r  spread,  and median va lues  are 
again rounded t o  t h e  n e a r e s t  h a l f  va lue  
on t h e  exponent s c a l e .  For e r r o r  d e t e r -  
minat ion,  a l og  normal w a s  ass igned t o  
t h e  above ranges and t h e  ranges w e r e  
i n t e r p r e t e d  a t  9 0 %  p r o b a b i l i t y .  

Various p ipe  s i z e s  w e r e  included i n  t h e  
e v a l u a t i o n s  and t h e  r u p t u r e  d a t a  w e r e  
ca t egor i zed  i n t o  d i f f e r e n t  s i z e s .  I n  
g e n e r a l ,  t h e  b a s i c  p ipe  d a t a ,  as given 
i n  t h e  d a t a  sources ,  could be broken 
i n t o  two g e n e r a l  c a t e g o r i e s ,  r u p t u r e s  
occur r ing  i n  p ipes  less than  roughly 4 "  
i n  diameter and r u p t u r e s  occur r ing  i n  
p ipes  having diameters  g r e a t e r  than 4 " .  
I n  t h e  summaries of t h e  i n d i v i d u a l  d a t a  
sou rces  which w i l l  be p re sen ted ,  t h e  
d a t a  a r e  broken i n t o  t h e s e  two categor-  
ies f o r  ana lyses  where t h e  less than 4 "  
diameter  p ipes  are simply termed " s m a l l  
p ipes"  and t h e  g r e a t e r  diameter  ones,  
" l a r g e  pipes" .  

For t h e  f i n a l  assessments,  t h e  r u p t u r e  
d a t a  w e r e  extended and i n t e r p o l a t e d  i n t o  
t h r e e  c a t e g o r i e s  as shown above. This 
f i n e r  c a t e g o r i z a t i o n  w a s  done p r i n c i p a l -  
l y  f o r  modeling cons ide ra t ions  and i s  
somewhat s u b j e c t i v e ,  based on judgement 
and on e x t r a p o l a t i o n  of gene ra l  t r e n d s  
observed i n  t h e  b a s i c  d a t a .  The f i n e r  
s t r u c t u r e  i s  no t  i n c o n s i s t e n t  w i th  t h e  
b a s i c  d a t a  and t h e  two group c l a s s i f i c a -  
t i o n s ;  t h e  h i  h e s t  and lowest bounds 

groups and t h e  t o t a l  range which i s  
obtained from t h e  b a s i c  d a t a .  The l a r g e  
ranges stemming from b a s i c  d a t a  which 
are a s s o c i a t e d  with each category tend 
t o  cover any c a t e g o r i z a t i o n  e r r o r s  made 
and any c a t e g o r i z a t i o n  v a r i a t i o n  which 
can occur ,  with t h e  range s i z e s  causing 
a l l  t h e  c a t e g o r i e s  t o  o v e r l a p  heav i ly  
one ano the r .  

and 10- 2 ) agree  wi th  t h e  two 

I n  a d d i t i o n  t o  t h e  p ipe  s i z e s ,  t h e  
r u p t u r e  s i z e  and s e v e r i t y  v a r i e d  over a 
spectrum, which c o n t r i b u t e d  t o  t h e  
unce r t a in ty .  I n  gene ra l ,  r u p t u r e s  w e r e  
ca t egor i zed  a s  those  breaks of major, 
severance-type s i z e .  Minor leaks w e r e  
no t  counted i n  t h e  r u p t u r e  assessments.  
When there  w e r e  q u e s t i o n s  concerning 
p a r t i c u l a r  f a i l u r e s ,  e v a l u a t i o n s  w e r e  
performed both inc lud ing  and excluding 
t h e s e  f a i l u r e s  which served i n  determin- 
ing t h e  ranges f o r  t h e  assessments.  

The assessments made i n  t h e  s tudy  apply 
t o  those  types  of p ipe  r u p t u r e s  which 
would cause LOCA's.  When d a t a  sources  
were i n  t h e  form of t o t a l ,  p e r  p l a n t  
p r o b a b i l i t i e s  t h a t  were a p p l i c a b l e  t o  a 
r u p t u r e  occur r ing  i n  systems anywhere i n  
t h e  p l a n t ,  t h e s e  t o t a l  p r o b a b i l i t i e s  
w e r e  normalized by t h e  r a t i o  of LOCA 
s e n s i t i v e  p ip ing  t o  t h e  t o t a l  p ip ing  i n  
which f a i l u r e s  w e r e  r epor t ed .  Average 
p l a n t  c h a r a c t e r i s t i c s  w e r e  used t o  
determine t h e  f r a c t i o n  of p ip ing  i n  t h e  
d a t a  base a s s o c i a t e d  with p o s s i b l e  LOCA 
i n i t i a t i o n ;  t h e  c h a r a c t e r i s t i c  -va lues  
used are shown below, followed by t h e  
e v a l u a t i o n  of t h e  i n d i v i d u a l  d a t a  
sources .  The v a r i a t i o n  i n  t h e s e  charac- 
t e r i s t i c  va lues  from p l a n t  t o  p l a n t  w a s  
judged t o  be n e g l i g i b l e  compared t o  t h e  
a s ses sed  ranges a s s o c i a t e d  with t h e  
b a s i c  d a t a  v a r i a b i l i t y .  

F i n a l l y ,  even t  trees w e r e  cons t ruc t ed  t o  
analyze a d d i t i o n a l ,  p l a n t - p e c u l i a r  
causes  of r u p t u r e  which were no t  includ-  
ed i n  t h e  d a t a  h i s t o r i e s  which w e r e  
examined. These a d d i t i o n a l  causes were 
then incorporated along wi th  t h e  d a t a  
assessment va lues  i n  t h e  f i n a l  r i s k  
eva lua t ions .  
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6 . 4 . 1  PLANT PARAMETERS 

Average c h a r a c t e r i s t i c s  are l i s t e d  a s  
fol lows : 

a .  LOCA S e n s i t i v e  Piping - 1 0 %  of t o t a l  
p ip ing  i n  t h e  r e p o r t e d  d a t a  base.  

b. LOCA S e n s i t i v e  Small Piping - 4.7% 
of t o t a l  p ip ing  i n  t h e  r epor t ed  d a t a  
base,  1 0 %  of s m a l l  p iping.  

c. LOCA S e n s i t i v e  Large Piping - 5.3% 
of t o t a l  p ip ing  i n  t h e  r epor t ed  d a t a  
base,  1 0 %  of l a r g e  piping.  

From t h e  average p l a n t  c h a r a c t e r i s t i c s ,  
approximate r e l a t i o n s  a r e  o b t a i n a b l e  
between t o t a l  p l a n t  f a i l u r e  rates and 
f a i l u r e  r a t e s  f o r  t h e  LOCA s e n s i t i v e  
piping.  I f  f a i l u r e s  a r e  recorded f o r  
t h e  t o t a l  p l a n t ,  then:  

T o t a l  P l a n t  

x 0 .047  

Rate f o r  
Rupture Rate T o t a l  P l a n t  

x 0.053 

I f  t h e  f a i l u r e s  are broken i n t o  those  
occur r ing  i n  l a r g e  p ip ing  and i n  s m a l l  
p ip ing ,  then t h e  r e s p e c t i v e  r a t e s  are 
m u l t i p l i e d  by 0.10 t o  o b t a i n  t h e  LOCA 
rates : 

Rupture R a t e  f o r  Large Pipe Lo..) = ( ) 
1 

Rupture R a t e  Large Piping 

x 0.10 
( 

Rupture R a t e  f o r  (Ina;nau;~pe-2y) = ( Small P ip ing  

x 0.10 

The aforementioned r e l a t i o n s h i p s  assume 
a uniform occurrence of f a i l u r e  with 
r ega rd  t o  p ipe  l o c a t i o n .  For o r d e r  of 
magnitude c a l c u l a t i o n s  t h e  r e l a t i o n s h i p  
i s  reasonable  i f  t h e  e r r o r  spreads are 
l a r g e  enough t o  inco rpora t e  any e r r o r s  
made i n  t h i s  e x t r a p o l a t i o n .  For t h e  
t o t a l  p l a n t  ra te  r e l a t i o n s h i p s ,  each 
f a c t o r  (i.e.,  0.047 and 0.053) i s  ap- 
proximately 0.05, which i s  a f a c t o r  of 
two d i f f e r e n t  from t h e . l a r g e  and s m a l l  
breakdown f r a c t i o n s  of 0.10. For o r d e r  
of magnitude c a l c u l a t i o n s ,  t h i s  d i f f e r -  

/,ence i s  g e n e r a l l y  n o t  s i g n i f i c a n t .  In  
he fol lowing d a t a  source summaries, 

111-75 

X(LPB) w i l l  be used t o  r e p r e s e n t  t h e  
l a r g e  pipe LOCA r u p t u r e  r a t e  (2 4"  and 
A(SPB) w i l l  be used t o  r e p r e s e n t  t h e  
small  p ipe  LOCA r u p t u r e  r a t e  (5 4 " ) .  

6 .4 .2  NUCLEAR AND NUCLEAR-RELATED 
EXPERIENCE 

I n  approximately 1 5 0  r e a c t o r  yea r s  of 
commercial nuc lea r  power p l a n t  experi-  
ence t o  d a t e ,  t h e r e  have been no c a t a -  
s t r o p h i c  f a i l u r e s  of t h e  primary c o o l a n t  
loop. A crack i n  t h e  secondary loop was 
recorded, be l i eved  due t o  a water hammer 
e f f e c t ;  however, complete severance d i d  
not occur.  Using 1 f a i l u r e  as an upper 
bound, t h e r e f o r e ,  

~ ( L P B )  5 - 1 = 7 x 10 -3 / p l a n t  yea r  . 150 

E s s e n t i a l l y  t h e  same r e s u l t  i s  ob ta ined  
i f  zero ( 0 )  f a i l u r e s  a r e  used and a 95% 
c h i  square (or  Poisson)  confidence bound 
i s  taken (A(LPB)g59; 2 3/150). The bound 
i s  high,  n o t  p a r t i c u l a r l y  due t o  t h e  
a c t u a l  f a i l u r e  r a t e  being high b u t  t o  
l ack  of s u f f i c i e n t  d a t a .  

I f  one i n t e r p r e t s  t h e  above va lues  a s  
applying t o  t h e  l a r g e  p ip ing  of t h e  
e n t i r e  p l a n t ,  then t h e  7 x 10-3 va lue  
can be m u l t i p l i e d  by t h e  LOCA s e n s i t i v i -  
t y  f a c t o r  ( s u s c e p t i b i l i t y )  of  0 .10  t o  
o b t a i n  another  bound f o r  A (LPB) . 

X ( L P B )  < 7 x x 0.10 - 

< 7 x 1 0 - ~ / p l a n t  yea r  . - 
With regard t o  small  p ipe  r u p t u r e s ,  t h e  
same type va lues  a s  above a r e  a l s o  ob- 
t a ined .  Seve ra l  f a i l u r e s  have occurred,  
none of w h i c h  w e r e  complete r u p t u r e s ,  
and t h e r e  i s  freedom as t o  p r e c i s e  
a p p l i c a b i l i t y  and f a i l u r e  counts.  Using 
1 f a i l u r e  as an o r d e r  of magnitude type 
value , 

A(SPB) - < 7 x 10-3/p1ant yea r  . 
Ext rapo la t ion  t o  t h e  s m a l l  p ip ing  of t h e  
e n t i r e  p l a n t  as be fo re  w i l l  y i e l d  an 
a d d i t i o n a l  f a c t o r  of 1 0  reduct ion.  

The above va lues  r e p r e s e n t  g r o s s  o r d e r  
of magnitude type bounds, which a r e  
dominated by l ack  of s u f f i c i e n t  and 
p r e c i s e  d a t a .  Because of t h e  a s s o c i a t e d  
u n c e r t a i n t i e s ,  a t t empt s  t o  c a t e g o r i z e  
t h e  h i s t o r y  i n  more d e t a i l ,  by subjec- 
t i v e  judgement, w i l l  y i e l d  no f u r t h e r  
s i g n i f i c a n t  information with r ega rd  t o  
t h e  o v e r a l l  s t a t i s t i ca l  assessments.  



I f  t h e  experimental  r e a c t o r  experience 
and m i l i t a r y  a p p l i c a t i o n s  experience 
(nava l )  are added t o  t h e  commercial 
nuclear  experience,  then a d d i t i o n a l  va l -  
ues can be obtained.  There a r e  approxi- 
mately 40  odd yea r s  of experimental  
r e a c t o r  experience and on t h e  o r d e r  of 
1 2 0 0  r e a c t o r  y e a r s  of m i l i t a r y  experi-  
ence. Including t h i s  experience with 
t h e  approximately 1 5 0  yea r s  of commer- 
c i a l  experience g ives  on t h e  o r d e r  of 
1 4 0 0  y e a r s  of combined nuc lea r  expe r i -  
ence. 

I n  t h e  1 4 0 0  yea r s  of t o t a l  experience 
t h e r e  have been no r epor t ed  l a r g e  p ipe  
r u p t u r e s  occur r ing  i n  t h e  primary loops. 
Using 1 f a i l u r e  a s  an upper bound, which 
wi th in  t h e  accu rac i e s  being computed 
a g r e e s  wi th  t h e  95% zero f a i l u r e  bound, 
one o b t a i n s  

I n  t h e  above c a l c u l a t i o n ,  a p l a n t  year 
i s  taken t o  be synonymous wi th  a r e a c t o r  
year.  The 1 0 %  LOCA s e n s i t i v i t y  f a c t o r  
can be app l i ed  t o  o b t a i n  another  order 
of magnitude r educ t ion ;  however, s i n c e  
t h e  d a t a  are n o t  d i r e c t l y  c o r r e l a t e d  
wi th  p l a n t  c h a r a c t e r i s t i c s ,  t h e  1 0 %  fac-  
t o r  adds ex t ra  unce r t a in ty .  Precise 
s m a l l  p ipe r u p t u r e  d a t a  w e r e  no t  a v a i l a -  
b l e ;  however, t h e  same o r d e r  of magni- 
tude va lue  a s  above, i .e.,  10-3, would 
be roughly a p p l i c a b l e ,  t h e  va lue  being 
less conse rva t ive  wi th  s e v e r a l  f a i l u r e s  
being counted f o r  t h e  bound. 

I n  a d d i t i o n  t o  t h e  bounds obtained from 
commercial experience and combined nu- 
clear experience,  rough bounds can a l s o  
be obtained from non-rupture f a i l u r e  
d a t a  on p rocess  piping.  Rupture proba- 
b i l i t i e s  are obtained ( e x t r a p o l a t e d )  
from t h e  non-rupture s ta t i s t ics  by ap- 
p ly ing  non-rupture t o  r u p t u r e  d e t e c t i o n  
( s e v e r i t y )  f a c t o r s .  Process  p ip ing  does 
no t  n e c e s s a r i l y  have t h e  same f a i l u r e  
c h a r a c t e r i s t i c s  as t h e  b e t t e r  q u a l i t y  
coo lan t  p ip ing ,  t h e  LOCA r e l a t e d  piping,  
which causes  a d d i t i o n a l  p o s s i b l e  con- 
servatism and u n c e r t a i n t y  t o  be includ-  
ed. Since t h e  bounds are t o  be i n t e r -  
p re t ed  as rough i n d i c a t o r s ,  t h e  e f f e c t s  
w i l l  n o t  impact t h e  bound a p p l i c a t i o n s .  

Using t h e  1972 nuc lea r  h i s t o r y  examined 
f o r  t h e  gene ra l  d a t a  base,  t h e  process  
p ip ing  f a i l u r e s  can be g r o s s l y  categor-  
i z e d  as fol lows:  

a. Process  Piping F a i l u r e s  (17  p l a n t s )  

4 Breaks ( s e v e r i t y  l y i n g  between 
minor leakage and major r u p t u r e )  

4 Minor l e a k s  

b. Other f a i l u r e  r e l a t e d  occurrences 

1 Pipe dented - no break 

1 Pipe hanger f a i l u r e  - no r e s u l t i n g  
damage 

The p i p e  s i z e s  are not  s epa ra t ed  s i n c e  
the  d e t e c t i o n ,  o r  s e v e r i t y  f a c t o r ,  w i l l  
s e rve  t o  d i f f e r e n t i a t e  l a r g e  and s m a l l  
r up tu re  p r o b a b i l i t i e s .  The above d a t a  
are taken from t h e  more d e t a i l e d  tabula-  
t i o n s  given i n  t h e  gene ra l  d a t a  base 
d i scuss ion .  

R a t e  of breakage i n  l a r g e  LOCA-sensitive 
p ip ing  (pe r  p l a n t  pe r  y e a r )  : 

4 -2 = 17 x 0.047 = 1 . 0  x 1 0  

Since t h e  amount of small  p ip ing  i s  
approximately equal  t o  t h e  amount of 
l a r g e  p ip ing , the  ra te  of breakage f o r  
s m a l l  LOCA s e n s i t i v e  p i  i n g  w i l l  a l s o  be 

ra te  can then be taken as an upper bound 
f o r  t h e  s m a l l  p ipe  LOCA r u p t u r e  rate: 

approximately 1 . 0  x 10- 3 . This breakage 

X(SPB) 5 1 . 0  x lo-* 

I f  a f r a c t i o n  of t h e  breakage r a t e  is  
taken a s  advancing t o  l a r g e  r u p t u r e s ,  
then t h e  upper bound w i l l  be reduced by 
t h i s  f r a c t i o n  t o  o b t a i n  t h e  l a r g e  p ipe  
r u p t u r e  rate.  I n  terms of experience . 
d a t a ,  t h i s  s e v e r i t y  f r a c t i o n  is  t h e  
r a t i o  of l a r g e  r u p t u r e s  occur r ing  t o  t h e  
number of breakages occurr ing.  The se- 
v e r i t y  f r a c t i o n  r e p r e s e n t s  a d e t e c t i o n  
i n e f f i c i e n c y  and can be taken as inco r -  
p o r a t i n g  t h e  p r o b a b i l i t y  t h a t  a r u p t u r e  
w i l l  occur without  i n t e rmed ia t e  leakage 
o r  breakage. 

Using t h e  average e m p i r i c a l  value of 
0.05 from t h e  G.E. and Engl ish d a t a  
(given i n  t h e i r  a s s o c i a t e d  d a t a  assess- 

ments) ,  which r e p r e s e n t s  a 95% d e t e c t i o n  
e f f i c i e n c y .  

X(LPB) 1 . 0  x l o v 2  x 0.05 

6.4.3 U.S. NON-NUCLEAR UTILITY 
EXPERIENCE 

One of t h e  more complete ana lyses  a v a i l -  
a b l e  i s  t h e  General E l e c t r i c  s tudy of 
non-nuclear power u t i l i t y  experience 
(GEAP-574). The amount of experien 

w a s  one of t h e  l a r g e s t  analyzed and w 
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s u f f i c i e n t  t o  o b t a i n  s t a t i s t i c a l l y  s i g -  
n i f i c a n t  r e s u l t s .  The d a t a  base does 

ave t h e  weakness t h a t  i s  non-nuclear. 
ecause of t h e  a p p l i c a b l e  gene ra l  u t i l i -  

t y  environment and t h e  g e n e r a l  agree- 
ments between nuc lea r  and i n d u s t r i a l  
d a t a  observed i n  t h e  o t h e r  component 
assessments,  t h e  G.E. r e s u l t s  can be 
i n t e r p r e t e d  a s  being of more s i g n i f i c a n t  
a p p l i c a b i l i t y .  To account f o r  t h e  ex- 
t r a p o l a t i o n  u n c e r t a i n t i e s  f o r  nuc lea r  
a p p l i c a t i o n s ,  t h e  r e s u l t s  must, however, 
be i n t e r p r e t e d  a s  having l a r g e  e r r o r  
spreads.  

The G.E. b a s i c  d a t a  are summarized as 
fol lows : 

P l a n t  yea r s  of experience = 9 x 103* 

To ta l  number of f a i l u r e s  = 399 

Number of severances ( r u p t u r e s )  = 1 9  

S e v e r i t y  f r a c t i o n  = - - - 0.05 

Percentage of f a i l u r e s  occur r ing  w i t h  
leakage - 94% 

Percentage of f a i l u r e s  occur r ing  without  
leakage - 6% 

399 

The 399 f a i l u r e s  covered t h e  range of  
more minor breaks t o  more seve re  rup- 
t u r e s .  There w e r e  1 9  f a i l u r e s  of t h e  
l a r g e  r u p t u r e  type,  which w e r e  charac- 
t e r i z e d  a s  being more complete type 
severances.  The s e v e r i t y  f r a c t i o n  w a s  
d i scussed  ear l ie r ,  and e m p i r i c a l l y  i s  
t h e  r a t i o  of severances t o  t o t a l  number 
of f a i l u r e s .  The percentage of f a i l u r e s  
occur r ing  without  leakage i s  i n  gene ra l  
agreement wi th  t h e  s e v e r i t y  f r a c t i o n .  

The f a i l u r e  r a t e  e v a l u a t i o n s  of t h e  G.E. 
d a t a  are: 

To ta l  F a i l u r e  R a t e  
( P e r  p l a n t  y e a r )  

Severance F a i l u r e  R a t e  
( P e r  p l a n t  y e a r )  

*The p l a n t  y e a r s  have been ob ta ined  from 
d a t a  and some ana lyses ,  where t h e  p l a n t  

a r s  can be taken to  be roughly equiv- 
e n t  t o  nuc lea r  p l a i i t  years .  

Non-Severance F a i l u r e  Rate 
( P e r  p l a n t  y e a r )  

Since t h e  above r a t e s  are i n t e r p r e t a b l e  
as applying t o  those  r e p o r t e d  f o r  t h e  
e n t i r e  p l a n t ,  t h e  l a r g e  p ipe  r u p t u r e  
ra te  can be eva lua ted  a s :  

-5 
= 9 x 10 / p l a n t  year  . 

The 399 f a i l u r e s  included minimum break 
s i z e s  comparable t o  t h e  s m a l l  r u p t u r e  
s i z e s  de f ined  i n  t h e  s tudy ,  and hence a 
corresponding small  p i p e  r u p t u r e  ra te  
can be obtained by using t h e  non-sever- 
ance f a i l u r e  ra te ,  which i s  e s s e n t i a l l y  
t h e  t o t a l  f a i l u r e  r a t e :  

6 . 4 . 4  U N I T E D  KINGDOM DATA 

The P h i l l i p s  and Warwick r e p o r t  (AHSB ( S )  
R 1 6 2 )  p r i n c i p a l l y  analyzed p r e s s u r e  ves- 
sel  f a i l u r e s ;  however, some p ip ing  d a t a  
w e r e  included.  Non-nuclear h i s t o r y  w a s  
evaluated which covered t h e  pe r iod  from 
1 9 6 2  t o  1967 and w a s  comprised of a 
t o t a l  of 132 f a i l u r e s  occur r ing  i n  
roughly 100,300 p l a n t  y e a r s  of expe r i -  
ence. To b e t t e r  c o r r e l a t e  w i t h  nuc lea r  
a p p l i c a t i o n s ,  system ages were restrict-  
ed t o  be less than 30 y e a r s ,  had a s s o c i -  
a t e d  working p r e s s u r e s  above 150 p s i ,  
and w e r e  b u i l t  t o  t h e  Engl ish C las s  1 
standards.  Because t h e  p ipe  f a i l u r e s  
r epor t ed  on were no t  a s  d e t a i l e d  as t h e  
v e s s e l  f a i l u r e s  and because of  t h e  ex- 
t r a p o l a t i o n  u n c e r t a i n t i e s ,  t h e  r e s u l t s  
must be i n t e r p r e t e d  as having l a r g e r  
a s s o c i a t e d  e r r o r  spreads.  The evalua- 
ti'ons of t h e  Primary C i r c u i t  Piping 
F a i l u r e  R a t e  ( pe r  p l a n t  y e a r )  are: 

Ca ta s t roph ic  Danaerous 

The p o t e n t i a l l y  dangerous ra te  co r re -  
sponds approximately to a range g r e a t e r  
t han  minor ' leaks b u t  less than complete 
severance.  The va lue  can t h u s  be taken 
as roughly comparable t o  t h e  s m a l l  p ipe  
LOCA rate.  The c a t a s t r o p h i c  ra te  can be 
taken as being roughly comparable t o  t h e  
l a r g e  LOCA rate. 
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A s  one o t h e r  d a t a  source,  t h e  UK Systems 
R e l i a b i l i t y  Se rv ice ,  i n  i t s  d a t a  evalua- 
t i o n s ,  r e p o r t s  a ra te  of p ipe  d e f e c t s  t o  
be approximately 3 i n  lo7 f e e t  of p ip ing  
p e r  year .  The d e f e c t  s e v e r i t i e s  cover 
t h e  spectrum from smaller breaks t o  
l a r g e r  rup tu res .  This  ra te  i s  based on 
experience wi th  approximately 70 conven- 
t i o n a l  b o i l e r  p l a n t s  o p e r a t i n g  i n  t h e  
1 0 0  t o  500 MW range. 

I f  t h i s  t o t a l  p l a n t  f a i l u r e  ra te  i s  
a p p l i e d  as an upper bound t o  t h e  l a r g e  
LOCA s e n s i t i v e  piping,  then a value i s  
ob ta ined  o f :  

A - < 3 x 1 0 - ~ / p l a n t  yea r  . 
Because of t h e  d e f e c t  d e f i n i t i o n ,  t h e  
3 x va lue  can a l s o  be taken as an 
upper bound f o r  t h e  s m a l l  LOCA f a i l u r e  
ra te .  Since t h e  d e f e c t s  cover a 
spectrum of s e v e r i t i e s ,  t h i s  bound can 
ove res t ima te  t h e  t r u e  LOCA f a i l u r e  r a t e  
by an o r d e r  of  magnitude. Using t h e  
same f a c t o r s  as p rev ious ly ,  t h e  
a s s o c i a t e d  l a r g e  p ipe  LOCA ra te  o r  s m a l l  
LOCA r a t e  can be obtained by applying 
the  0.05 approximate s e v e r i t y  f a c t o r  
o b t a i n i n g  t h e  va lue  o f :  

A (LPB) #- 3 0.05 

= 1.5 x lO-l /plant  year  . 
The f a c t o r  and i t s  u n c e r t a i n t y  can can- 
cel any conservatism i n  t h i s  l a r g e  p ipe  
va lue  . 

1. 

2. 

3. 

4. 

5. 

' 6. 

7 .  

6.4.5 OTHER REPORTED P I P E  FAILURE RATES 

L i s t ed  on Table I11 6-10 a r e  p ipe  
u re  rates which have been given 
va r ious  publ ished r e p o r t s .  The r e f e r -  
ences are with regard t o  those  given i n  
t h e  bibl iography found i n  s e c t i o n  7 and 
are a s s o c i a t e d  with the  s t u d y ' s  d a t a  
base. The r epor t ed  values are taken a t  
f a c e  value s i n c e  i n s u f f i c i e n t  documenta- 
t i o n  w a s  provided i n  t h e  r e p o r t s  t o  be 
a b l e  t o  assess t h e  r e l a t i v e  v a l i d i t y  of 
t he  numbers. The va lues  a r e  i n  g e n e r a l  
s i m i l a r ,  with a few having higher  
dev ia t ions .  

f a i Q  

6.5 FAILURE RATES COMPARED WlTH 
LOG NORMAL 

Figures  I11 6-6 through I11 6-9 i l l u s -  
t r a t e  t h e  log-normal model d i s t r i b u t i o n s  
ve r sus  experience f a i l u r e  d a t a .  The 
log-normal d i s t r i b u t i o n s  are those u t i l -  
i zed  i n  t h e  s tudy t o  p r e d i c t  v a r i a t i o n s  
i n  component f a i l u r e  d a t a .  The experi-  
ence f a i l u r e  d a t a  c o n s i s t  of t h e  r a w  
d a t a  which were obtained from t h e  v a r i -  
ous sources  employed i n  t h e  d a t a  a s ses s -  
ments. Since the log-normal d i s t r i b u -  
t i o n s  u t i l i z e d  i n  t h e  s tudy are based on 
d a t a  assessment and n o t  on simple empir- 
i ca l  f i t t i n g ,  t h e  d i s t r i b u t i o n s  w i l l  n o t  
n e c e s s a r i l y  " b e s t  f i t "  t h e  experience 
d a t a  ( i n  t h e  d a t a  assessments performed, 
f o r  example, g r e a t e r  importance i s  given 
t o  nuc lea r  and nuc lea r  r e l a t e d  d a t a  than  
t o  d a t a  which are n o t  a s  d i r e c t l y  
a p p l i c a b l e ) .  
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the limiting condition of an error rate of 1.0 is reached or until 
runs out. This limiting condition corresponds to an individual’s 
becoming completely disorganized or ineffective. 

time 

onset of an extremely high stress condition. 

Operator fails to act correctly after the first 30 minutes in an 
extreme stress condition. 

10-1 

I 

I 

TABLE Ill 6-1 . (Continued) 

TABLE 111 6-3 COM.PARISON OF PROBABILITY OF AW AIRCRAFT CRFSH FOR VARIOUS TYPES OF 
AIRCRAFT i Activity Estimated 

Rates 

1 
I 

E s t i m a t e d  
Rates  i A c t i v i t y  

I 

S e l e c t i o n  of a key -ope ra t ed  s w i t c h  r a t h e r  t h a n  a non-key s w i t c h  ( ;his  
v a l u e  d o e s  n o t  i n c l u d e  t h e  error  of d e c i s i o n  where t h e  o p e r a t o r  mis in -  
t e r p r e t s  s i t u a t i o n  and b e l i e v e s  key s w i t c h  i s  c o r r e c t  c h o i c e )  . :1 

S e l e c t i o n  of a s w i t c h  ( o r  p a i r  of s w i t c h e s )  d i s s i m i l a r  i n  shape  o r  
l o c a t i o n  t o  t h e  d e s i r e d  s w i t c h  (or p a i r  o f  s w i t c h e s ) ,  assuming no 
d e c i s i o n  e r r o r .  For  exam-ple, o p e r a t o r  a c t u a t e s  l a r g e  hand led  s w i t c h  
r a t h e r  t han  s m a l l  s w i t c h .  

3 Genera l  human e r r o r  of  commission,  e . g . ,  m i s r e a d i n g  l a b e l  and t h e r e f o r e  
s e l e c t i n g  wrong s w i t c h .  

G e n e r a l  human error of  o m i s s i o n  where t h e r e  i s  no d i s p l a y  i n  t h e  
c o n t r o l  room o f  t h e  s t a t u s  o f  t h e  i t e m  o m i t t e d ,  e . g . ,  f a i l u r e  t o  
r e t u r n  manual ly  o p e r a t e d  t e s t  v a l v e  t o  p r o p e r  c o n f i g u r a t i o n  a f t e r  
ma in tenance .  

3 Errors o f  o m i s s i o n ,  where t h e  i t e m s  b e i n g  o m i t t e d  are  embedded i n  a 
p r o c e d u r e  r a t h e r  t h a n  a t  t h e  end as  above .  

3 x Simple a r i t h m e t i c  e r r o r s  w i t h  s e l f - c h e c k i n g  b u t  w i t h o u t  r e p e a t i n g  
t h e  c a l c u l a t i o n  by r e - d o i n g  it on a n o t h e r  pice o f  p a p e r .  

X (n-1) 
D i s t a n c e  
From End 

Of Runway, 
( m i l e )  

P r o b a b i l i t y  (x10 8 ) of a F a t a l  Crash  

P e r  Squa re  Mile p e r  A i r c r a f t  Movement 

LT S M/U SMC USAF U . S .  A i r  Ca r r i e r  

5.7 

2 .3  
1.1 
0 .42  
0.40 
MA ( b )  

PIA 

NA 

-:A 

EJA 

-1.0 
0 - 1  

1 - 2  
2 - 3  
3 - 4  

4 - 5  
5 - 6  

6 - 7  
7 - 8  
E - 9  

9 - 1 0  

1 6 . 7  

4.0 
0 .96  

0 .68  

0 . 2 7  

o . o ( a )  
0 . 0  

0 .0  

0 . 1 4  

0.12 

8 . 3  
1.1 
0.33 
0 . 3 1  
0.20 
MP. ( ) 

NA 

MA 

PIA 

NA 

high Operator fails to act correctly after the first several hours in a 
stress condition. 

X After 7 days after a large LOCA, there is a complete recovery to the 
normal error rate, x, for any task. I 1/x Given t h a t  an o p e r a t o r  i s  r e a c h i n g  f o r  a n  i n c o r r e c t  s w i t c h  ( o r  p a i r  of 

s w i t c h e s ) ,  he  selects a p a r t i c u l a r  s imi l a r  a p p e a r i n g  s w i t c h  (or  p a i r  
of  s w i t c h e s ) ,  where x = t h e  number o f  i n c o r r e c t  s w i t c h e s  ( o r  p a i r  of  
s w i t c h e s )  a d j a c e n t  t o  t h e  d . e s i r ed  s w i t c h  ( o r  p a i r  of  s w i t c h e s ) .  The 
l / x  a p p l i e s  up t o  5 or 6 i t e m s .  A f t e r  t h a t  p o i n t  t h e  error  r a t e  would 
be  lower because t h e  o p e r a t o r  would t a k e  more t i m e  t o  s e a r c h .  With up 
t o  5 o r  6 i t e m s  he d o e s n ‘ t  e x p e c t  t o  be wrong and t h e r e f o r e  i s  more 
l i k e l y  t o  do less  d e l i b e r a t e  s e a r c h i n g .  

( a )  

( b )  Data  n o t  a v a i l a b l e .  

No c r a s h e s  o c c u r r e d  a t  t h e s e  d i s t a n c e s  w i t h i n  a COO f l i g h t  p a t h  

(a) Modification of these underlying (basic) probabilities were made on the basis 
individual factors pertaining to the tasks evaluated. 

(b) Unless otherwise indicated, estimates of error rates assume no undue time. 1 pressures or stresses related to accidents. 1 

E 

of 

10-1 Given t h a t  an  o p e r a t o r  i s  r e a c h i n g  f o r  a wrong motor o p e r a t e d  v a l v e  MOV 
s w i t c h  (or p a i r  o f  s w i t c h e s ) ,  he f a i l s  t o  n o t e  from t h e  i n d i c a t o r  
lamps t h a t  t h e  M O V ( s )  i s  ( a r e )  a l r e a d y  i n  t h e  d e s i r e d  s t a t e  and mere ly  
changes  t h e  s t a t u s  of  t h e  M O V ( s )  w i t h o u t  r e c o g n i z i n g  he had s e l e c t e d  
t h e  wrong s w i t c h  ( e s )  . 
Same a s  above,  e x c e p t  t h a t  t h e  s t a t e ( s )  of  t h e  i n c o r r e c t  s w i t c h ( e s 1  i s  
( a r e )  not t h e  d e s i r e d  s t a t e .  

I f  a n  o p e r a t o r  f a i l s  t o  o p e r a t e  c o r r e c t l y  one of  two c l o s e l y  coupl’ed 
v a l v e s  or s w i t c h e s  i n  a p r o c e d u r a l  s t e p ,  he  a l s o  f a i l s  t o  c o r r e c t l y  
o p e r a t e  t h e  o t h e r  v a l v e .  

TABLE 111 6-4 CRASH PROBABILITIES A T  VARIOUS SITES 

TABLE 1 1 1  6-2 AIRCRAFT CRASH PROBABILITIES -1.0 Three  
M i l e  Shore  ham R o m e  S u r r y  

I s l a n d  
( 2  U n i t s )  

P o i n t  U n i t s  3-4 
( 2  U n i t s )  ( 2  U n i t s )  

(1 U n i t )  
-1.0 

Probability of a Fatal 
Crash per Mile2 Per 
Aircraft Movement 

Distance From Airport, miles 

84 x 0 - 1  

1 - 2  15 x 

2 - 3  6.2 x 

3 - 4  3.8 x 
4 - 5  1.2 x lo-* 

usage  (movements y e a r )  
10-1 y o n i t o r  o r  i n s p e c t o r  f a i l s  t o  r e c o g n i z e  i n i t i a l  e r r o r  t y  o p e r a t o r .  

Note: With c o n t i n u i n g  f eedback  of  t h e  e r r o r  on t h e  a n n u n c i a t o r  p a n e l ,  
t h i s  h i g h  e r r o r  r a t e  would n o t  a p p l y .  

P e r s o n n e l  on d i f f e r e n t  work s h i f t  f a i l  t o  check c o n d i t i o n  of  hardware 
u n l e s s  r e q u i r e d  by check l i s t  or  w r i t t e n  d i r e c t i v e .  

Moni to r  f a i l s  t o  d e t e c t  u n d e s i r e d  p o s i t i o n  o f  v a l v e s ,  e t c . ,  d u r i n g  
q e n e r a l  walk-around i n s p e c t i o n s ,  assuming no check l i s t  i s  u s e d .  

. 2  - . 3  G e n e r a l  e r r o r  r a t e  g i v e n  v e r y  h i g h  stress l e v e l s  where dange rous  

10-1 

5 x 10-1 

a c t i v i t i e s  a r e  o c c u r r i n g  r a p i d l y .  

I _ -  3 , 0 0 0  a 0 , 0 0 0  A i r  Carr iers  
Navy -- 8 , 0 0 0  ?7,0CO(C) 40,000 
M i s c e l l a n e o u s  

8 0 , 0 0 0  ( a )  

-- 3 ,000  ( b )  -- -- 
L o c a t i o n  ( p l a n t - a i r p o r t  
d i s t a n c e  i n  m i l e s )  2 .5  4 . 5  3 .5  5 

( d )  
T a r g e t  Area ( u s e d  i n  
p r o b a b i l i t y  a n a l y s i s )  

P r o b a b i l i t y  o f  a 
p o t e n t i a l l y  damaging 

.01 m i  2 0.02 m i  0 .01  m i  0 .02  m i  2 

1 x c r a s h  ( p e r  y e a r )  5 2 4 

( a )  The f a c i l i t y  i s  d e s i g n e d  t o  w i t h s t a n d  t h e  c r a s h  of  a l l  b u t  2 ,400 of  t h e s e  
movements. 

( b )  A i r - ca r r i e r  s t a t i s t i c s  were used  f o r  t h e s e  movements. 

( c )  The f a c i l i t y  i s  d e s i g n e d  t o  w i t h s t a n d  t h e  c r a s h  o f  a l l  o f  t h e s e  9 7 , 0 0 0  movements. 

( d )  Fo r  s m a l l  a i r c r a f t ,  area used  w a s  0 .005 m i  . 2 

Table I11 6-1 - Table I11 6-4 
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TABLE Ill 6-5 SUMMARY OF TRANSMISSION LINE OUTAGES (BASED ON BONNEVILLE POWER ADMINISTRATION DATA-- I 1970 STATISTICS) I 

Transmission Line Outages L Durations (a) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

Cause 500 kV 345 L 287 kV 230 kV 138 L 115 kV Total 

NO Hr Min P I 0  Hr Min No Hr Min No Hr M m  I 4 0  Hr Kin 

T;ee in line 

Lightning 

Storm 

Snow, Frost or Ice 

Living Creature 

Contamination 

Fire 

Line Material Failure 

Terminal Equipment Failure 

Overload 

Improper Relaying 

Accidental Tripping 

Improper Switching 

Malicious Damage 

Accidental Damage 

Supervisory Misoperation 

Unknown 

7 25 27 9 32 36 0 0 0  
9 1 28 4 0 38 87 27 8 71 71 46 171 101 0 

0 0 0  4 209 57 4 209 57 0 0 0  
23 192 23 34 222 29 1 0 8  

6 0 0 0  0 0 0  0 0 0  3 0  

3 0 28 0 0 0  0 0 0  
1 1  7 3 24 31 0 0 0  

7 270 42 4 64 33 1 0 18 
6 52 2 2 5 7  7 5 10 12 8 23 27 70 51 

2 0 4  0 0  0 5 0 37 3 0 33 
1 0  0 9 4 46 6 0 40 
4 0 25 31 13 50 8 9 43 5 0 14 

1 0 18 1 0 0  4 rl 11 5 0 41 11 1 10 

1 0 7  0 0 0  1 6 19 12 75 35 14 82 1 

6 0 12 0 0 0  1 0 1  3 0 11 2 0  0 

0 0 0  1 0 49 1 0 49 0 0 0  
26 5 40 3 0 1 30 10 46 35 10 42 94 27 9 

2 7 9  0 0 0  

0 0 0  

0 0 0 10 29 58 
6 3 0  

3 n 28 0 0 0  

0 0 0  2 23 24 

1 53 25 1 152 26 

0 0 0  

0 0 0  2 4 6  

14 3 28 

0 0 0  

TOTAL 

MILES OF LINE 

62 70 57 17 59 2 6  165 270 29 188 662 22 432 1063 14 

1707 7 97 4685 3836 11,025 

(a) In each case, the number of incidents is given together with the total time for all of those incidents. 

TABLE Ill 6-6 SUMMARY OF TRANSMISSION LINE OUTAGES (BASED ON BONNEVILLE POWER ADMINISTRATION DP.TA-- 
1971 STATISTICS) 

~ 

Transmission Line Outages L Duratlons 

Cause 500 kV 3 4 5  6 287 kV 230 kV 138 & 115 kV Total 

No Hr Min No Hr Min No Hr Min No Hr Min No Hr Min 

1. 

2. 

3. 

4. 

5. 

6. 
7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 
16. 

17. 

Tree in line 

Lightning 

storm 

Snow, Frost or Ice 

Living Creature 

Contamination 

Fire 

Line Material Failure 

Terminal Equipment Failure 

Over load 

Improper Relaying 

Accidental Tripping 

Improper Switching 

Malicious Darnage 

Accidental Damage 

Supervisory Misoperation 

Unknown 

0 0 0  0 0 0  0 0 0  16 176 13 1 6  176 13 

11 0 56 7 0 8 83 12 13 69 30 13 170 43 30 

6 16 52 35 0 0 0  0 0 0  4 11 29 

0 0 0 1 140 55 1 0 0  19 0 16 21 141 11 

1 0 0  0 0 0  0 0 0  0 0  0 1 0 0  

4 2 10 0 0  0 9 2 30 

6 151 19 0 0 0  0 0 0  3 122 57 

1 7 2  0 0 0  2 18 26 10 32 30 13 57 58 

6 78 56 1 0 22 15 7 11 4 2 19 26 88 48 

0 0 0  0 0 0  0 0 0  0 0 0  0 0  0 

2 1 2 5  0 0 0 2 0 4  0 0  0 4 1 29 

9 1 1 4  0 0 0  10 1 1 1  8 1 33 27 3 58 

0 0 0  0 0 0  2 0 0  2 0  2 4 0 2  

0 0 0  0 0 0  1 5 59 3 19 44 4 25 43 

4 9  4 10 19 06 2 0 4 4  3 9 1 8  

3 13 47 4 13 57 0 0 0  0 0 0  

21 3 15 2 5 36 26 21 32 35 0 45 84 31 8 

12 41 

5 n 2 0  o o o 
3 28 22 

1 0 0  

1 n i o  

TOTAL 

MILES OF LINE 

58 93 52 14 156 19 155 203 22 188 355 54 415 809 27 

1810 7 97 4836 3669 11,112 

TAI 

- 

- 
1. 
2. 

3. 

4. 

5. 

6.  
7. 

8. 

9. 

10 

11 

12 

13 

14 

15 

16 

17 

-E 111 6-7 SUMMARY OF TRANSMISSION LINE OUTAGES (BASED ON BONNEVILLE POWER ADMINISTRATIOh DATA-- 
1972 STATISTICS) 

Transmission Line Outages & Durations 

cause 500 kV 345 61 287 kV 230 kV 138 L 115 kV Total 

No Fir Min NO Hr Min No Hr Min No Hr Min No Hr Min 

0 0 4 6 10 18 145 16 22 151 26 Tree in line 

98 3 37 363 28 39 25 194 22 8 Lightning 

27 44 53 62 57 44 Storm 17 2 13 5 10 25 13 0 13 

7 6 52 14 15 23 5 5 2 2  1 3  9 1 0  0 Snow, Frost or Ice 

0 0 0 0 0 0  0 0 0  2 1 58 2 1 58 Living Creature 

1 0 0  0 0  0 0 0  0 0 0 0  Contamination 

Fire 0 0  0 0 0  0 1 5 49 0 0 0  1 5 49 

Line Material Failure 4 2 2 1 1  0 0  0 0 0 0  3 40 28 7 62 39 
10 1 46 38 395 13 Terminal Equipment Failure 11 64 45 0 0 0 17 328 42 

Over load 4 1 1 4  0 0  0 0 0 0  1 1 15 5 2 29 

6 1 4 6  1 0  0 8 0 57 6 0 26 21 3 9 Improper Relaying 

1 1 2  8 1 0  0 18 1 3 0  7 0 35 37 4 13 Accidental Tripping 

2 0 1 6  0 0  0 3 0 1 4  3 0 7  8 0 37 Improper Switching 

11 91 44 Malicious Damage 0 0  0 0 0  0 2 15 33 9 76 11 

40 28 49 38 16 23 

49 2 29 22 

1 0 0  

2 12 26 Accidental Damage 0 0  0 0 0  3 
Supervisory Misoperation 0 0 0 0 0 0 2 0 51 2 1 4  4 1 55 

Unknown 35 45 8 5 0 15 19 2 2 44 2 16 103 49 41 

TOTAL 144 147 32 35 14 14 284 396 35 276 343 7 739 901 28 

MILES OF LINE 1931 797 4601 3676 11,005 

I 
I 

TAbLE 111 6-8 PROEARILITY OF TOTAL LOSS O F  ELECTRIC POWER AFTER A LOCA 
I 

T i m e  a f t e r  
LOCA ‘med 

9 0  p e r c e n t  P r o b a b i l i t y  E o u n d s  ( a )  
u p p e r  Lower  

2 . 0  x lo-* 1 h o u r  2.0 2 . 0  x 
5.0 5.0 

7.0 

5 . 2  x 

4 m o n t h s  7 . 5  x 

24  h o u r s  

7 . 0  x 

8 . 0  x 8 . 0  x 9 m o n t h s  7 . 6  

(a)/ A s s e s s e d  r a n g e .  

I P I P E  FFJLURE ASSESSED VALUES TABILE 111 6-9 

P i p e  R u p t u r e  S i z e  
( I n c h e s )  

LOCA I n i t i a t i n g  R u p t u r e  Rates 
(per  P l a n t  P e r  Year) 

90% Range M e d i a n  

1 / 2  - 2 

2 - 6  

I > 6  

Table I11 6-5 -Table I11 6-9 
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TABLE 111 6-10 PJZPORTED P I P E  FA-ILURE U T E S  3 
1. 

2 .  

3. 

4 .  

5. 

6. 

G r e e n  a n d  B o u r n e :  
" P r o b a b i l i t y  of L a r g e  S c a l e  R u p t u r e  o f  P r i m a r y  C o o l a n t  S y s t e m ' '  
( 1 9 6 8 )  X = 2 x t o  3 x 1 0 - 6 / p l a n t  y e a r  

S a l v a t o r y :  
" C a t a s t r o p h i c  R u p t u r e  of P r i m a r y  S y s t e m  P i p e s "  
( 1 9 7 0 )  X = 1 x 1 0 - 4 / p l a n t  y e a r  

E rdmann  : 
" P i p e  R u p t u r e "  
( 1 9 7 3 )  X = 1.5 x 1 0 - 6 / s e c t i o n  y e a r  

- 4  ( c o r r e s p o n d i n g  t o  r o u g h l y  X = 10 t o  l o - *  p e r  p l a n t  y e a r )  

O tway  : 
" P e s s i m  i s t i c Pro  h a b  i 1 i t y f o r  C a t  a s  t r o p  h i c F a  i 1 u r e of P r i rn a r y S y s t en  o f P\"P. " 

X = 1 . 7  x 1 0 - 7 / p l a n t  y e a r  

G e n e r a l  E l e c t r i c  R e p o r t :  
" T o t a l  P r o b a h i l i t y  of S e v e r a n c e  A-cywhere i n  P r i m a r y  S y s t e m  P i p i n g "  
( 1 9 7 0 )  

w i t h o u t  u l t r a s o n i c  t e s t i n g :  A =  1 x 10 / p l a n t  y e a r  
w i t h  u l t r a s o n i c  t e s t i n g :  X = 5 x 1 0  / p l a n t  y e a r  

- 3  
- 4  

L : e l l s - K n e c h t :  
" F a i l u r e  R a t e  f o r  R u p t u r e  of P r i m a r y  C o o l a n t  S y s t e m  P i p i n g "  
( 1 9 6 5 )  X = 1 x 1 0  / p l a n t  y e a r  -7 
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1 High 

Very Low Moderate 
Stress Level Very High 

A 

No action until 
alarm (3 people) 

2 minutes after 
alarm (3 People) 

step 4.8.1 not  
done In time. 

of switches 

FIGURE Ill 6-1 Hypothetical Relationship between Performance 
and Stress 

Circler are Indicator Lights 
G - Grssn R - Rad 

oooa a@ @ O  @ O O O  

FIGURE Ill 6-2 Motor Operated Valve (MOV) Switches on Control 
Panel 

FIGURE Ill 6-3 Probability Tree Diagram for Step 4.8.1 

FIGURE I l l  6-4 Cumulative Outage Duration Distribution Curve 

i 

: I  E 40.0 

HISTOGRAM - RESTORATION OF TRANSMISSION LIrlE OUTAGES 

fl 

! - I  0 30.0 

-I 20.0 

37.9% OutsW 
Rmored in 
0.1 TO 0.32 Hour. 
Major 
Contributor 

I 18.7% 0"- 
Rmored in 
0.032 TO 0.1M 
Hour. 
Major 
Contributors: 

Lightning And 

0,010 To 0.032 

k'o::tyLa;, Contributors Lightning And 

Than 0.01 Hour. !::' 
Malor 

0.0 I 

480 

320 

160 

0.031 0.01 0.1 1 .o 10.0 

Outage Ouration Time IHOunl 

FIGURE Ill 6-5 Histogram - Restoration of Transmission Line 
Outages 
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7.1 DISCUSSION OF REFERENCES 

Section 7 
References 

7.3 SPECIAL SOURCES 

I n  a d d i t i o n  t o  t h e  Nuclear Operating 
experiences (Refs. 1, 2 and 3 , )  approxi- 
mately 50 o t h e r  sou rces  of f a i l u r e  rates 
and f a i l u r e  d a t a  w e r e  reviewed i n  sup- 
p o r t  of  t h e  estimates used i n  t h i s  anal-  
y s i s .  These sou rces  can be  broadly 
grouped i n t o  two c a t e g o r i e s :  (1) gener- 
a l  r e l i a b i l i t y  d a t a  sou rces  and ( 2 )  spe- 
c i a l  sources.  

7.2- GENERAL SOURCES 

The g e n e r a l  sou rces  c o n s i s t  p r i m a r i l y  of  
t h e  United Kingdom Systems R e l i a b i l i t y  
Se rv ice ,  FARADA, AVCO, LMEC, C o l l i n s  and 
Pomeroy and H o l m e s  and Narver. These 
sou rces  provide f a i l u r e  d a t a  on a 
spectrum of  hardware and f a i l u r e  modes 
from a v a r i e t y  of a p p l i c a t i o n s  inc lud ing  
n u c l e a r  and non-nuclear u t i l i t i e s ,  tes t  
and r e sea rch  r e a c t o r s  and m i l i t a r y  and 
NASA components. 

The o t h e r  sources  are desc r ibed  a s  spe- 
c i a l  i n  t h a t  they g e n e r a l l y  con ta in  
information on p a r t i c u l a r  hardware 
f a i l u r e  modes o r  o p e r a t i n g  cond i t ions .  
For example, References 1 0 ,  1 2 ,  13,  1 4 ,  
15, 1 6 ,  1 7 ,  18 and 2 0  involve p ipe  and 
p i p e  hardware f a i l u r e s .  References 23, 
2 4 ,  25, 2 6  and 2 7  r e f e r  t o  a i r c r a f t  ac- 
c i d e n t s  , ear thquakes and o t h e r  
background phenomena. References 34 
through 52 con ta in  analyses  of 
p a r t i c u l a r  hardware and systems i n  
n u c l e a r  and non-nuclear u t i l i t i e s  and 
chemical i n d u s t r y  a p p l i c a t i o n s .  

I t  should be  noted t h a t  t h e s e  r e fe rences  
' d o  n o t  r e p r e s e n t  50  independent sources .  
Some r e f e r  t o  and use d a t a  from o t h e r  
r e fe rences  by updat ing,  t h e  d a t a  t o  re- 
f l e c t  c u r r e n t  experiences and i n t e r e s t s .  
The r e f e r e n c e s ,  t h e r e f o r e ,  r e p r e s e n t  a 
broadly based amalgamation of  expe r i -  
ence,  o p e r a t i o n  c o n d i t i o n s ,  and use 
a p p l i c a t i o n s .  

Contact ,  Se rv ice  Contact ,  Report Report ,  L i s t i n g  
Of f i ce  o r  Or ig ina to r  o r  Source D a t e  Source o r  Content Reference 

1. 

2.  

3. 

4 .  

Reactor I n c i d e n t  
F i l e  (1972) (Com- 
ponent F a i l u r e  
D a t a )  

Reactor Inc iden t ,  
F i l e  (1971) (Com- 
ponent F a i l u r e  
D a t a )  

E E I  A v a i l a b i l i t y  
Report (Component 
F a i l u r e  D a t a )  

systems 
R e l i a b i l i t y  
Se rv ice .  UKAEA 

Of f i ce  o r  Operat ions 1 /1 /7  2 Contains approximately 30% 
Evaluat ion (OOE) of t o  unusual occurrences a t  
Requlatory Operat ions 12/31/72 nuc lea r  f a c i l i t i e s  and 9 0 %  - -  
(RO), Atomic Energy 
Commission (AEC) , 
Bethesda, Maryland. 

Data c o n t r o l  of RSS, 
Bethesda, Maryland. 

Edison Elec t r ic  
I n s t i t u t e  ( E E I )  , N e w  
York, N e w  York. 

O f f i c e  of Operat ions 
Evaluat ion (OOE) of 
Regulatory Opera- 
t i o n s  (RO)  are 
Members of Se rv ice .  

of r e p o r t a b l e  abnormal 
occurrences observed i n  
t h e  year  of 1 9 7 2 .  

9/4/73 Contains  approximately one 
q u a r t e r  of 1 9 7 1  unusual 
and abnormal occurrences 
observed from t h e  f i l e s  of 
OOE . 

8/16/73 Contains 66  u n i t  years of 
& f o s s i l  and nuc lea r  power 

1 O/ 1 2 /7.3 p l a n t s  component a v a i l a -  
b i l i t y  and outage 
s t a t i s t i c s  of c o n t r i b u t i n g  
f a c i l i t i e s .  

A l l  Se rv ice  Pub- Contains F a i l u r e  Rate 
l i c a t i o n s  p l u s  Assessments der ived.  UK 
S p e c i a l  Requests and o t h e r  a v a i l a b l e  

9/12/73. European sources .  
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Contact, Service Contact, Report Report, Listing 
Office or Originator or Source Date Source or Content 

Contains Failure Rate 

Reference 

5. FARADA Converged Failure All current 
Rate Data Handbooks, issues. 

6. AVCO 

7 .  LMEC 

8. Collins & 
Pomeroy 

9. Holmes & Narver 

10. Chemical 
Abstracts 
(Piping Failure 
Data) 

11. The Chemical 
Engineer 

12. NASA Literature 
Search (Piping 
Failure Data) 

13. AEC RECON 
(Piping Failure 
Data) 

14. DOT Pipeline 
Safety (Pipeline 
Leak Summary) 

published by Fleet 
Missile Systems 
Analysis and Evalua- 
tion Group Annex, 
NWS, Sea Beach, 
Corona, Calif. 

Reliability Engineer- 
ing Data Services 
Failure Rates. AVCO 
Corp . 
Failure Data Hand- 
book For Nuclear 
Power Facilities, 
Liquid Metal 
Engineering Center. 

Environmental 
Reports, Directorate 
of Licensing, 
Division of Compli- 
ance, Regulatory, 
mc. 

Collection of relia- 
bility data at 
nuclear power plants, 
Holmes & Narver, Inc. 

AEC Headquarters 
Library, Germantown, 
Maryland. 

The Institution of 
Chemical Engineers, 
16 Redgrave, London 
s.w.l 

Information Tisco 
Inc., NASA Scientific 
and Technical Infor- 
mation Facility, 
College Park , 
Maryland. 

AEC Headquarters 
Library, Germantown, 
Maryland. 

Office of Pipeline 
Safety, Department of 
Transportation (DOT) , 
Office of the Secre- 
tary, Washington, 
D.C: 

1962 

1969 

11/1/71 

1968 

9/24/73 

1971 

9/12/73 

9/10/7 3 

10/10/7 3 

Assessments derived from 
Army, Navy, Air Force, and 
NASA sources. 

Contains Failure Rate 
Assessments for primarily 
military quality hardware. 

Compilation of failure 
rates derived from test 
and research reactor 
operating experiences. 

Operating experience and 
related data from litera- 
ture in support of occur- 
rence rates to be assumed 
for further interim . 
guidance on accident eval- 
uations. 

Contains failure rate data 
gathered from operating 
experience, one'plant-- 
4 months. 

Bibliography listing of 
metallurgical and piping 
analysis reports (65) of 
industrial conduit 
systems. 

Contains data on reliabi- 
lity of instruments in the 
chemical plant environment. 

Listing of steam pipe 
failure reports (393) for 
normal and limited distri- 
bution of industrial steam 
systems. 

Listing of Nuclear Science 
Abstracts search on pipe 
rupture and pressure 
vessel analysis of primary 
steam systems. 

1971 and 1972 gas pipe 
line leak and rupture 
history of transmission 
and distribution systems 
throughout the United 
States. n 
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Contact, Service Contact, Report Report, Listing 
Office or Originator or Source Date Source or Content Reference 

\ 

I 

13. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

NSIC Literature 
Search (Piping 
Failures) 

GIDEP "ALERT" 
(Manufacturing 
Defects) 

NAVSHIPS Report 
(Main Steam 
Piping Data) 

DDC Literature 
Search (Steam & 
Water Pipe 
Failures) 

DDC Literature 
Search (Manu- 
f acturing 
Defects) 

GEAP (Piping 
Failure Data) 

Nuclear Science 
Abstracts 
( Con t a inmen t 
Breaches) 

NSIC Literature 
Search (Special 
Common Mode 
Failures) 

Engineering 
Index (Environ- 
mental Factors) 

Geologic Litera- 
ture Search 
(Disaster Im- 
pact Data) 

Nuclear Safety Infor- 
mation Center (NSIC) 
of the AEC, Oak 
Ridge, Tennessee. 

National Technical 
Information Service 
(NT1S)U.S. Department 
of Commerce, Spring- 
field, Virginia. 

Maintenance Support 
Office, Naval Ship 
Systems Command, 
Department of the 
Navy, Arlington, 
Virginia. 

Defense Documentation 
Center (DDC) , Defense 
Supply Agency, Alex- 
andria, Virginia. 

Defense Documentation 
Center (DDC) , Defense 
Supply Agency, Alex- 
andria, Virginia. 

9/13/73 

9/3/73 

10/3/73 

9/12/73 

8/23/73 

General Electric 1964 thru 1972 
Company, Atomic 
Power Department, 
San Jose, Califor- 
nia. 

Technical Informa- : I  1967 thru 1972 
tion Center (TIC) 
of theU.S. Atomic 
Energy Commission, 
Oak Ridge, 
Tennessee. 

Nuclear Safety 8/2/72 
Information Center 
(NSIC) of the U-S. 
Atomic Energy 
Commission, Oak 
Ridge, Tennessee. 

AEC Headquarters 8/17/73 
Librar'y , Germantown, 
Maryland. 

American Geologic 8/17/73 
Institute, 
Washington, D.C. 
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Listing of references of 
piping failures (317) in 
industrial uses of atomic 
power. 

Parts, materials, and 
processes experience 
summary of NASA and Govern- 
ment-Industry Data 
Exchange Program (GIDEP) 
reports. 

Printouts contain mainten- 
ance data covering main 
steam piping on nuclear 
submarines and surface 
ships for a three year 
period ('70, '71, and '72) 

Bibliography of piping 
problems and simulated 
failures throughout the 
military and industrial 
world. ( 5 3  itemized 
descriptions) . 
Bibliography on probabi- 
lities of manufacturing 
errors from the stand- 
point of design evalua- 
tions (147 items). 

Periodic reports (series 
10207 of the Reactor 
Primary Coolant System 
Pipe Rupture Study 
summarizing failure mech- 
anisims and probabilities 

Subject index for nuclear 
scientific reports over a 
six year period. 
Reference book. 

A ten year literature 
search for five categor- 
ies of qualitative 
reports and bibliogra- 
phies. 

A search for quantitative 
reports on the earth- 
quakes electrical fires 
and airplane crashes. 

A listing of topics (220) 
associated with earth- 
quake predictions from 
the standpoint of 
geologic effects. 



Contact, Service Contact Report Report, Listing 

n , Office or Originator or Source Date Source or Content Reference 

25.  DDC Literature ':, Defense Documentation 
Search i, Center (DDC) , Defense 
(Disaster '.Supply Agency , Alex- 
Impact Data) andria, Virginia. 

26. Insurance Facts Insurance Information 
( 1 9 7 2 )  (Disaster Institute, New York, 
Impact Data ) 

27.  RESPONSA 
(Seismic Effect 
Data) 

28.  RESPONSA (ECCS 
Analysis Data) 

29.  RESPONSA (Parts 
& Materials 
Data) 

3 0 .  NASA Literature 
Search 
(Disaster) 

31.  NASA Literature 
Search (Manu- 
f acturing 
Defects ) 

32 .  Docket 50-289 
(Aircraft Impact 
Data) 

33. FAA (Air 
Traffic Data) 

New York. 

Selected Nuclear 
Science Abstracts 
(RESPONSA) , AEC 
Headquarters Library, 
Germantown, Maryland. 

Selected Nuclear 
Science Abstracts 
(RESPONSA) , AEC Head- 
quarters Library, 
Germantown, Maryland. 

Selected Nuclear 
Science Abstracts 
(RESPONSA) , AEC Head- 
quarters Library, 
Germantown, Maryland. 

Information Tisco 
Inc., Scientific and 
Technical Information 
Facility, College 
Park, Maryland. 

Information Tisco 
Inc., NASA Scientific 
and Technical Informa- 
tion Facility, College 
Park, Maryland. 

Files, Bethesda, 
Maryland. 

Federal Aviation 
Administration (FAA) , 
Dept. of Transporta- 
tion, Washington, D.C. 

8/21 /73  

8 / 2 0 / 7 3  

8 /15 /73  

8 /1 /73  

8 / 2 4 / 7 3  

8 /17 /73  

8 / 2 3 / 7 3  

8 /28 /73  

March 1 9 7 2  

Bibliography on unusual 
natural occurrences 
( 1 9 2 ) .  

A yearbook of property I 

and liability insurance 
facts of losses as 
reported by U.S. 
companies. 

Listing of seismic 
topics ( 2 4 5 )  for reactor 
siting and nuclear 
application: includes 
docket material. 

Listing of Emergency Core 
Cooling System (ECCS) 
topics (approx. 9 2 8 )  and 
associated analysis. 

Listing of topics (approx. 
9 3 6 )  on fractures of 
reactor parts and mater- 
ials with emphasis on 
steel and alloys. 

Listing of disaster pre- 
diction or forecasting 
reports ( 6 0 8 )  on meteoro- 
logical and climatological 
measurements. 

Quality control in manu- 
facture of machinery or 
power generating equip- 
ment a brief survey. 

Three Mile Island Unit 1 
(Metropolitan Edison Co. 
of Pennsylvania) report, 
Summary of Aircraft 
Impact Design. 

En Route IFR Air Traffic 
Survey Peak-Day FY 1 9 7 1 ,  
authored by the FAA 
Statistical Division. 

34.  Letter from W. F. Shopsky to D. F. Paddleford dated October 20, 1 9 7 2 .  

35. A. J. Bourne, "Reliability Assessment of Technological Systems," Report, Systems 
Reliability Service, UKAEA, October 1971.  

36. K. H. Lindackers, W. Stoebel, Part I, 0. A. Kellerman, W. Ullrich. Part 11: 
Probability 
Paper 9. 

Analysis Applied to LWR's, Institute of Reactor Safety, -W. Germany, 
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37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

F. M. Davies, "A Worked Example on t h e  U s e  of  R e l i a b i l i t y  Analys is  Techniques - 
Decay H e a t  Removal", Lec ture  N o .  58 Reactor Assessment, Sec t ion  I ,  S a f e t y  and 
R e l i a b i l i t y  Directorate, R i s l ey ,  U.K. 

"Meeting of S p e c i a l i s t s  on t h e  R e l i a b i l i t y  o f  E lec t r i ca l  Supply Systems and 
Rela ted  Electric-Mechanical Components f o r  Nuclear Reactor Sa fe ty" ,  European 
Nuclear  Energy Agency C o m m i t t e e  on Reactor Sa fe ty  Technology, Sess ion  I ,  I s p r a ,  
I t a l y ,  (June 27-28, 1968) .  

M. C. Puqh, " P r o b a b i l i t y  Approach t o  S a f e t y  Analys is" ,  United Kingdom A t o m i c  
Energy Au thor i ty ,  1969. 

R.  M. S tewar t ,  G. Hensley, "High I n t e g r i t y  P r o t e c t i v e  Systems on Hazardous Chem- 
i c a l  P l a n t s " ,  European Nuclear Energy Agency Committee on Reactor S a f e t y  Tech- 
nology, Munich (May 26-28, 1971) .  

J. C. Moore, "Research Reactor F a u l t  Analys is" ,  P a r t s  I and 11, Nuclear Enqi- 
nee r ing  (March, June 1966) .  

"IEEE Transac t ions  on Nuclear Science",  V o l u m e  NS-18, February 1971. 

a. B. M. Tash j i an ,  " S e n s i t i v i t y  Analys is  o f  a Two-out-of-Four Coinc ident  Logic 
Reactor P r o t e c t i v e  System" pg. 455. 

b. R. S a l v a t o r i ,  "Systematic Approach t o  Sa fe ty  Design and Evalua t ion ,  pq. 495. 

A.  J. Bourne, G. Hensley, A. R. E a m e s ,  A .  Aitken, " R e l i a b i l i t y  Assessment of t h e  
S.G.H.W.R. Liquid  Shutdown System", AHSB(S)R 1 4 4  (March 1968) .  

H. J. Otway, R. K. Lohrding, M. E. B a t t a t ,  "A Risk E s t i m a t e  f o r  an  Urban-Sited 
Reactor", Nuclear Technology, V o l .  1 2  October 1971. 

F. R. Farmer, " S i t i n g  C r i t e r i a  - A N e w  Approach", United Kingdom A t m o i c  Energy 
Author i ty ,  R i s l ey ,  Warrington, Lancs, U . K .  

J. R. Bea t t ie ,  G. D. B e l l ,  J. E. Edwards, "Methods fo r  t h e  Evalua t ion  of Risk",  
AHSB(S)R 159 UKAEA, (1968). 

G. D. B e l l ,  "Risk Evalua t ion  fo r  Any Cur ie  Release Spectrum and Any D o s e  R i s e  
Re la t ionship" ,  AHSB(S)R 192, UKAEA, (1971). 

"Fau l t  Tree  Analys is ,  SPERT I V  Scram System" INC Work Request N o .  N-42128. 

W. L. Headington, M. E. S tewar t ,  J. 0. Zane, " F a u l t  Tree  Analys is  o f  t h e  PBF 
T r a n s i e n t  R o d  Drive System", IDO-17272 (November 1968) .  

Gu l f  E l e c t r o n i c s  Systems, Nuclear Ins t rumen ta t ion  S p e c i f i c a t i o n s .  

"Proceedings of t h e  Meeting of Specialists on t h e  R e l i a b i l i t y  of Mechanical 
Components and Systems fo r  Nuclear Reactor Sa fe ty , "  RISO Report  No.  2 1 4 ,  
Establ ishment  (February 1970) .  

a. 

b. 

C. 

d. 

e. 

S .  Antocisco, G. Tenogl ia ,  A. V a l e r i ,  "A T h e o r e t i c a l  R e l i a b i l i t y  Assessment 
of a F i r e  P r o t e c t i o n  System", pg. 22. 

W. B a s t l ,  H. Gieseler, H. A. Maurer, U.  Hennings, "The R e l i a b i l i t y  of E m e r -  
gency Core Cooling Systems of L i g h t  Water Nuclear P lan t s " ,  pg. 91. 

H. Huppman, "Frequency and Causes of F a i l u r e  t o  Components of Large Steam 
Turbines",  pg. 171. 

U. Hennings, "Auslegung and Anordnung E i n e r  Reaktor-Beschickungsan-lage 
Auggrund- von Zwerlassigngeitsbetrachtungen" pg. 213. 

G. Mieze,  "Analysis of a German P res su re  V e s s e l  and B o i l e r  Drum S t a t i s t i c s " ,  
pg. 301. 
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52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61 .  

6 2 .  

63. 

64 .  

65. 

66. 

67. 

68. 

69. 

f .  G.  A. G .  P h i l l i p s ,  R. , Warwick, 'I Survey of  Pressure  V e s s e l s  
High Standard of Construct ion",  pg. 323. 

lilt n 
g. J. Ehrent re ich ,  H. Maurer, " R e l i a b i l i t y  Cons idera t ions  f o r  Mechanical Compo- 

n e n t s  of  Cont ro l  Rod Drive Systems of  G a s  Cooled Power  Reactors Operated i n  
t h e  European Community", pg. 481. 

NRTS Nat iona l  Reactor Tes t ing  S t a t i o n ,  Ihaho: F a i l u r e  History 1968-1972, 
B. A. Thomas ETAL. 

D. G. Eisenhut ,  "General Avaiat ion F a t a l  Crash P r o b a b i l i t y  D i s t r i b u t i o n  f o r  U s e  
i n  Nuclear Reactor S i t i n g s " ,  August 1972. 

A b l i t t ,  J. F., A Q u a n t i t a t i v e  Approach t o  t h e  Evaluat ion of  t h e  S a f e t y  Function 
of  Operators  of  Nuclear Reactors, AHSB(S)R-160, Author i ty  Health and S a f e t y  
Branch, United Kingdom A t o m i c  Energy Author i ty ,  Ris ley ,  England, 1969 .  

Appley, M. H. and Trumbull, R. ( e d s . ) ,  Psychological  S t r e s s ,  Appleton-Century- 
C r o f t s ,  N e w  York, 1 9 6 7 .  

Berkun, M. M., "Performance Decrement Under Psychological  S t r e s s " ,  Human Fac- 
t o r s .  1 9 6 4 .  6.  21-30. 

Green, A. E . ,  S a f e t y  Assessment of  Automatic and Manual P r o t e c t i v e  Systems f o r  
Reactors, AHSB(S)R-172, Author i ty  Health and S a f e t y  Branch, United Kingdom 
A t o m i c  Energy Author i ty ,  Ris ley ,  England, 1969. 

Grinker ,  R. R. and Spiege l ,  J. P., Men Under S t r e s s ,  M c G r a w  H i l l  Book Co., 1963 
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Section 1 

Introduction and Overview 

With regard to the analyses performed in 
this study, potential common mode fail- 
ures can be. defined as multiple failures 
which are dependent, thereby causing the 
joint failure probability to increase. 
The multiple failures are common mode or 
dependent because they result from a 
single initiating cause, where "cause" 
is used in its broadest context. 

The single initiating cause can be any 
one of a number of possibilities: a 
common property, a common process, a 
common environment, or a common external 
event. Multiple failures which are de- 
pendent can likewise encompass a spec- 
trum of possibilities such as multiple 
system failures caused by a common 
component failure, system failures 
caused by a common external event, 
multiple component failures caused by a 
common defective manufacturing process, 
a sequence of failures caused by a 
common human operator, etc. 

Because potential common mode failures 
entail a wide spectrum of possibilities 
and enter into all areas of modeling and 
analysis, common mode failures cannot be 
isolated as one separate analysis, but 
instead must be considered throughout 
all the modeling and quantification 
steps involved in the risk assessments. 
In the study, common mode considerations 
were incorporated in every stage of the 
analyses. Table IV 1-1 gives a general 
breakdown of common mode treatments that 
were performed as an integral part in 
each of the analysis steps, 

This appendix will describe in detail 
only those aspects of the common mode 
failure methodology which are not dis- 
cussed in other portions of the report. 
Bounding and coupling techniques, in 
particular, will be described (pertain- 
ing to Table items 111-2, 111-3, IV-2, 
and IV-3 of Table IV 1-1) and special 
engineering investigations conducted to 
identify additional potential common 
mode failures are discussed in section 
5-1 of this appendix, Specific examples 
and applications pertaining to all the 
above items are also described through- 
out the fault tree and event tree 
appendices. 

Before discussing the bounding tech- 
niques and special investigations, a 
eview of the overall common mode meth- 

odology will be given here to place the 
material of this appendix in better 
context. A fuller discussion of the 
overall common mode methodology is found 
in Appendix XI and the Main Report, 

Following the outline of the table, the 
event tree constructions first treated 
common mode failures in their detailed 
modeling of system to system functional 
interactions. If failure of one system 
caused other systems to fail or be inef- 
f ective, then this was explicitly 
modeled in the event trees by drawing 
straight lines through the other system 
columns. These straight lines had no 
steps for the affected systems and hence 
did not require consideration of possi- 
ble interaction with these eliminated 
sys tems . 
The systems rendered failed or ineffec- 
tive by the single system failure were 
treated in the subsequent analysis as 
being essentially non-existent, and the 
analysis then concerned itself only with 
the critical single system failure. By 
considering these functional interac- 
tions, multiple system possibilities 
were thus changed to single system fail- 
ure analyses. From a common mode 
viewpoint, the affected systems consti- 
tute common mode events which are 
coupled to the single system failure. 
Incorporation of this coupling in the 
event trees was most significant since 
it in essence changed a product of 
system probabilities into one, single 
system probability, The impact of the 
event trees on this type of common mode 
dependency can be gauged by the numbers 
given in section 2 of Appendix I which 
show the reduction in size for the event 
trees constructed in the study, which 
incorporated dependencies, as compared 
to the unconstrained size obtained when 
dependencies are not considered. 

In addition to incorporation of system 
interdependencies, the event trees also 
defined the context' for which the indi- 
vidual fault trees were to be construct- 
ed. Particular system failures, i.e., 
the top events of the fault trees, were 
defined within the context of other 

'See Appendix I for event tree descrip- 
tions. 
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particular systems having already 
failed. The fault trees in an accident 
sequence were coupled by the system 
failure definitions and by the common 
accident conditions (the fault trees 
were thus conditional fault trees) . 
The construction of the fault trees 
included common mode considerations in 
determining the level to which failures 
should be analyzed and the failure 
causes and interfaces which should be 
modeled. The fault trees were con- 
structed to a level of detail such that 
all relevant common hardware in the 
systems would be identified. Because of 
this depth of analysis, single failures 
were identified that would cause multi- 
pfe effects. These included potential 
single failures that could cause several 
systems to fail or be degraded and that 
could cause redundancies to fail or be 
negated, Had the fault trees stopped at 
a less detailed level, these single 
failures would have had to be treated as 
common mode causes and given special 
common mode treatments since they would 
not have been explicitly shown in the 
fault trees. 

The failure causes modeled in the fault 
trees included not only hardware failure 
but also failures caused by human inter- 
vention, test and maintenance acts, and 
environmental effects, which enabled po- 
tential dependencies to be investigated 
and incorporated in the quantification. 
To illustrate the effects of this more 
complete failure cause identification, 
in a number of the fault trees con- 
structed, a valve being in a closed 
position was determined to be a failure. 
The failure could be caused by the valve 
itself failing closed, i.e., a hardware 
failure, and this cause is the cause 
usually included in the fault tree 
model. In addition to the valve hard- 
ware failure, however, the valve could 
also be in a closed position due to its 
being purposely closed for testing or 
maintenance and it could also be in a 
closed position due to the operator's 
forgetting to open it after the previous 
test or maintenance act. These other 
causes are often ignored in fault tree 
modeling; however, they have the same 
effect on the system as the hardware 
failure, These other causes were in- 

~cluded in the analysis of the fault 
trees for the study, and in certain 
cases they had much higher probability 
contributions to system failure than the 
hardware causes. In a number of cases 
these non-hardware contributions gave 
significantly high system failure proba- 
bilities (essentially single failure 
probabilities) such that all other con- 
tributions had minor impact on the 
system number. 

In addition to their individual impacts, 
the non-hardware contributions were ex- 
amined in the quantification stage for 
possible interdependencies. Multiple 
failures caused by human errors were 
dependent if the same operator could 
perform all the acts. Testing or main- 
tenance caused failures to be dependent 
if several components could simultane- 
ously be brought down for testing or 
maintenance. Accident environments 
caused multiple failures to be dependent 
if the failures could be due to the same 
environment. Identification of non- 
hardware causes laid the basis for 
individual and dependent event calcula- 
tions which were performed in the quan- 
tification stage, and the resulting 
significance can be seen by the large 
contributions predicted for non-hardware 
causes. 

The fault tree quantification stage, 
also tended to implicitly cover depend- 
ency and common mode considerations 
within the basic calculations. The 
component data which were input to the 
calculations were total failure data and 
had error spreads (probable ranges) to 
account for uncertainties and varia- 
tions. The failure rate for a particu- 
lar component included not only contri- 
butions from hardware failure (sometimes 
called the random failure rate), but 
also contributions due to testing or 
maintenance, human causes, environment 
causes, etc. The error spreads aided in 
covering uncertainties not only from 
statistical estimation but also from 
possible defects in the component, pos- 
sible failure mechanisms not included in 
the data sources, and from other physi- 
cal causes of possible variations. Ttis 
realistic treatment of data gave higher 
system failure probabilities, which of- 
ten proved to be insensitive to common 
mode effects when sensitivity studies 
were performed. 

'The definition and probability quanti- 
fication of the containment failure 
modes, incorporating accident dependen- 
cy considerations, are given in Appen- 
dices V and VIII. 

The quantification formulas treated both 
hardware and non-hardware contributions 
with their relevant dependencies. The 
human errors and test and maintenance 
downtime contributions identified in the- 
fault trees were quantified to obtair' d 
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their probability contribution. Error 
spreads were used for human probabili- 
ties to account for individual varia- 
tions and posqible inefficiencies 
(tiredness, possible confusion, etc.). 
A log-normal distribution was used to 
obtain test and maintenance downtimes , 
where the distribution is positively 
skewed (having a tail for longer down- 
times) to account for test and mainte- 
nance problems, possible laxities, and 
other test and maintenance associated 
deviations. When human or test and 
maintenance contributions had additional 
interdependencies, coupling formulas us- 
ing the log-normal median approach were 
employed. Accident environment effects 
on both components and human responses 
were treated by using higher failure 
rates when appropriate and coupling 
individual failures when the same envi- 
ronment affected the failuresol 

In the fault tree quantification stage, 
error spreads were propagated through 
the calculations to determine the re- 
sulting error spreads on the computed 
system probabilities. The system error 
spreads thus included the possible devi- 
ations in test and maintenance, human 
errors, and failure rates which thereby 
caused other potential common mode ef- 
fects not explicitly included to have 
less impact since they now needed to lie 
outside the error spreads. - -  Bounding and 
coupling calculations were also per- 
formed throughout the quantification to 
determine maximum possible impacts from 
common mode failures which might exist 
and were not previously included. The 
bounding and coupling studies served as 
an additional check on the calculations 
and identified areas that needed further 
investigation because of their larger 
possible impact. Failure rates were 
also coupled to determine the potential 
effects of several components all having 
a high failure rate due to a bad manu- 
facturing batch, quality control error, 
etc. Since the bounding and coupling 
techniques were not described in detail 
in the modeling and analyses appendices 
(Appendices I, 11, 111, and V), they are 
treated in this appendix. 

After the fault trees were quantified, 
the event tree quantification stage 
combined the individual fault tree prob- 
abilities to obtain sequence probabili- 
ties. To obtain the sequence probabili- 
ties, Boolean techniques were used on 
the fault trees to extract any compo- 

nents which were common to several. 
systems in the sequence. Single fail- 
ures that could fail multiple systems 
were thus identified and quantified, and 
as a result independent system failures 
became dependent failures. 

Since an accident sequence in the event 
trees can be viewed in terms of fault 
tree logic, the same quantification 
techniques were used on the individual 
fault trees. (In terms of fault tree 
representation, the individual systems 
in a sequence are viewed as being inputs 
to an AND gate to form the accident 
sequence.) Human errors, test and main- 
tenance, and accident environment were 
evaluated for their contributions to the 
sequence, and the contributions were 
coupled when they were dependent. Since 
multiple systems were analyzed, the 
couplings now included dependencies 
across systems. 

For the consequence calculations, the 
accident sequences were partitioned into 
release categories.1 The probabilities 
for sequences assigned to the same 
category were then summed to obtain the 
total release category probability which 
was used as the input for the final con- 
sequence calculations. The grouping 
tended to cover effects of dependencies 
and common modes since single system 
failures often existed in each release 
category. Multiple failure accident se- 
quences thus became negligible, even 
with possible common modes, when they 
were added to the single failure 
accident sequences to obtain the total 
release category probability. Bounding 
and error propagation techniques were 
used on the multiple failure accident 
sequences to investigate maximum common 
mode effects. The bounding techniques 
encompassed those used for the fault 
trees, which are described in this 
appendix. 

As a final check on possible dependen- 
cies and common mode effects, special 
engineering investigations were per- 
formed to complement the modeling and 
mathematical techniques which had been 
used throughout the study. The event 
tree accident sequences which were 
judged to be possible susceptible to 
common mode impacts which had not been 
identified were reexamined for any 
extraneous dependencies which may have 
been previously overlooked, 
quences were also examined 

These se- 
to determine 

ee Appendix I1 for detailed applica- 
ions and discussions. . 'Appendix V. 
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potentials for interdependencies between 
initiating events and system failures. 
As part of the common mode investiga- 
tions, a design adequacy task investi- 
gated the effects of earthquakes and 
external events. The fault tree and 
event tree models were also reviewed, 
and checks were made comparing model 
predictions versus available past histo- 
ry experiences. The comparisons with 
past history are contained in the data 
and fault tree appendices. As stated, 
since they are not contained in the 
other appendices, the accident sequence 
special investigations are described in 
this appendix. 

With regard to the impact of common mode 
failures on the spectrum of individual 
results computed in the study, in many 
areas common mode contributions had 
significant effects and in some areas 
they did not. This conclusion may not 
seem simple, however, many different 
detailed results were computed in the 
study to arrive at the final risk as- 
sessments. 1 

In the accident sequence definitions and 
in the containment failure mode analy- 
ses, common mode considerations had a 
significant impact. Common mode consid- 
erations of functional interdependencies 
significantly modified the event tree 
sequences and hence the resulting proba- 
bilities. Consideration of containment 
failure mode dependencies gave signifi- 
cantly modified probability values to be 
used €or the accident sequences. 

'If one looks specifically at the final 
risk assessment numbers then common 
modes in general had a very significant 
effect as discussed in -5ppendix XI and 
the main report. (In large part, this 
was due to the event tree effects.) 

In the fault tree and event tree quanti- 
fications, common mode failures in many 
cases did not have as significant an 
effect. Single system failure probabil- 
ities dominated the accident sequences 
which determined the release category 
probabilities, and single component 
failures, in turn, dominated the single 
system failure probability. Common mode 
failures between components thus had 
little impact since at most they could 
change multiple component failures into 
single component failures and these 
already existed for the system. 

Human errors, because of their larger 
basic probabilities as compared to com- 
ponent failure rate data, in a number of 
cases dominated the system again causing 
common modes between components to have 
a small effect. 

In certain systems, however, common mode 
contributions did significantly enter, 
for example, in cases when several 
failures were coupled to a common human 
cause. There were other cases in which 
common modes did impact, either through 
the fault tree development and fault 
definition or through the quantifica- 
tion. These specific cases, along with 
the specific event tree findings, are 
discussed in their appropriate sections 
(Appendices I, I1 , and V) . 
The outcomes of the varying significance 
of common mode failure which were found 
in the study further reinforce the re- 
quirement that common modes and general 
dependency considerations should not be 
isolated and treated separately, but 
should be incorporated throughout all 
stages of the analysis. However, this 
along with all the other modeling con- 
siderations, is what should be automati- 
cally done in any thorough and complete 
analysis. 
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TABLE Iv 1-1 COMMON MODE TREATMENT IN THE VARIOUS ANALYSIS STAGES 

I. EVENT TREE CONSTRUCTION 

1. Incorporation of functional dependencies between systems in the sequence 

constructions. 

2. Establishment of accident sequences including containment failure mode 

definitions which incorporate system and accident interdependencies. 

11. FAULT TREE CONSTRUCTION 

1. Resolution of failures to a levei such that common system hardware will 

be identified. 
2. Fault tree construction which identify human interfaces, test and 

maintenance interfaces, and other interfaces of potential dependency. 

111. FAULT TREE QUANTIFICATION 

1. Practical data utilization, which incorporates uncertainties and 

variations. 

2. Quantification formulas which incorporate dependencies and contributions 

due to human error, test and maintenance, and accident related 
environments. 

I 3. Mathematical techniques involving bounding calculations and error propa- 

gation calculations, which serve to determine the significance of possible 

dependencies and serve to incorporate resulting uncertainties. 

IV. EVENT TREE QUANTIFICATION 

1. System fault trees combined and analyzed by Boolean techniques to extract 

common components between systems. 
2. Quantification formulas which incorporate couplings and dependencies 

across systems due to human error, test and maintenance, and accident 

environments. 

3. Grouping of accident sequences of similar outcome and identification of 
the dominant accident sequences using discrimination and bounding 

techniques. 

V. SPECIAL ENGINEERING INVESTIGATIONS 

1. Investigation of special, susceptible accident sequences to determine any 
remaining possible common modes including those due to external events and 

common component sensitivities. 

2. A special design adequacy task to investigate common mode failures result- 

ing from earthquakes, other external forces, and post accident 

environments. 

3 .  Final checks on the fault tree and event tree models for model accuracy 

and consistency. 

G3 Table IV 1-1 
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Section 2 

Common Modes in Event Trees and Fault Trees 

2.1 INTRODUCTION 

For t h e  convenience of t h e  r eade r ,  
e x c e r p t s  of t h e  common mode d i s c u s s i o n s  
i n  Appendices I and I1 are reproduced 
here. (The bounding techniques and 
s p e c i a l  engineer ing i n v e s t i g a t i o n s  a r e  
given i n  t h e  fol lowing s e c t i o n s . )  For 
f u r t h e r  s p e c i f i c  d e t a i l s ,  t h e  f a u l t  t ree 
and even t  tree q u a n t i f i c a t i o n  s e c t i o n s  
inc lude  d i s c u s s i o n s  and c o n s i d e r a t i o n s  
a p p l i c a b l e  t o  common mode f a i l u r e s  when 
they w e r e  s i g n i f i c a n t  c o n t r i b u t o r s .  

2.2 CONTRIBUTION OF EVENT TREES TO 
THE STUDY OF COMMON-MODE 
FAILURES 

The p o t e n t i a l  e f f e c t s  of common mode 
f a i l u r e s  (CMFs) on t h e  s a f e t y  of nuc lea r  
power p l a n t s  have been i n c r e a s i n g l y  
d i scussed  i n  r e c e n t  years .  Current  
des ign  requirements r e l a t e d  t o  s a f e t y  
addres s  t h i s  matter i n  c e r t a i n  a r e a s ,  
p r i n c i p a l l y  with regard t o  p o s s i b l e  
e x t e r n a l  f o r c e s  due t o  n a t u r a l  phenomena 
and a i r p l a n e  c ra shes .  This  i s  because a 
l a r g e  e x t e r n a l  f o r c e  such a s  an e a r t h -  
quake might no t  on ly  i n i t i a t e  an acci- 
d e n t  bu t  a l s o  r e s u l t  i n  f a i l u r e s  of 
engineered s a f e t y  f e a t u r e s  provided t o  
m i t i g a t e  t h e  acc iden t .  Therefore ,  a l l  
t h e  systems t h a t  c o n t r i b u t e  t o  a s s u r i n g  
t h e  s a f e t y  of t h e  p l a n t  (e.9, t h e  reac- 
t o r  coo lan t  system and a l l  t h e  ESFs)  a r e  
designed t o  withstand s u b s t a n t i a l  e a r t h -  
quakes without f a i l u r e  (Ref. 1). I n  ad- 
d i t i o n  t o  t h e  above, LOCAs can impose 
l a r g e  r e a c t i o n  f o r c e s  and cause m i s s i l e s  
w h i c h  have t h e  p o t e n t i a l  t o  damage 
components whose f a i l u r e  can i n t e r f e r e  
wi th  t h e  performance of.ECCs and o t h e r  
ESFs. This  has  l e d  t o  t h e  use of p ipe  
r e s t r a i n t s ,  m i s s i l e  s h i e l d s  and o t h e r  
such des ign  requirements  t o  prevent  
damage by t h e  LOCA. Beyond t h i s ,  
l i m i t e d  a n a l y s i s  has been done t o  
q u a n t i f y  t h e  e f f e c t s  of p o t e n t i a l  common 
mode f a i l u r e s  on r e a c t o r  acc iden t s .  

An important  o b j e c t i v e  of t h i s  s tudy has  
been t o  develop methodologies s u i t a b l e  
f o r  quan t i fy ing  t h e  c o n t r i b u t i o n  of com- 
mon mode f a i l u r e s  t o  r e a c t o r  a c c i d e n t  
r i s k s .  Event trees p lay  a r o l e  i n  CMF 
s t u d i e s  because they  e l i m i n a t e  i l l o g i c a l  
and meaningless a c c i d e n t  sequences. 
Evaluat ion of p o t e n t i a l  CMF contr ibu-  
t i o n s  r e q u i r e s  examination of t h e  poten- 

' a1  CMF i n t e r r e l a t i o n s h i p s  of t h e  
r i o u s  even t s  i n  each acc iden t  se- 

quence; any sequences t h a t  can be 
e l imina ted  need no t  be examined. The 
d i s c i p l i n e d  examination of t h e  funct ion-  
to-funct ion,  function-to-system, and 
system-to-system i n t e r r e l a t i o n s h i p s  i n  
t h e  s p e c i f i c  con tex t  de f ined  by t h e  
a c c i d e n t  sequences has made a key 
c o n t r i b u t i o n  i n  l i m i t i n g  the  magnitude 
of t h e  CMF e f f o r t  needed i n  t h i s  study. 

A measure of t h i s  c o n t r i b u t i o n  i s  com- 
pa r i son  of t h e  number of i n t e r a c t i o n s  
p o s s i b l e  with t h e  number a c t u a l l y  in -  
volved. This can be done, f o r  i n s t a n c e ,  
by examining t h e  l a r g e  LOCA and contain-  
ment even t  trees desc r ibed  above f o r  t h e  
PWR and BWR. The PWR trees have 8 and 5 
headings,  res e c t i v e l y ;  t h e  BWR, 9 and 
7. U s e  of 2n-P t ree  wi th  a l l  p o s s i b l e  
permutat ions and combinations of cho ices  
included would g ive  roughly . 4 0 0 0  acci- 
d e n t  sequences f o r  t h e  PWR and 32,000 
f o r  t he  BWR. Since each sequence would 
have 1 2  and 1 5  e l emen t s ,  r e s p e c t i v e l y ,  
t he  number of p o t e n t i a l  CMF i n t e r a c t i o n s  
t o  be i n v e s t i g a t e d  would be about 48,000 
f o r  t h e  PWR and about 480,000 f o r  t h e  
BWR. However, t h e  PWR and BWR l a r g e  
LOCA and containment event  trees involve 
on ly  about 150  sequences each, with an 
average of about 1 0  p o t e n t i a l  i n t e r a c -  
t i o n s  pe r  sequence. Thus t h e  t o t a l  
number of p o t e n t i a l  i n t e r a c t i o n s  f o r  t h e  
PWR and BWR would lje about 1 5 0 0  each, o r  
a r educ t ion  from the  2"-l approach of 
about a f a c t o r  of 32  f o r  t h e  PWR and 320 
f o r  t h e  BWR. 

Thus ,  f o r  t h e  l a r g e  LOCA, t h e  use of 
event  trees has  e l imina ted  i l l o g i c a l  and 
meaningless combinations of events  and 
t h u s  reduced t h e  areas r e q u i r i n g  exami- 
n a t i o n  f o r  CMFs by about t h r e e  o r d e r s  of  
magnitude. Th i s  approach c o n t r i b u t e s  
enormously t o  making t h e  a n a l y s i s  of 
p o t e n t i a l  CMFs t r a c t a b l e .  

I n  cons ide r ing  t h e  t o t a l  number of even t  
trees involved i n  t h e  o v e r a l l  s tudy (see 
s e c t i o n s  4 and 5 of t h i s  Appendix), it 
can be seen t h a t  many thousands of po- 
t e n t i a l  a c c i d e n t  sequences involving 
hundreds of thousands of p o t e n t i a l  
i n t e r a c t i o n s  w e r e  screened i n  t h i s  s tudy 
t o  a r r i v e  a t  a r e l a t i v e l y  s m a l l  number 
of p o t e n t i a l  CMF i n t e r a c t i o n s .  A s  w i l l  
be shown i n  l a t e r  Appendices ( I V  and V ) ,  
f u r t h e r  screening invo lv ing  t h e  
i d e n t i f i c a t i o n  of t hose  p a r t i c u l a r  
sequences which were t h e  dominant 
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c o n t r i b u t o r s  t o  r i s k  reduced t h e  number 
of p o t e n t i a l  i n t e r a c t i o n s  of i n t e r e s t  by 
a d d i t i o n a l  very l a r g e  f a c t o r s .  

I n  a d d i t i o n  t o  t h e  above, it should be 
noted t h a t  t h e  containment trees d i s -  
cussed i n  Appendix I1 r e p r e s e n t  an ex- 
t e n s i v e  common mode f a i l u r e  inves t iga -  
t i o n  of t he  r e l a t i o n s h i p  between c o r e  
melt ing and containment i n t e g r i t y .  
While it has long been known t h a t  a 
molten co re  would almost s u r e l y  r e s u l t  
i n  l o s s  of containment i n t e g r i t y ,  t h i s  
s tudy has shown t h a t  t h e r e  a r e  widely 
d i f f e r e n t  consequences having widely 
d i f f e r e n t  p r o b a b i l i t i e s  f o r  t h e  va r ious  
modes of containment f a i 1 u r e s . l  

2.3 COMMON MODE FAILURES 

High t o  Reduce Spray Ef fec t iveness"  i s  a 
common mode suspec t  s i n c e  t h e  even t  
appears  as an inpu t  t o  both redundant 
s u b t r e e  branches. I f  upon f u r t h e r  
i n v e s t i g a t i o n  ( r e l a t i n g  C S I S  des ign  
ou tpu t  p r e s s u r e  with t h e  maximum 
p r e s s u r e  which might be a t t a i n e d  i n  t h e  
containment) t h e  event  i s  determined t o  
be probable ,  then t h e  event  i s  a common 
mode c o n t r i b u t o r  s i n c e  it i s  a s i n g l e  
event  t h a t  can f a i l  both spray subsys- 
t e m s .  Fu r the r  i n v e s t i g a t i o n  of t h i s  
event ,  however, i n d i c a t e d  t h a t  it would 
be u n l i k e l y  t o  occur;  t h a t  is ,  t h e  
containment p r e s s u r e  w i l l  n o t  reach a 
l e v e l  s u f f i c i e n t l y  high t o  reduce CSIS 
e f f e c t i v e n e s s .  The event  w a s ,  t he re -  
f o r e ,  no t  shown on t h e  reduced tree 
which w a s  q u a n t i f i e d .  

Hardware f a i l u r e s ,  human e r r o r s ,  and 
t e s t  o r  maintenance outage a l l  have a 
d i r e c t  e f f e c t  on t h e  p r o b a b i l i t y  of 
system f a i l u r e  (i.e. t h e  u n a v a i l a b i l i t y  
o r  u n r e l i a b i l i t y ) .  System f a i l u r e  prob- 
a b i l i t i e s  can a l s o  be a f f e c t e d  by more 
s u b t l e  f a c t o r s  such a s  common environ- 
ment, common des ign ,  common manufactur- 
i n g  processes ,  o r  common human in te rven-  
t i o n  wi th  t h e  system ( inc lud ing  
o p e r a t i o n ,  maintenance, and t h e i r  asso- 
c i a t e d  t e s t  p rocedures ) .  A l l  of t h e s e  
common l i n k s  r e p r e s e n t  p o t e n t i a l  depen- 
denc ie s  which can compromise any 
assumptions of independence of f a i l u r e s .  
Events r e l a t e d  t o  common hardware and 
o t h e r  s i n g l e  even t s  having d i r e c t  i n p u t  
t o  a system a r e  i d e n t i f i a b l e  i n  t h e  
process  of c o n s t r u c t i n g  t h e  f a u l t  tree 
as desc r ibed  i n  Appendix 11. The compo- 
nent  f a i l u r e  event  RWST 1CS-TK-1 
"Rupture" (common hardware) and f a u l t  
even t  "RWST Vent Plugged" ( d i r e c t  i n p u t  
even t )  as  shown i n  t h e  Containment Spray 
I n j e c t i o n  System (CSIS)  example (See 
Appendix I1 s e c t i o n  5 . 4 )  are e v e n t s  t h a t  
l ead  t o  m u l t i p l e  system and subsystem 
f a i l u r e .  The PWR r e f u e l i n g  w a t e r  s t o r -  
age tank (RWST) i s  common t o  bo th  CSIS 
subsystems and a l s o  t o  t h e  emergency 
c o r e  coo l ing  i n j e c t i o n  systems. Rupture 
of  t h e  RWST or  plugging of t h e  RWST ven t  
would f a i l  t h e  two CSIS subsystems and 
t h e  low p res su re  i n j e c t i o n  system (LPIS) 
of t h e  emergency co re  coo l ing  systems. 

Other t ypes  of even t s  i d e n t i f i e d  on t h e  
d e t a i l e d  f a u l t  trees may have common 
mode f a i l u r e  imp l i ca t ions  b u t  r e q u i r e  
f u r t h e r  i n v e s t i g a t i o n  t o  determine if 
they are probable.  For example, t h e  
t h i r d  l e v e l  even t  on t h e  CSIS d e t a i l e d  
tree "Containment P res su re  S u f f i c i e n t l y  

'See Appendices V, V I ,  V I I ,  and V I I I .  

Some human i n t e r a c t i o n s  with a system, 
whether f o r  o p e r a t i o n ,  tes t ,  mainte- 
nance, o r  c a l i b r a t i o n  are p o t e n t i a l l y  
important common mode events.  I n  con- 
s t r u c t i n g  t h e  d e t a i l e d  f a u l t  trees 
o p e r a t i o n a l  e r r o r s  which can cause 
components n o t  t o  be i n  t h e i r  proper  
o p e r a t i o n a l  s ta te  when r equ i r ed  are 
shown a s  ind iv idua l  events  on t h e  tree 
(e.g., "Operat ional  E r ro r  - Switch S8 
Not Closed," "Operat ional  E r ro r  - Valve 
506 Closed," e tc . ) .  

I n  t h e  p rocess  of eva lua t ing  t h e  f a u l t  
trees, f u n c t i o n a l l y  r e l a t e d  human e r r o r  
even t s  w e r e  examined t o  determine t h e i r  
p o t e n t i a l  f o r  common mode f a i l u r e .  For 
example, f o u r  human error even t s ,  each 
r e l a t e d  t o  f a i l u r e  t o  s t a r t  one of f o u r  
redundant BWR high p r e s s u r e  s e r v i c e  
water pumps, w e r e  examined t o  determine 
whether t hose  e r r o r s  w e r e  l i k e l y  t o  be 
committed independently o r  as a s i n g l e  
act. The major c o n t r i b u t o r  t o  BWR high 
p r e s s u r e  s e r v i c e  w a t e r  system f a i l u r e  as 
determined i n  t h e  a n a l y s i s  w a s  f a i l u r e  
of t h e  o p e r a t o r  t o  t u r n  on one o r  more 
of t h e  fou r  redundant pumps when t h e  
system i s  needed. I f  t h e  o p e r a t o r  does 
n o t  s t a r t  one pump, t h e r e  i s  a high 
p r o b a b i l i t y  t h a t  he w i l l  no t  s t a r t  t h e  
o t h e r  pumps as w e l l .  

Human e r r o r s  r e l a t e d  t o  t h e  t e s t i n g  and 
maintenance of components can a l s o  be 
important common mode c o n t r i b u t o r s .  For 
example, instruments  can be "valved-out" 
f o r  c a l i b r a t i o n  purposes and n o t  re- 
s t o r e d  t o  t h e i r  o p e r a t i o n a l  s ta te  when 
t h e  c a l i b r a t i o n s  are complete, va lves  
can be a l igned  t o  d i v e r t  pump flow 
dur ing  a test  and n o t  r e a l i g n e d  follow- 
ing  t h e  t es t ,  reset switches may no t  be 
depressed fol lowing l o g i c  tes t ,  etc. 

A l l  components i n  a system can b e . p o t e  
t i a l l y  coupled t o  common environment 
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I causes  f o r  f a i l u r e  by expandinq t h e  
f a u l t  t ree  a n a l y s i s -  i n t o  secondary 
auses ,  i .e. ,  by p o s t u l a t i n g  p o s s i b l e  

exceed t h e  design r a t i n g s  of t h e  compo- 
n e n t s  and then developing t h e  f a u l t  tree 
t o  i d e n t i f y  p o s s i b l e  causes  f o r  t hose  
secondary even t s  occurr ing.  For exam- 
p l e ,  t he  a n a l y s t ,  knowing t h a t  a r e l a y  
i s  r a t e d  f o r  180°F, would show an even t  
on t h e  f a u l t  tree which states,  i n  
essence,  t h a t  " r e l a y  f a i l s  due t o  
temperature >180°F. The f a u l t  tree 
would be developed, t hen ,  t o  i d e n t i f y  
p o s s i b l e  causes  € o r  t h e  temperature  
exceeding 18O0F. The f a u l t  tree would 
be s i m i l a r l y  developed about o t h e r  envi- 
ronmental c o n d i t i o n s  which would c a u s e  
t h e  r e l a y  t o  f a i l .  Some of t h e  e v e n t s  
could be common t o  o t h e r  component 
f a i l u r e s  and, t h e r e f o r e ,  would be common 
mode events .  

To develop a f a u l t  t ree i n d i s c r i m i n a t e l y  
i n t o  common mode o r  secondary causes  
wi thou t  regard t o  t h e  l i k e l i h o o d  of 
occurrence r e s u l t s  i n  a l a r g e  number of 
even t s  t h a t  must be subsequent ly  d i s -  
carded because of t h e i r  i n s ign i f i cance , ?  
thus  causing a cons ide rab le  waste of 
t i m e  and e f f o r t .  I n  o r d e r  t o  a s s u r e  
t h a t  adequate c o n s i d e r a t i o n  was given t o  
common mode causes  of system o r  subsys- 
t e m  f a i l u r e  an i n i t i a l  s c reen ing  of 
component f a i l u r e  e v e n t s  w a s  made, and 
those  even t s  which have p o t e n t i a l  f o r  
c o n t r i b u t i n g  s i g n i f i c a n t l y  t o  common 
mode system f a i l u r e  w e r e  examined and 
analyzed f u r t h e r .  The approach used f o r  
t h i s  i n i t i a l  s c reen ing  of even t s  i n  
sea rch  of  common mode c o n t r i b u t o r s  i s  as 
fo l lows  : 

G causes  f o r  component f a i l u r e s  which 

System f a u l t  trees and drawings 
w e r e  reviewed t o  i d e n t i f y  m u l t i p l e  
components and t h e i r  r e s p e c t i v e  
f a i l u r e  modes t h a t  would be most 
l i k e l y  t o  c o n t r i b u t e  to  system and 
m u l t i p l e  system f a i l u r e s .  I n  
g e n e r a l  t hose  components s e l e c t e d  
f o r  f u r t h e r  c o n s i d e r a t i o n  w e r e  
redundant o p e r a t i n g  p a r t n e r s  (com- 
ponents of t h e  same type o p e r a t i n g  
i n  p a r a l l e l  whose f a i l u r e  could 
f a i l  t h e  system). Components of 
t h e  same type and manufacture w e r e  
r e t a i n e d  f o r  f u r t h e r  c o n s i d e r a t i o n  
on t h e  b a s i s  t h a t  t hose  components 
could p o t e n t i a l l y  be more l i k e l y  
t o  have common l a t e n t  d e f e c t s .  
Also ,  l i k e  components would more 
l i k e l y  be sub jec t ed  t o  common op- 

e r a t i o n a l ,  maintenance, and tes t -  
ing  procedures ,  e t c . ,  t h a t  could 
c o n t r i b u t e  t o  common mode f a i l u r e s .  

Components t h a t  could p o t e n t i a l l y  
be a f f e c t e d  by a common o p e r a t i n g  
environment w e r e  examined r e l a t i v e  
t o  t h e i r  proximity t o  one another  
and t o  energy r e l e a s i n g  sources  
( r o t a t i n g  machinery, flammable 
f l u i d s ,  steam l i n e s ,  e t c  . ) wi th in  
t h e  p l a n t .  A de te rmina t ion  was 
made as  t o  whether energy was 
l i k e l y  t o  become r e l e a s e d  o r  no t  
and, i f  r e l e a s e d ,  whether o r  no t  
m u l t i p l e  components would l i k e l y  
be a f f e c t e d .  Among t h e  i t e m s  
considered w e r e  t h e  amount of 
energy which could be r e l e a s e d ,  
phys i ca l  b a r r i e r s  between compo- 
n e n t s  and t h e  energy sources?  t h e  
v u l n e r a b i l i t y  of components t o  the  
forms of energy t h a t  could be 
r e l e a s e d ,  t h e  modes i n  which the  
components would need t o  f a i l  i n  
o r d e r  t o  f a i l  systems, and t h e  
manner and t i m e  i n  which co r rec -  
t i v e  a c t i o n  would o r  could be 
taken. 

The event  coding scheme desc r ibed  i n  
Appendix I1 f a c i l i t a t e s  t h e  s o r t i n g  of 
even t s  having a common p rope r ty .  For 
example, human e r r o r  e v e n t s  r e l a t e d  t o  
manual va lves  i n  a system can be re- 
t r i e v e d  by s o r t i n g  f o r  va lve  type MX and 
f a u l t  mode des igna to r  X. I n  some cases 
t h e  f a u l t  t ree a n a l y s t  may dec ide  t h a t  
two o r  more components may be s u b j e c t  t o  
common even t s  due t o  t h e i r  proximity t o  
an energy source,  o r  t h e i r  being subjec- 
t e d  t o  t h e  same maintenance procedure,  
etc. Because of l o c a t i o n  i n  a l a r g e  
f a u l t  t ree,  it i s  no t  immediately clear 
whether t h e  p o t e n t i a l  dependency i s  
important  o r  no t .  I n  t h e  p rocess  of 
a n a l y s i s  the  a n a l y s t  w i l l  g i v e  t h e  
components t h e  same name. Later,  when 
t h e  f a u l t  tree i s  processed for evalua- 
t i o n ,  it can then be determined whether 
t h e  common mode i s  p o t e n t i a l l y  s i g n i f i -  
can t .  
I n  a d d i t i o n  t o  t h e  f a u l t  trees them- 
s e l v e s ,  common mode f a i l u r e s  wi th in  a 
system are accounted f o r  i n  the  methods 
of q u a n t i f i c a t i o n  used f o r  t h e  tree: 
common f a i l u r e s  which a f f e c t  m u l t i p l e  
systems are accounted f o r  i n  t h e  even t  
tree q u a n t i f i c a t i o n s .  These quan t i f  ica- 
t i o n s  are d i scussed  i n  Appendix I V  and 
i n  t h e  i n d i v i d u a l  f a u l t  tree q u a n t i f i c a -  
t i o n s .  
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Section 3 
Bounding and Quantification Techniques 

for Common Mode Failures 

3.1 INTRODUCTION 

As s t a t e d  p rev ious ly ,  common mode f a i l -  
u r e s  can be de f ined  t o  be m u l t i p l e  
f a i l u r e s  which occur because of a s i n g l e  
i n i t i a t i n g  o r  i n f l u e n c i n g  cause.  The 
s i n g l e  cause o r  mechanism s e r v e s  a s  a 
common i n p u t  t o  t h e  f a i l u r e s  a f f e c t e d .  
I f  t h i s  mechanism o r  cause occur s ,  a l l  
t h e  f a i l u r e s  are t r i g g e r e d  and a common 
mode f a i l u r e  occur s .  The components 
a f f e c t e d  by t h e  common mechanism o r  
cause may c o n s t i t u t e  hardware, s s t e m s ,  
subsystems, o r  p a r t i c u l a r  events .  7 
Examples of common mode f a i l u r e s  are 
numerous. Two s p r i n g  loaded r e l a y s  i n  
p a r a l l e l  f a i l  because of a common des ign  
d e f e c t .  The d e f e c t  causes  both r e l a y s  
t o  s imultaneously f a i l  and i s  t h e  common 
cause.  Because of  an e r r o r  of incor-  
r e c t l y  disengaging t h e  c l u t c h e s ,  t h r e e  
motor v a l v e s  a r e  placed i n  a f a i l e d  
s t a t e  a f t e r  maintenance. The common 
cause  f o r  t h e  va lve  f a i l u r e s  i s  t h e  
common maintenance e r r o r .  A steam l i n e  
r u p t u r e s  causing m u l t i p l e  c i r c u i t  board 
f a i l u r e s .  The common mode f a i l u r e s  are 
t h e  c i r c u i t  board f a i l u r e s  and t h e  
common cause i s  t h e  steam l i n e  rup tu re .  

I n s t e a d  of t r i g g e r i n g  simultaneous f a i l -  
u r e s ,  which i s  t h e  extreme case, t h e  
common cause may produce a less s e v e r e ,  
b u t  common, degradat ion of t h e  compo- 
nen t s .  The components do n o t  s h u l -  
t aneous ly  f a i l  t o g e t h e r ;  however, t h e i r  
j o i n t  p r o b a b i l i t y  of  f a i l u r e  can be 
g r e a t l y  inc reased .  I n  t h i s  deg rada t ion  
s i t u a t i o n ,  t h e  second component, for 
example, may f a i l  a t  a time la ter  than 
t h e  f i r s t  component f a i l u r e .  Because of 
t h e  common impressed cause,  however, t h e  
second component f a i l u r e  i s  dependent 
and coupled t o  t h e  f i r s t  f a i l u r e .  The 
j o i n t  p r o b a b i l i t y  of f a i l u r e  of  t h e  two 
components can consequently be  much 
h ighe r  t han  t h e  product  of  t h e  individu-  
a l  component p r o b a b i l i t i e s  ( t h e  inde- 
pendent f a i l u r e  s i t u a t i o n ) .  

'The term "component" may t h e r e f o r e ,  be 
i n t e r p r e t e d  i n  t h e  g e n e r a l  s ense ,  re- 
f e r r i n g  t o  any b a s i c  f a i l u r e  being 
considered.  

Numerous examples can aga in  be given f o r  
occurrences of  degradat ion common mode 
f a i l u r e s .  Because of ha r sh  a c c i d e n t  
environment, two pumps become degraded 
i n  performance. Given one pump has  
f a i l e d  due t o  t h i s  environment, t h e r e  i s  
a high p r o b a b i l i t y  t h a t  t h e  second pump 
w i l l  a l s o  f a i l .  The second pump may n o t  
f a i l  immediately when t h e  f i r s t  pump 
f a i l s .  However, t h e  p r o b a b i l i t y  f o r  t h e  
second pump's f a i l i n g  i s  now h ighe r  than  
i t s  uncond i t iona l  f a i l u r e  p r o b a b i l i t y .  
The second pump, f o r  example, may n o t  
f a i l  a t  t h e  same t i m e ,  b u t  t h e r e  may be 
a high p r o b a b i l i t y  it w i l l  f a i l  nea r  t h e  
f i r s t  pump's f a i l u r e  t i m e .  

I n  t h e  above example, t h e  common mode o r  
dependent f a i l u r e  i s  t h e  f a i l u r e  of t h e  
two pumps and t h e  common cause i s  t h e  
ha r sh  environment. Another example i n  
t h e  same g e n e r a l  category i s  a f a i l u r e  
induced by a t e s t  o r  maintenance e r r o r .  
Because of improper maintenance and 
c a l i b r a t i o n ,  t h r e e  motor v a l v e s  become 
degraded i n  performance. 

Depending upon t h e  e x t e n t  of t h e  t e s t  o r  
maintenance e r r o r ,  t h e  v a l v e s  may s u f f e r  
minor degradat ion t o  complete inopera- 
b i l i t y .  Even i f  t h e  degradat ion i s  n o t  
s eve re ,  t h e i r  j o i n t  f a i l u r e  p r o b a b i l i t y  
w i l l  i n c r e a s e .  In  conjunct ion wi th  t h i s  
increase i n  p r o b a b i l i t y ,  t h e  f a i l u r e  
dependence of  t h e  va lves  w i l l  be i n -  
creased due t o  t h e  common tes t  o r  
maintenance. 

Another example of  comon  m o d e  f a i l u r e s  
of t h e  degradat ion type  i s  t h e  load ing  
o r  dragging e f f e c t  caused by ano the r  
f a i l u r e .  Three pumps are o p e r a t i n g  and 
one f a i l s .  Because of  t h i s  f a i l u r e ,  t h e  
o t h e r  two pumps s u f f e r  a degradat ion due 
t o  t h e  e x t r a  load  placed upon them. 
The i r  f a i l u r e  p r o b a b i l i t y  w i l l  then b e  
h ighe r  t han  t h e i r  j o i n t  uncond i t iona l  
p r o b a b i l i t y  of f a i l i n g .  

For  t h i s  pump load ing  example, t h e  com- 
mon mode f a i l u r e s  are t h e  f a i l u r e s  o f  
t h e  second and t h i r d  pumps. The common 
cause i s  t h e  f a i l u r e  of  t h e  f irst  pump. 
The common causes may be compounded, f o r  
example, i f ,  i n  a d d i t i o n ,  t h e  three 
pumps are l o c a t e d  i n  a ha r sh  a c c i d e n t  
environment. An a d d i t i o n a l  common cause 
i s  then t h e  environment imposing i t s  own 
degradat ion.  
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I f  a common cause occur s ,  t h e  f a i l u r e s  
of t h e  a f f e c t e d  components must be 
t r e a t e d  a s  dependent even t s  and n o t  as 
independent events .  I n  conjunct ion wi th  
t h e  dependency of t h e  even t s ,  t h e  t i m e s  
of f a i l u r e  of t h e  a f f e c t e d  components 
a r e  a l s o  coupled t o  one another .  T o  
q u a n t i f y  common mode f a i l u r e s ,  s t a t i s t i -  
c a l  and r e l i a b i l i t y  methods must t h e r e -  
f o r e  be employed which t r e a t  dependen- 
c ies  i n  f a i l u r e  occurrences.  In  
p a r t i c u l a r ,  c o n d i t i o n a l  p r o b a b i l i t i e s  
and c o n d i t i o n a l  f a i l u r e  d i s t r i b u t i o n s  
m u s t  be analyzed and be combined. A 
number of techniques can be used, 
c e r t a i n  of t h e s e  which are considered t o  
be t h e  most s t r a i g h t f o r w a r d  and which 
w e r e  a p p l i e d  i n  t h e  s tudy.  

I t  should be noted t h a t  common mode 
f a i l u r e s  do n o t  encompass a l l  t h e  
degradat ion phenomena o r  a l l  t h e  depend- 
ency phenomena which e x i s t  i n  any real  
l i f e  s i t u a t i o n .  For those  types  of 
degradat ion and dependency which are n o t  
modeled e x p l i c i t l y  as common modes, t h e  
techniques t o  be  desc r ibed  may n o t  be 
a p p l i c a b l e .  Even f o r  common mode type 
f a i l u r e s ,  o t h e r  techniques may be  used 
which b e t t e r  model a p a r t i c u l a r  
phenomenon. 

A technique,  f o r  example, i s  desc r ibed  
i n  a l a t e r  s e c t i o n  where a p a r t i c u l a r  
t ype  of  deg rada t ion  i s  modeled by simul- 
taneously i n c r e a s i n g  a l l  a f f e c t e d  compo- 
n e n t  f a i l u r e  rates.  The components now 
a l l  f a i l  w i th  a g r e a t e r  f a i l u r e  rate. 
The e f f e c t  of t h i s  degradat ion i s  
inco rpora t ed  i n  t h e  e r r o r  bounds of  t h e  
system f a i l u r e  p r o b a b i l i t y .  That model 
i s  u s e f u l  f o r  i n c o r p o r a t i n g  and i n v e s t i -  
g a t i n g  manufacturing d e f e c t s ,  c e r t a i n  
maintenance e r r o r s ,  and c e r t a i n  environ- 
mental  e f f e c t s .  

Other t ypes  of deg rada t ions ,  which may 
n o t  be common mode a s s o c i a t e d ,  i nc lude  
c e r t a i n  types  of  wear-out phenomena and 
d r i f t i n g  phenomena. I f  t h e s e  phenomena 
are judged p e r t i n e n t  t o  t h e  problem, 
then o t h e r  approaches may need t o  be 
used. 

The techniques i n  t h e  n e x t  s e c t i o n s  
d e s c r i b e  methods by which a maximum 
bound can be placed on t h e x o n t r i b u t i o n  
from common mode f a i l u r e s .  These bounds 
have importance, f o r  example, i n  d e t e r -  
min ing . the  adequacy and b e l i e v a b i l i t y  o f  
o t h e r  c o n t r i b u t i o n s  which have been 
computed i n  a q u a n t i f i c a t i o n  a n a l y s i s  
(such as t h e  independent f a i l u r e  
c o n t r i b u t i o n s ) .  I f  d a t a  are a v a i l a b l e ,  
more e x a c t  c a l c u l a t i o n s  of  common mode 
c o n t r i b u t i o n s  can be performed. These 
c a l c u l a t i o n s  a r e  a l s o  discussed.  

3.2 BOUNDING BY SMALLER CQMBJNA- A 

TIONS 
3 . 2 . 1  BASIC CONSIDERATIONS 

One of  t h e  f i r s t  ques t ions  t o  be asked 
i s  whether common mode f a i l u r e s  can have 
an impact on a p a r t i c u l a r  q u a n t i t a t i v e  
eva lua t ion .  A gene ra l  technique i s  
f i r s t  desc r ibed  by which an upper bound, 
o r  maximum va lue ,  can be ob ta ined  f o r  
t h e  common mode f a i l u r e  c o n t r i b u t i o n .  
The upper bound technique,  which w i l l  b e  
ca1led'"combination bounding" , has  t h e  
advantage of  being r e l a t i v e l y  s imple t o  
apply.  I t  can t h e r e f o r e  be used a s  a 
p re l imina ry  check t o  determine p o s s i b l e  
impacts. I f  t h e  upper bound, which 
r e p r e s e n t s  a maximum p o s s i b l e  e f f e c t ,  
does n o t  s i g n i f i c a n t l y  change a p r e d i c t -  
ed  system f a i l u r e  p r o b a b i l i t y ,  then t h e  
number i s  i n s e n s i t i v e  t o  common mode 
c o n t r i b u t i o n s .  I f  t h e  upper bound does 
change and i n c r e a s e  t h e  r e s u l t ,  t hen  
more d e t a i l e d  ana lyses  need t o  be  per-  
formed t o  determine t h e  a c t u a l  e f f e c t  of 
common mode f a i l u r e s .  

A s  i s  t r u e  i n  any bounding approach, 
i n s t e a d  of s e r v i n g  as a check, the  upper 
bound i t s e l f  can be used as a r e s u l t .  
For example, i f  t h e  upper bound sat is-  
f ies  s p e c i f i c a t i o n  requirements ,  then no 
f u r t h e r  a n a l y s i s  need perhaps be 
performed. A l t e r n a t i v e l y ,  i f  e r r o r  b a r s  
o r  u n c e r t a i n t i e s  are given f o r  a system 
r e s u l t ,  t h e s e  e r r o r  b a r s  can be 
i n c r e a s e d  t o  account f o r  la maximum 
p o s s i b l e  common mode e f f e c t .  I f  t h e  
inc reased  u n c e r t a i n t i e s  s t i l l  s a t i s f y  
accuracy requirements ,  then f u r t h e r  
a n a l y s i s  may n o t  be needed. 

The ' u p p e r  bounds can f i n a l l y  be used t o  
h e l p  d i r e c t  and scope gene ra l  common 
mode f a i l u r e  i n v e s t i g a t i o n s .  The upper 
bounds r e p r e s e n t  a maximum e f f e c t  and 
hence a l i s t  of cand ida te  common mode 
f a i l u r e s  can be ordered wi th  r ega rd  t o  
t h e i r  r e s p e c t i v e  upper bounds. The 
common mode f a i l u r e s .  having t h e  l a r g e s t  
upper bounds can have t h e  maximum e f f e c t  
and hence t h e s e  are analyzed . and 
i n v e s t i g a t e d  f i r s t .  

Although t h e  combination bounding tech- 
nique i s  s imple i n  p r i n c i p l e ,  it does 
have t h e  disadvantage i n  a number of  
s i t u a t i o n s  of  g iv ing  t o o  conse rva t ive  a 
r e s u l t  ( i . e . ,  t o o  l a r g e  of  an upper 

'In a s t a t i s t i c a l . s e n s e ,  t h e  e r r o r  b a r s  
and u n c e r t a i n t i e s  would t h u s  account  
f o r  systematic- type e r r o r s  as w e l l  as 
random-type e r r o r s .  
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bound). Other sections will discuss 
'techniques by which better and hence 
ighter bounds are obtainable for common 

are available, techniques are also 
discussed for computing exact common 
mode contribution. 

u mode failure contributions. If the data 

3 . 2 . 2  BOUNDING COMBINATIONS OF TWO 
FA I LURES 

Since common mode approaches are not 
normally found in the literature, this 
discussion will be somewhat basic. The 
reader with a background in probability 
can skim over this section, referring 
principally to the result obtained 
[Equations (IV 3-6)  and (IV 3-20)  
through (IV 3 - 2 2 ] ] .  Section 3 . 3  treats 
applications in the study and section 
3 . 4  deals with more involved modeling. 

The bounding technique is given the name 
combination bounding because smaller 
valued combinations or redundancies are 
used for establishing the bounds. Con- 
sider the event of both A and B failing 
and denote this joint failure occurrence 
by AB. The expression AB thus repre- 
sents the combination of A and B both 
failing. The symbol A and the symbol B 
may for example represent failures of 
particular components and the expression 
AB then represents both of these 
components failing. 

Let the probability of A failing be 
denoted by P ( A )  and the probability of B 
failing be denoted by P(B). For the 
combination AB, denote its probability 
by P(AB) i 

p ( m )  = the probability of both A and 
B failing. 

(IV 3-1) 

The probability expression P ( A B ) ,  which 
w i l l  be called the combination probabil- 
ity,. is completely general and as such 
implies nothing about the independence 
or dependence of A and B. 

If A and B are independent, the combina- 
tion probability, P ( A B ) ,  can be 
expressed as the product of the individ- 
ual probabilities P ( A )  and P ( B ) ;  

P (AB) = P (A) P (B)  , A and B independent 

(IV 3-2 )  

If the events are not independent and 
can be due to a common cause, then in 
eneral the above equation is not true 
nd the combination probability is not 

the product of the individual probabili- 
ties. 

P (AB) # P ( A ) P ( B )  , A and B dependent 

(IV 3 - 3 )  

However, even in the dependent case, in 
order for AB to fail, A must individual- 
ly fail and B must individually fail. 
Therefore, in all cases, both independ- 
ent and dependent; 

P ( A B )  5 P ( A )  (IV 3-4)  

and 

P ( A B )  - < P ( B )  (IV 3-51 

Since both inequalities are true, the 
minimum of either P ( A )  or P ( B )  may 'be 
taken as the best upper bound;l 

P (AB) - < M I N [ P ( A )  I P ( B )  1 (IV 3-6)  

Therefore, MIN [ P ( A )  , P (B)  ] denotes the 
minimum, or smallest value, of P ( A )  or 
P ( B ) .  Equation (IV 3-6)  thus gives the 
upper bound obtained by the combination 
bounding technique. This equation is 
applicable to the spectrum of common 
mode failures, from simultaneous trig- 
gerings to minor degradations. 

In Equation (IV 3-6)  , P ( A B )  can repre- 
sent the total probability of A and B 
failing from all mechanisms, both random 
and common mode. The equation therefore 
gives an upper bound and conservative 
estimate on the total, true probability 
of the combination failing. Since 
Equation (IV 3 - 6 )  applies when P ( A B )  
represents the total probability for AB, 
it therefore also applies when P ( A B )  
represents the probability of a partic- 
ular common mode failure of AB. 

The probabilities and failure events are 
general representations and can be par- 
ticularly interpreted and applied to any 
specific calculation. If A and B are 
unavailability related failures then 
P ( A ) ,  P (B) , and P ( A B )  are availabilities 

'In terms of Boolean theory, AB is a 
subset of A and is also a subset of B. 
Therefore, Equations (IV 3 - 4 )  and 
(IV 3-5) follow. The results can also 
be obtained using conditional probabil- 
ities, e.g., for Equation (IV 3 - 4 ) ,  
~ ( m )  = P(A)P(B/A)  and since 
P ( B / A )  5 1, therefore P(Al3)  < P ( A ) .  
The quantity P(B/A)  is the probgbility 
of B ,  given A has occurred. 
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(denoted by Q ' s  in the earlier 
appendices). If A and B are operation- 
ally related failures then the probabil- 
ities can be interpreted as being 
failure probabilities or cumulative 
probabilities, which may be time 
dependent . 
As an example of the use of Equation (IV 
3-6), assume a system has been analyzed 
and evaluated to obtain a system proba- 
bility number. Among the contributions 
that cause system failure is the failure 
of two pumps to start when demanded. 
There is concern because the investiga- 
tion has shown that the two pumps may be 
susceptible to common mode failure. 
(Possibilities of common causes include, 
for example, design defects and 
environmental degradation). For this 
problem, the possible impact of the 
common mode contribution is desired in 
order to compare with the system number 
which has been obtained. 

With regard to the two pumps let A now 
be the failure of one pump and B be the 
failure of another pump. From the data 
base (Appendix 111), the probability of 
one pump failing to start when demanded, 
is 10-3. 

Thus , 
P ( A )  = (IV 3-7) 

and 

P(B) = (IV 3-8) 

If the pump failures are independent, 
the probability of both failing to 
start, P(AB) , is simply the product of 
the individual pum probabilities; i.e., 
p (AB) = 10-3 x 10-5 = 10-6. However, if 
the pump failures are due to common 
causes, Equation (IV 3-6) can be applied 
and hence, 

P(AB) - < MIN[~o-~, (IV 3-91 

or 

P(AB) 5 (IV 3-10) 

since 10-3 is the minimum individual 
pump probability (both individual pump 
probabilities being equal). Therefore, 
using combination bounding, an upper 
bound of is obtained for the 
combination probability P(AB). 

Having obtained an upper bound of 
this number can then be compared to the 
total system failure probability. If 
the s stem probability is of the order 
of 10' Y or larger, then the system is 

insensitive to this common mode contri- 

the system probability is significantly 
smaller than 10-3, additional analyses IfQ 

bution, even at its maximum value. 

would need to be performed to verify 
independence or to better define the 
degree of possi-ble common cause 
dependency. 

Instead of serving as a check, the upper 
bound of may itself be used in the 
evaluations. This bound, f o r  example, 
can be used in the system quantification 
to determine whether the system failure 
probability will contribute to the 
overall risk, even with this maximum 
common cause contribution. Alternative- 
ly, if extreme accuracy is not required 
and error bars or probability ranges, 
are associated with the system result, 
they can be increased to account for the 
possible maximum lom3 contribution. 

As a further example of this bounding 
technique consider two failures A and B, 
where now P(A) = 10-5 and P(B) = 
In the independent case 

P(AB)  = = 
independent 

(IV 3-11) 

If common causes are determined to be a 
possible significant failure mechanism, 
then Equation (IV 3-6) can be used to 
give , 

P(AB) i MIN(~o-~, i o - 2 )  (IV 3-12) 

or 

(P(AB) < dependent (IV 3-13) 

since 10-5 is the minimum individual 
probability. Whereas assuming independ- 
ence, the probability of A and B failing 
is 10-7; even if common causes are 
significant, the probability is still 
less than or equal to 

In Equation (IV 3-6) and the aforemen- 
tioned examples, point values are used 
for the probabilities and the upper 
bound obtained is a point value upper 
bound. If error spreads or probability 
ranges are used in the calculations, 
then these can be incorporated in the 
upper bound by using the error spreads 
or probability ranges in Equation (IV 
3-6). If, for example, the upper values 
of the error spreads are used for the 
individual probabilities in Equation (IV 
3-61, then an upper bound on the 
combination probability will be obtained 
which now incorporates the uncertainties, 
in the individual probabilities. 
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In the preceding example, if factors of 
10 error spread are associated with P ( A )  
nd P ( B )  , an upper bound on P(AE3) can be 
btained which now incorporates the un- 
certainties on P ( A )  and P ( B )  if conser- 
vative values (upper error spread val- 
ues) are used in Equation IV 3-6). For 
P ( A )  = 10-5 and P ( B )  = lo- '  with factors 
of 10 error, the conservative values for 
P ( A )  and P ( B )  are 10-5 x 10 = 10-4 and 
10-2 x 10 = 10-1, respective1 There- 
fore P ( A B )  < MIN[10-4, i o - l i  = 10-4 
which now incorporates the uncertainties 
and variabilities on P ( A )  and P ( B ) .  
This use of error spreads and conserva- 
tive values accounts for the possible 
omission of specifically defined failure 
mechanisms in individual estimated 
probabilities as well as uncertainties 
due to statistical estimation. 

In the following discussions, point 
value calculations will be described. 
It will be understood, however, that 
error spreads or probability ranges can 
be incorporated by using them in place 
of the point values. In particular, 
combination upper bounds which incorpo- 
rate uncertainties can be obtained by 
using conservative values for the 
individual probabilities in all the 
formulas. 

For the upper bound in Equation (IV 3-6) 
the minimum individual component proba- 
bility is used, and not the maximum, 
since the combination probability is 
less than all of the individual compo- 
nent probabilities. Since the combina- 
tion probability is less than every one 
of the component probabilities, it is 
therefore less than the minimum of these 
probabilities. 

The mathematics used in obtaining the 
upper bound is quite general and depends 
only upon basic Boolean and set opera- 
tion properties. Since the same event 
space is tacitly assumed in these 
mathematical operations, one must only 
take care that the individual component 
probability is applicable with regard to 
the combination probability. This 
applicability property is important and 
needs some elaboration. 

The individual component probability, 
e.g., [P (A) ] , gives the probability of 
the component failing by various mecha- 
nisms. Likewise the combination proba- 
bility [P(AB)] gives the probability of 
the combination failing by its various 
mechanisms. The dominant component 
failure mechanisms need not necessarily 
coincide with the dominant combination 
failure mechanisms ("dominant" meaning 

\here those that contribute most to the 

probability) . For example, random 
failures may dominate and contribute 
most to the individual component proba- 
bility, while common mode failures may 
dominate and contribute most to the 
combination probability. 

For the individual component probability 
to be applicable, i.e., to be able to be 
used as in Equation (IV 3-6), either of 
two conditions must be satisfied: 

a. The dominant combination mechanisms 
should be contained in the individu- 
al component failure mechanisms 
which are thereby included in the 
individual component probability, or 

b. The dominant combination mechanisms 
should cause an insignificant change 
in the individual component proba- 
bility if they were included as part 
of the individual component failure 
mechanisms. 

In the first of the above conditions the 
combination mechanisms are included 
among the individual component failure 
mechanisms. The combination mechanisms 
may or may not be dominant with regard 
to the component failures. In the 
second of the alternative conditions, 
the combination mechanisms are not 
included among the individual failure 
mechanisms; however, if they were, they 
would cause negligible effect on the 
overall component probability. 

The above two conditions are obtained 
from standard reliability considerations 
and can also easily be derived mathemat- 
ically by decomposing the probability 
into constituent mechanisms contribu- 
tions. In practice, the conditions can 
be checked before the upper bounds are 
computed. For example, if common mode 
failures due to design defects are being 
investigated, then the component failure 
probability should contain design 
defects in its contributions. If the 
component probability does not cover 
failures from design defects, then, 
alternatively, design defect failures 
should be insignificant with regard to. 
other types of failures affecting the 
individual component which are covered 
by the component probability. 

As another example, if common mode 
failures due to environmental degrada- 
tion are being analyzed and bounded, 
then the individual component probabili- 
ty should apply to this environment or 
should be negligibly affected by it. In 
this example and the previous one, only 
one mechanism is of interest. The same 
applicability checks are used when a 
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series of mechanisms can e n t e r  i n t o  a 
number of p o s s i b l e  common mode f a i l u r e s .  

To bound a number of  common mode f a i l u r e  
c o n t r i b u t i o n s  due t o  a p o s s i b l e  group o f  
mechanisms, t h e  component p r o b a b i l i t y  
should con ta in  and cover t h i s  group of  
mechanisms as they a f f e c t  t h e  i n d i v i d u a l  
component. A l t e r n a t i v e l y ,  w i th  r ega rd  
t o  t h e  i n d i v i d u a l  component, t h e s e  mech- 
anisms should have n e g l i g i b l e  e f f e c t  as 
compared t o  o t h e r  t ypes  o f  f a i l u r e s  t h e  
i n d i v i d u a l  component may s u f f e r .  For  
t h i s  a l t e r n a t i v e  cond i t ion ,  it i s  aga in  
important  t o  no te  t h a t  the,mechanisms 
are as ses sed  wi th  r ega rd  t o  t h e i r  
a f f e c t ,  n o t  on t h e  combination, b u t  on 
t h e  i n d i v i d u a l  component. 

The above a p p l i c a b i l i t y  c o n d i t i o n s  can 
be rephrased w i t h  r ega rd  t o  Equation ( I V  
3-6) g i v i n g  t h e  upper bound on P ( A B ) .  
I f  P(AB) r e p r e s e n t s  a p a r t i c u l a r  common 
mode p r o b a b i l i t y ,  then t h e  i n d i v i d u a l  
p r o b a b i l i t i e s  P (A) and P (B) should 
t h e r e f o r e  con ta in  o r  be n e g l i g i b l y  a f -  
f e c t e d  by t h e  p a r t i c u l a r  common mode 
mechanism. I f  P(AB)  r e p r e s e n t s  t h e  
t o t a l  combination p r o b a b i l i t y ,  i nc lud ing  
v a r i o u s  common mode mechanisms, t hen  t h e  
i n d i v i d u a l  p r o b a b i l i t i e s  should con ta in  
o r  be n e g l i g i b l y  a f f e c t e d  by t h e s e  
mechanisms. 

I f  e r r o r  sp reads  o r  p r o b a b i l i t y  ranges 
are inco rpora t ed  i n  t h e  c a l c u l a t i o n s ,  
t hen  t h e  above a p p l i c a b i l i t y  c o n d i t i o n s  
and d i s c u s s i o n s  apply t o  t h e  e r r o r  
sp reads  o r  ranges.  The i n d i v i d u a l  e r r o r  
sp reads  o r  ranges should i n c o r p o r a t e  t h e  
u n c e r t a i n t i e s  and v a r i a b i l i t i e s  from t h e  
mechanisms which a f f e c t  t h e  combination 
o r  should be n e g l i g i b l y  a f f e c t e d  by 
t h e s e  u n c e r t a i n t i e s  and v a r i a b i l i t i e s .  

3.2.3 BOUNDING COMBINATIONS OF THREE OR 
MORE FAILURES 

The combination bounding technique has 
been a p p l i e d  i n  t h e  previous d i s c u s s i o n s  
t o  combinations c o n s i s t i n g  of two f a i l -  
ures.  The technique can be simply ex- 
tended t o  combinations c o n s i s t i n g  o f  any 
number o f  f a i l u r e s .  Consider f i r s t  a 
combination of  t h r e e  components f a i l i n g  
and l e t  t h i s  combination f a i l u r e  be re- 
presented by t h e  expres s ion  ABC. The 
expres s ion  ABC t h u s  r e p r e s e n t s  t h e  f a i l -  
u r e  o f  A and t h e  f a i l u r e  of  B and t h e  
f a i l u r e  o f  C. L e t  t h e  p r o b a b i l i t y  of 
t h i s  combination f a i l u r e  be denoted by 
p (ABC) ; 

P(ABC) = t h e  p r o b a b i l i t y  of  A, 
B ,  and C f a i l i n g .  

( V I  3-14) 

S ince  t h e  combination c o n s i s t s  now o f  
t h r e e  f a i l u r e s ,  an upper bound can b 
ob ta ined  by cons ide r ing  e i t h e r  s i n g 1  
f a i l u r e  o r  two f a i l u r e  combinations 
Using t h e  s a m e  Boolean and c o n d i t i o n a l  
p r o b a b i l i t y  methods as  i n  t h e  p rev ious  
s e c t i o n ,  one o b t a i n s  f o r  t h e  s i n g l e  
f a i l u r e  bound. 

( I V  3-15) 

I n  t h e  above equa t ion ,  t h e  symbol M I N  
again denotes  t h a t  t h e  minimum, o r  
smallest va lue ,  o f  e i t h e r  P ( A )  o r  P ( B )  
o r  P ( C )  i s  used as t h e  upper bound. To 
o b t a i n  an upper bound f o r  a t r i p l e  com- 
b i n a t i o n  p r o b a b i l i t y ,  one t h e r e f o r e  s i m -  
p l y  uses t h e  smallest i n d i v i d u a l  compo- 
nen t  p r o b a b i l i t y .  

Equation ( I V  3-15) i s  t h e  r e s u l t  y i e lded  
by t h e  combination bounding technique,  
which is mathematically simple. To be 
a b l e  t o  use t h i s  r e s u l t ,  t h e  same a p p l i -  
c a b i l i t y  c o n d i t i o n s  must be s a t i s i f e d  as 
for the  two combination case; i .e . ,  the  
combination mechanisms should be con- 
t a i n e d  i n  t h e  component p r o b a b i l i t y  used 
as t h e  upper bound o r  should have n e g l i -  
g i b l e  e f f e c t  with r ega rd  t o  i t s  o t h e r  
c o n t r i b u t i o n s .  

I n  a d d i t i o n  t o  t h e  s i n g l e  bound, P ( A B C )  
can a l s o  be bounded by cons ide r ing  com- 
b i n a t i o n s  of  two f a i l u r e s .  T r e a t i n g  a 
p a r t i c u l a r  double combination as an in-  
d i v i d u a l  f a i l u r e  event ,  one o b t a i n s ,  us- 
i n g  t h e  same appraoches as b e f o r e ,  

P(ABC) < P(AB) 
P ( A B C )  7 P ( B C )  
P(ABC) 5 P ( A C )  

( I V  3-16) 
( I V  3-17) 
( I V  3-18) 

o r  

Double F a i l u r e  Bound: 

( I V  3-19) 

By combination bounding t h e r e f o r e ,  an- 
o t h e r  upper bound f o r  a t r i p l e  combina- 
t i o n  i s  obtained by t a k i n g  t h e  minimum 
of  a l l  p o s s i b l e  double combination prob- 
a b i l i t i e s .  This compares wi th  t h e  pre-  
v ious ,  a l t e r n a t i v e  upper bound which i s  
ob ta ined  by t a k i n g  t h e  minimum of  t h e  
i n d i v i d u a l  component p r o b a b i l i t i e s .  For 
t h e  double bound, i .e.,  Equation ( I V  3- 
1 9 )  , t h e  same a p p l i c a b i l i t y  c o n d i t i o n s  
hold,  where t h e  double  combinations are 
now t h e  i n d i v i d u a l  f a i l u r e  even t s  
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("double combination" is s u b s t i t u t e d  f o r  
, "component" i n  t h e  a p p l i c a b i l i t y  condi- 

t i o n s ) .  

E i t h e r  t h e  s i n g l e  f a i l u r e  bound o r  t h e  
double f a i l u r e  bound can be used f o r  t h e  
t r i p l e  combination. The double f a i l u r e  
bound w i l l  i n  g e n e r a l  g i v e  a smaller and 
hence b e t t e r  value.  However, combina- 
t i o n  p r o b a b i l i t i e s  must be computed f o r  
t h i s  bound, i .e . ,  P ( A B ) ,  P ( B C ) ,  o r  
P(AC)  ; and, i f  common modes dominate 
t h e s e  doubles ,  then t h e  computation may 
be i n f e a s i b l e .  

The minimum p r o b a b i l i t y  does no t  need t o  
be used, s i n c e  by Equations ( I V  3-16) 
through ( I V  3-18), t h e  t r i p l e  combina- 
t i o n  i s  bounded by any double combina- 
t i o n  p r o b a b i l i t y .  The double bound i s  
t h e r e f o r e  u s e f u l  when two of t h e  compo- 
n e n t s  are determined t o  be reasonably 
independent.  For example, i f  A and B 
are independent and t h e  common modes 
invo lve  on ly  C ,  t hen  Equation ( I V  3-16) 
may be used t o  o b t a i n  

P(ABC) < P(AB) = P ( A ) P ( B )  
( A  and B independent) ( I V  3-20) 

I n  gene ra l ,  f o r  t h i s  t ype  of bounding, 
t h e  upper bound always used i s  t h e  dou- 
b l e  combination t h a t  can be j u s t i f i e d  t o  
be reasonably independent. 

Using t h e  same approaches a s  f o r  t h e  
double  and t r i p l e  combinations,  t h e  com- 
b i n a t i o n  bounding technique can be ap- 
p l i e d  t o  a gene ra l  combination c o n s i s t -  
ing o f  n f a i l u r e s :  

S i n g l e  Fa i lu rE  Bound 
P ( A 1  A2  . . . An) < MIN 
[P(A1) P(A2),  e.. P(An)I ;  ( I V  3-21) 

Double F a i l u r e  Bound 

[ P r o b a b i l i t i e s  of a l l  double ( I V  3-22) 
comb i n a  t ions ]  

T r i p l e  F a i l u r e  Bound 

P ( A 1  A2  .a. An) < MIN 

P ( A 1  A2 ... An) < MIN 
[ P r o b a b i l i t i e s  of a l l  t r i p l e  ( I v  3-23) 
combinations] 

etc 
The va r ious  upper bounds a r e  t h e r e f o r e  
obtained by computing t h e  p r o b a b i l i t i e s  
of smaller combinations contained i n  t h e  
o r i g i n a l ,  l a r g e  combination. The upper 
bounds are ob ta ined ,  n o t  on ly  f o r  t h e  
minimum, b u t  f o r  any smaller combination 
p r o b a b i l i t y  which i s  computed. For any 
of t h e s e  upper bounds, t h e  a p p l i c a b i l i t y  

o n d i t i o n s  must aga in  be s a t i s f i e d  by 

t h e  sma l l e r  combination which is  used i n  
t h e  equat ion.  

3.3 ANALYSES AND QUANTIFICATIONS 
APPLIED IN THE STUDY 

Because the  combination bounding tech- 
nique i s  uncomplicated i n  i t s  mathemat- 
i cs ,  it can be e a s i l y  and simply 
app l i ed .  I n  t h e  Reactor S a f e t y  Study, 
t h e  technique helped t o  s e r v e  as a check 
and an a n a l y s i s  t o o l .  I n  i t s  use as a 
check, upper bounds w e r e  computed f o r  
combinations of  f a i l u r e s  where engineer- 
i n g  p r i n c i p l e s  and experience suggested 
t h a t  they could be p o s s i b l e  common mode 
f a i l u r e  cand ida te s .  These bounds w e r e  
then compared t o  t h e  p r e d i c t e d  system 
f a i l u r e  p r o b a b i l i t y  t o  determine i t s  
s e n s i t i v i t y  t o  p o s s i b l e  common mode 
c o n t r i b u t i o n s .  I f  t h e  bounds had an 
impact, f u r t h e r  i n v e s t i g a t i o n  w a s  per-  
formed and more d e t a i l e d  ana lyses  were 
undertaken. A s  w i l l  be desc r ibed ,  i n  a 
number of  cases t h e  bounds w e r e  a l s o  
inco rpora t ed  as p a r t  of t h e  u n c e r t a i n t y  
and v a r i a b i l i t y .  

I n  checking f o r  common mode impacts,  one 
of t he  f i r s t  s t e p s  w a s  t o  i d e n t i f y  po- 
t e n t i a l  common mode mechanisms. These 
mechanisms can be ca t egor i zed  i n t o  v a r i -  
ous classes, and one such breakdown used 
i n  the  s tudy  i s  l i s t e d  on Table  I V  3-1. 

I n  the  breakdown, on Table I V  3-1, envi- 
ronmental v a r i a t i o n s  inc lude  both acci- 
den t  and non-accident environments. 
F a i l u r e  o r  degradat ion due t o  an i n i -  
t i a t i n g  f a i l u r e  inc ludes ,  f o r  example, 
an e x t r a  load placed on t h e  second pump 
due t o  t h e  f i r s t  f a i l i n g .  I t  a l s o  
inc ludes  t h e  cases of m i s s i l e  gene ra t ion  
and p i p i n g  r u p t u r e s  a f f e c t i n g  nearby 
components. Other f o r c e s  t h a t  could 
p o t e n t i a l l y  cause f a i l u r e ,  i nc lude  such 
phenomena as fire, floods, tornadoes, 
etc. 

A number of  t h e  mechanisms i n  Table  I V  
3-1 w e r e  a l s o  i n v e s t i g a t e d  i n  o t h e r  
a s p e c t s  of t h e  s tudy.  A s  a n  example, 
c e r t a i n  areas r e l a t i n g  t o  design d e f e c t s  
( E ,  G )  were analyzed as p a r t  of  t h e  
des ign  adequacy t a s k  i n  Appendix X. 
Also, f u n c t i o n a l  dependencies w e r e  i n -  
co rpora t ed  i n  t h e  even t  trees. These 
o t h e r  common mode r e l a t e d  s t u d i e s  are 
desc r ibed  i n  t h e i r  r e s p e c t i v e  appen- 
d i c e s .  

For t h e  p a r t i c u l a r  s t u d i e s  undertaken 
h e r e ,  i n  which combination bounding 
served as one o f  t h e  t o o l s ,  t h e  common 
mode mechanisms i n  Table I V  3-1 w e r e  
those n o t  d i r e c t l y  covered by t h e  even t  
t ree  and f a u l t  t ree e f f o r t s .  The common 
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mode mechanisms w e r e  analyzed wi th  re- 
gard t o  t h e i r  e f f e c t  on t h e  i n d i v i d u a l  
system f a u l t  trees and t h e i r  e f f e c t  on 
t h e  combined f a u l t  trees which t h e  even t  
trees requ i r ed .  

A f t e r  i d e n t i f i c a t i o n  of  p o t e n t i a l  common 
cause mechanisms, t h e  component combina- 
t i o n s  w e r e  t hen  examined f o r  t h e i r  sus- 
c e p t i b i l i t y  t o  t h e s e  mechanisms. The 
component combinations which w e r e  exam- 
ined w e r e  t h e  c r i t i c a l  p a t h s ,  o r  minimal 
c u t  sets, i .e. ,  t hose  f a i l u r e  combina- 
t i o n s  t h a t  would cause system f a i l u r e  o r  
combined system f a i l u r e s .  

A l i s t i n g  of  p r o p e r t i e s  i n d i c a t i n g  po- 
t e n t i a l  s u s c e p t i b i l i t y  t h a t  w a s  used i n  
t h e  examination i s  given i n  Table 
I V  3-2. The l e t t e r  o r  l e t te rs  i n  
p a r e n t h e s i s  b e s i d e  each p rope r ty  r e f e r  
t o  t h e  p o s s i b l e  common mode mechanisms 
which can be a s s o c i a t e d  wi th  p rope r ty  
( t h e  l e t te rs  r e f e r  t o  those  used i n  
Table I V  3-1). 

I n  examining f o r  s u s c e p t i b i l i t y  proper- 
t i es ,  a l l  components i n  t h e  combination 
(i .e. ,  on t h e  c r i t i c a l  pa th )  must have 
been s u s c e p t i b l e  t o  t h e  same p o t e n t i a l  
f a i l u r e  mechanism. Conversely, t h e  com- 
ponents having a common p o t e n t i a l  mecha- 
nism must have c o n s t i t u t e d  a f a i l u r e  
combination ( c r i t i c a l  pa th )  . 
When t h e  s u s c e p t i b l e  combinations w e r e  
i d e n t i f i e d  i n  t h e  examination p rocess ,  
upper bounds w e r e  then taken t o  d e t e r -  
mine t h e i r  maximum impact. I n  t h e  com- 
b i n a t i o n  bounding p rocess ,  s i n g l e  f a i l -  
u r e  bounds w e r e  p r i n c i p a l l y  used. S ince  
t h e  bounding de te rmina t ion  w a s  q u i t e  
simple (us ing  t h e  minimum component 
p r o b a b i l i t y )  , t h e  checking w a s  performed 
i n  con juc t ion  wi th  t h e  b a s i c  a n a l y s i s  
and q u a n t i f i c a t i o n  of  t h e  f a u l t  tree. 

I n  a number of cases, t h e  bounds showed 
l i t t l e  p o t e n t i a l  impact,  e i t h e r  i n d i v i -  
d u a l l y  o r  c o l l e c t i v e l y ,  on t h e  p r e d i c t e d  
system f a i l u r e  p r o b a b i l i t y  and i t s  asso- 
c i a t e d  e r r o r  b a r s  t h a t  had a l r e a d y  been 
obtained.  This  w a s  a t t r i b u t e d  t o  two 
p r i n c i p a l  f a c t o r s :  one,  t h e  l a r g e r  mag- 
n i t u d e  which had a l r e a d y  been ob ta ined  
f o r  t h e  system p r o b a b i l i t i e s ,  and two, 
t h e  lesser p r e c i s i o n  r e q u i r e d  f o r  t h e  
o v e r a l l  r i s k  a n a l y s i s  a long with t h e  
r e l a t i v e l y  l a r g e  widths of  t h e  system 
e r r o r  spreads.  

The magnitude f a c t o r  can be seen heur i s -  
t i c a l l y .  For t h e  system and combined 
f a u l t  trees, t h e  p e r t i n e n t  component 
p r o b a b i l i t i e s  w e r e  component unavai la-  
b i l i t i e s  and component f a i l u r e  probabi l -  
i t ies.  From t h e  d a t a  base,  t h e  h i g h e s t  
u n a v a i l a b i l i t y  f o r  a s i n g l e  active 

component i s  of  t he  o r d e r  of  10-3. 
Analogously, t h e  h ighes t  u n a v a i l a b i l i t y  
f o r  a s i n g l e  pas s ive  component i s  of t h e  
o r d e r  o f  10-4 .  Using t h e  s i n g l e  f a i l u r e  
bound, t h e  maximum ef fec t  from common 
causes  i s  thus  10-3 o r  10-4 ,  whichever 
i s  p e r t i n e n t  ( i .e . ,  M I N  [ P ( A )  , P ( B )  ] 
e q u a l s  10-3 o r  1 0 - 4 ) .  A s  seen from t h e  
f a u l t  t ree and even t  tree r e p o r t s ,  f o r  a 
number of  systems t h e  r e l e v a n t  system 
va lues  are n o t  impacted by even t h e s e  
h i g h e s t  p o t e n t i a l  e f f e c t s  of 10-3 o r  

With r ega rd  t o  t h e  p r e c i s i o n  of  t h e  
p r e d i c t e d  va lues  of  system f a i l u r e  prob- 
a b i l i t i e s ,  system va lues  are r equ i r ed  t o  
on ly  one o r  two o r d e r s  of  magnitude i n  
accuracy f o r  t h e  o v e r a l l  r i s k  a n a l y s i s .  
Common mode c o n t r i b u t i o n s  t h a t  were of  
t h e  s a m e  o r d e r  as t h e  system va lue  would 
t h e r e f o r e  a t  maximum change t h e  value by 
a f a c t o r  of two o r  so, which w a s  w i th in  
t h e  accuracy requirements.  Furthermore, 
t h e  system va lues  a l r e a d y  had l a r g e r  
e r r o r  sp reads  due t o  d a t a  and modeling 
u n c e r t a i n t i e s .  The a d d i t i o n  of  common 
mode c o n t r i b u t i o n s  d i d  n o t  t h e r e f o r e  
impact t hese  e x i s t i n g  l a r g e r  spreads.  

There w e r e  of course excep t ions  i n  w h i c h  
common mode f a i l u r e s  d i d  impact t h e  sys- 
t e m  va lues  and t h e  p e r t i n e n t  con t r ibu -  
t i o n s  are  d i scussed  i n  t h e  f a u l t  t ree  
r e p o r t s  i n  Appendix 11. 

The cases o f  l a r g e  p o t e n t i a l  common mode 
impact c o n s i s t e d  p r i n c i p a l l y  of f a i l u r e s  
inyo lv ing  human e r r o r s ,  environmental  
v a r i a t i o n s ,  and p a r t i c u l a r  e x t e r n a l  
even t s  and f a i l u r e s  caus ing  o r  acceler- 
a t i n g  a d d i t i o n a l  f a i l u r e s .  The combina- 
t i o n  bounding technique w a s  used i n  
t h e s e  cases t o  q u a n t i f y  a range f o r  t h e  
p r o b a b i l i t y  c o n t r i b u t i o n .  I f  f u r t h e r  
i n v e s t i g a t i o n  and a n a l y s i s  d i d  n o t  pro- 
duce any more a c c u r a t e  information o r  
r e s u l t s ,  t h e  range w a s  used as t h e  
c o n t r i b u t i o n  t o  t h e  system f a i l u r e  
p r o b a b i l i t y  . 
I n  determining a range f o r  t h e  common 
mode p r o b a b i l i t y ,  a n  upper bound and a 
lower bound are r e q u i r e d  t o  d e f i n e  t h e  
range. The upper bound i s  given by t h e  
combination bounding technique and w a s  

10-4.1 

'The i n s e n s i t i v i t y  t o  common modes w a s  
a l s o  due t o  t h e  f a c t  t h a t  t h e  system 
f a u l t  trees a l r e a d y  con ta ined  s i n g l e  
component f a i l u r e s .  Common modes a t  
t h e  extreme could change m u l t i p l e  com- 
ponent f a i l u r e s  t o  s i n g l e  component 
f a i l u r e s  .which a l r e a d y  e x i s t e d .  
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t h a t  va lue  used i n  t h e  checking. Repre- 
s e n t i n g  an o p p o s i t e  end p o i n t ,  t h e  lower 

ound g i v e s  a minimum va lue  f o r  t h e  
ombination p r o b a b i l i t y ;  i .e . ,  t h e  t r u e  

combination p r o b a b i l i t y  i s  g r e a t e r  than 
t h e  lower bound value.  Where common 
mode f a i l u r e s  can p r e v a i l ,  a lower bound 
on t h e  combination p r o b a b i l i t y  can 
t h e r e f o r e  simply be taken as t h e  inde- 
pendent f a i l u r e  s i t u a t i o n  i n  which 
i n d i v i d u a l  p r o b a b i l i t i e s  are simply mul- 
t i p l e d .  When information e x i s t e d ,  a 
b e t t e r  lower bound va lue  w a s  i n s t e a d  
used. 

With t h e  upper and lower bound, t h e  
range i s  determined and can be used i n  
t h e  q u a n t i f i c a t i o n  ana lyses .  The mid- 
p o i n t  of t h e  range,  f o r  example, can be 
used as a b e s t  estimate of  t h e  t r u e  
p r o b a b i l i t y  value.  I n s t e a d ,  t h e  bounds 
themselves can be used i n  conse rva t ive  
o r  o p t i m i s t i c  c a l c u l a t i o n s .  

I n  t h e  s tudy ,  s i n c e  a p r o b a b i l i s t i c  
approach w a s  being used, a p r o b a b i l i t y  
d i s t r i b u t i o n  w a s  a s s o c i a t e d  with t h e  
range. A s  f o r  t h e  o t h e r  p a r t s  of t h e  
s tudy ,  a log-normal w a s  used with i t s  
median (50% va lue )  p o s i t i o n e d  a t  t h e  
c e n t e r  (geometric midpoint)  of t h e  range 
and i t s  90% bounds l y i n g  wi th in  t h e  
range. 

I n  t h e  a c t u a l  de t e rmina t ion  of  t h e  log- 
normal d i s t r i b u t i o n  which was t o  be 
a s s o c i a t e d  w i t h  t h e  o r i g i n a l  range, 
Monte Car lo  s imula t ion  w a s  employed 
us ing  the  SAMPLE CODE. The r eade r  i s  
r e f e r r e d  t o  Appendix I1 f o r  d e t a i l s  on 
t h i s  methodology. When t h e r e  w a s  knowl- 
edge t h a t  t h e  t r u e  p r o b a b i l i t y  would l i e  
i n  a p a r t i c u l a r  p o r t i o n  .of t h e  range 
( f o r  example, i n  t h e  high va lue  r e g i o n ) ,  
t hen  t h e  bounds were a d j u s t e d  t o  incor-  
p o r a t e  t h i s  knowledge. When t h e r e  w a s  
no such knowledge, then t h e  bounds w e r e  
kep t  a s  o r i g i n a l l y  determined.1 

As an  example of  t h e  a p p l i c a t i o n  of t h e  
bounding and range approach t h a t  w a s  
performed i n  t h e  s tudy ,  cons ide r  t h e  
m i s c a l i b r a t i o n - o f  two sets o f  b i s t a b l e  
a m p l i f i e r s  d i scussed  i n  ear l ie r  appendi- 
ces. I f  both sets o f  ampli . f iers  are 
m i s c a l i b r a t e d  then  system f a i l u r e  w i l l  
r e s u l t .  The p r o b a b i l i t y  f o r  any p a r t i c -  

'With r ega rd  t o  t h e  log-normal, t h e  
median w a s  t h u s  cen te red  a t  t h e  
geometric midpoint o f  t h e  o r i g i n a l  
range,  o r  on geomet r i ca l ly  subdivided 
r eg ions ,  depending upon t h e  re levant  

nformation. 
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u l a r  se t  being unsa fe ly  m i s c a l i b r a t e d  i s  
1 10-3. 

Using t h e  combination bounding tech-  
nique,  t he  upper bound f o r  t h e  combina- 
t i o n  f a i l u r e  of  two sets being miscali-  
b r a t e d  i s  10-3 ( i .e .  M I N  [lO-3, 1 0 - 3 1 ) .  
This r e p r e s e n t s  t h e  completely dependent 
s i t u a t i o n  (given t h e  f i r s t  i s  miscali-  
b ra t ed ,  t h e  p r o b a b i l i t y  i s  then one f o r  
t h e  second m i s c a l i b r a t i o n ) .  The o t h e r  
s i d e  of  t h e  range,  t h e  lower bound, i s  
obtained from t h e  independent ca l cu la -  
t i o n ,  10-3 x 10-3 = 10-6. This repre-  
s e n t s  t h e  s i t u a t i o n  of  t h e  two miscali-  
b r a t i o n  being completely independent. 

When t h e  p r o b a b i l i s t i c  approach w a s  used 
t o  inco rpora t e  t h e  p o s s i b l e  con t r ibu -  
t i o n s ,  t hen  t h e  log-normal technique w a s  
used. S ince  t h e r e  w a s  n e i t h e r  s t r o n g  
dependence nor  s t r o n g  independence, t h e  
midpoint of t h e  range w a s  used, which i s  
approximately 

To cover t h e  p o s s i b l e  v a r i a t i o n s ,  t h e  
i n d i v i d u a l  p r o b a b i l i t i e s  w e r e  t r e a t e d  as 
random v a r i a b l e s  and Monte Carlo simula- 
t i o n  w a s  employed f o r  t h e  f i n a l  system 
q u a n t i f i c a t i o n  ( s e c t i o n  3.6.2 of Appen- 
d i x  11). 

3.4 MORE DETAILED QUANTIFICATION 

This  s e c t i o n  d i s c u s s e s  c e r t a i n  of t h e  
concepts and techniques which can be 
app l i ed  i f  more d e t a i l e d  q u a n t i f i c a t i o n  
o f  common mode f a i l u r e s  i s  necessary.  
I n  t h e  Study, because of  t h e  r e s u l t s  
ob ta ined ,  t h e s e  more d e t a i l e d  q u a n t i f i -  
c a t i o n s  had a minor r o l e .  An approach 
w i l l  be d i scussed  he re  which w a s  used as 
a supplemental  technique f o r  common mode 
q u a n t i f i c a t i o n .  I t  w i l l  a l s o  serve to 
i l l u s t r a t e  t h e  types  of  c o n s i d e r a t i o n s  
which can be included i n  gene ra l  depend- 
ency modeling. 

The approach p resen ted  d e a l s  w i th  d i s -  
crete f a i l u r e  even t s ,  which can then be 
extended t o  t h e  cont inuous t i m e  domain 
( i n c o r p o r a t i n g  t i m e  dependencies of  t h e  
p r o b a b i l i t i e s ) .  Consider aga in  t h e  com- 
b i n a t i o n  AB, which r e p r e s e n t s  t h e  f a i l -  
u r e  o f  both A and B.' Var ious  mechanisms 
can cause AB t o  f a i l ,  and hence t h e  
p r o b a b i l i t y  o f  AB, P(AFi ) ,  can be broken 
i n t o  v a r i o u s  mechanis t ic  c o n t r i b u t i o n s .  

L e t  M denote  a p a r t i c u l a r  mechanism 
which i f  it w e r e  t o  occur  could cause 
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both A and B to fail. The total proba- 
bility, P(AB) , can then be expressed as 

N 

P(AB) = C P ( M )  P(AB/M) (IV 3-24) 
M= 1 

where 

P(M) = the probability of mechanism M 
occurring 

(IV 3-25) 

and 

P(AB/M) = the probability of AB fail- 
ing when mechanism M exists 

(IV 3-26) 

In equation (IV 3-24), the summation 

symbol denotes summation over all 

pertinent mechanisms (say, a total of N 
of them). Equation (IV 3-24) is the 
standard decomposition of a probability 
into its elemental contributions (termed 
a mixture decomposition in probability 
methodology) . 
It is important to note in Equation (IV 
3-24) that the likelihood of MI P(M) , 
and its effect on AB, P(AB/M), enter in 
the form of a product, i.e. , P(M)P 
(AB/M). Therefore, if the effect of M 
on AB is large but its likelihood is 
small then the resulting product contri- 
bution could be small. However, if the 
likelihood of occurrence of mechanism M 
is small but is of sufficient size to 
cause the product term to dominate, the 
contribution would then be significant. 
The summation in Equation (IV 3-24) can 
therefore be considered to be over those 
mechanisms for which the product terms 
dominate. 

The mechanisms defined in Equation (IV 
3-24) are general and incorporate the 
spectrum of component properties and 
environments which can exist. Since the 
summation is over all mechanisms whether 
they are common cause related or not, 
the independent, non-common cause situa- 
tion can be treated as one "mechanism". 
This non-common mode mechanism, or envi- 
ronment, is within the design environ- 
ment under which components fail inde- 
pendent. This environment will be 
termed the independent environment. 

If the independent environment is denot- 
ed by then Equation (IV 3-24) can be 

N 

M= 1 

broken into an independent contribution 
and a common cause contribution: 

P (AB) = (PMo) P (AB/Mo) 

+ p (MI P (AB/M) 

M (common cause) (Iv 3-27) 

The last term in Equation (IV 3-27) is a 
summation over all mechanisms which do 
not lead to independence, i.e, over all 
common cause mechanisms. 

By the definition of the independent 
environment Mor the components fail in- 
dependently of one another. Hence, 

P(AB/Mo) = P(A)P(B) (IV 3-28) 

Consider now the occurrence probability 
for Mo, i.e., P(Mo). Under efficient 
design, manufacturing and quality con- 
trol, and testing and maintenance, a 
larger portion of potential common modes 
are eliminated or are detected and 
corrected. Hence, for these cases, 
which are characteristic of present-day, 
efficient procedures , P (&) = 1. 

The above equality, P(Mo) 1, simply 
says that for a larger portion of the 
time and cases, say at least 50%, an 
approximately independent environment 
exists. This does not say that common 
cause mechanisms do not dominate the 
combination failures since their rela- 
tive effects can be large. In fact, all 
combination failures which occur can be 
due to common causes. This is a 
relative effect, where the combination 
failures constitute the base of compari- 
son. The equation P(G) = 1, concerns 
an absolute frequency, for example 
implying that the combination failure 
does not occur daily. 

For normal environments the approxima- 
tion P(%) 1 is thus reasonably ac- 
curate, yielding results with reasonable 
accuracy.1 (For peculiar situations 
where non-normal deviations are more 
likely, the assumption will be slightly 
conservative and yield conservative 
results.) Using P(&) = 1 and the 

'The accuracy for example, is within 
several significant figures for failure 
detection efficiencies of greater than 
,go%, where the efficiency incorporates 
the efficiencies of all stages, design, 
manufacturing, testing, etc. 
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1 
independence of  A and B under Mor 
Equation ( I V  3-27)  t hen  becomes: 

P ( A B )  = P ( A ) P ( B )  

+ P ( M I  P (AB/M) 

M (common causes )  ( I V  3 - 2 9 )  

The above equa t ion  i s  t h e  f i n a l  form 
t h u s  ob ta ined ,  i n  which f a i l u r e s  are 
decomposed i n t o  independent and common 
mode c o n t r i b u t i o n s .  

Equations ( I V  3-24)  o r  ( I V  3-29)  can be 
used t o  q u a n t i f y  t h e  t o t a l  combination 
p r o b a b i l i t y  o r  a p a r t i c u l a r  common cause 
c o n t r i b u t i o n .  The occurrence p robab i l i -  
t ies  P(M) are ob ta ined  from examination 
of  q u a l i t y  c o n t r o l  p rocesses ,  t e s t i n g ,  
etc. ,  t o  determine t h e i r  r e l a t i v e  e f f i -  
c i e n c i e s .  Processes  can be grouped i n t o  
classes f o r  g r e a t e r  information u t i l i z a -  
t i o n ,  t h u s  g i v i n g  l a r g e r  populat ion 
bases.  The p r o b a b i l i t i e s  P(M) can be 
determined d i r e c t l y  from experience data  
us ing  s t anda rd  e s t i m a t i o n  techniques o r  
can be modeled us ing  such techniques a s  
s t o c h a s t i c  p rocess  theory.1 

The p r o b a b i l i t i e s  P (AB/M) r e p r e s e n t  
f a i l u r e  behavior under va r ious  given 
environment and s i t u a t i o n s .  These prob- 
a b i l i t i e s  can be modeled us ing  s t anda rd  
r e l i a b i l i t y  techniques , t a k i n g  i n t o  
account t h e  p a r t i c u l a r  s e n s i t i v i t i e s  and 
p r o p e r t i e s  of  t h e  components involved. 

I f  t h e  mechanisms are extreme, t hen  t h e  
approximation can be used t h a t  P ( A B / M )  
= 1 ( t h e  mechanism is  c e r t a i n  t o  cause 
f a i l u r e ) .  Degradation models can be 
employed where t h e  mechanisms impose 
stress-type c o n d i t i o n s  (k f a c t o r s  and 
Arrhenius modeling are examples of  such 
approaches) . 
I n s t e a d  of being ob ta ined  by modeling, 
t h e  p r o b a b i l i t i e s  P(AB/M) can a l s o  be 
d i r e c t l y  ob ta ined  from experience d a t a .  
Th i s  i s  p a r t i c u l a r l y  so when t h e  mecha- 
nism causes  a h ighe r  f a i l u r e  p r o b a b i l i -  
t y ,  thereby y i e l d i n g  some da ta .  Even i f  
t h e  mechanism is  c o r r e c t e d ,  t h e  data can 
s t i l l  be u t i l i z e d  f o r  e s t ima t ion ,  w i th  
checking and c o r r e c t i o n  then s e p a r a t e l y  
inco rpora t ed  i n  t h e  model (analogous t o  
inco rpora t ing  r e p a i r  i n  s t anda rd  re l ia-  

'For t h i s  e s t i m a t i o n  and modeling , t h e  
formulas are g e n e r a l l y  u t i l i z e d  i n  
t h e i r  t i m e  dependent form, as d i scussed  
la ter .  

b i l i t y  modeling).  Empir ical  d a t a  f i t -  
t i n g  and c o n t r o l l e d  des igns  can a l s o  be 
employed (use  of t h e  Weibull d i s t r i b u -  
t i o n  i s  an example of t h e  former and 
environmental t e s t i n g  of t h e  l a t t e r ) .  

I n  t h e  q u a n t i f i c a t i o n  of  Equation ( I V  
3-24)  o r  ( I V  3 - 2 9 ) ,  t h e  amount of  d e t a i l  
can be adapted t o  t h e  problem needs and 
d a t a  a v a i l a b l e .  For those  c a l c u l a t i o n s  
i n  which o r d e r  of  magnitude accuracy 
only i s  d e s i r e d ,  t h e  a n a l y s i s  and re- 
qu i r ed  information w i l l  be g r e a t l y  s i m -  
p l i f i e d .  I n  c e r t a i n  c a s e s ,  one mecha- 
nism can be i s o l a t e d  a s  y i e l d i n g  t h e  
dominant c o n t r i b u t i o n  ( f o r  example , 
cons ide r ing  t h e  one mechanism f o r  which 
t h e  components are  most f a i l u r e - s e n s i -  
t i v e ) .  Bounding and range c a l c u l a t i o n s  
can a l s o  be performed. F l e x i b i l i t y  
t h e r e f o r e  e x i s t s  i n  t h e  u t i l i z a t i o n  of  
t hese  equa t ions ,  as w i l l  be i l l u s t r a t e d  
i n  t h e  a p p l i c a t i o n  d i s c u s s i o n s  of t h i s  
s e c t i o n .  

Equations ( I V  3-24)  and ( I V  3-29)  can 
s t r a i g h t f o r w a r d l y  be transformed t o  in-  
co rpora t e  t i m e  dependencies. These t i m e  
dependent forms are o f t e n  t h e  ones 
u t i l i z e d  i n  q u a n t i f i c a t i o n  and modeling. 
I f  t h e  mechanism can e x i s t  a t  t h e  t i m e  
of  component i n s t a l l a t i o n ,  i .e. ,  a t  
t = 0 ,  t hen  P(M) i s  a c o n s t a n t ,  i n i -  
t i a l - c o n d i t i o n  p r o b a b i l i t y  P ( M )  = P.  
This i s  a p p l i c a b l e  t o  des ign ,  manufac- 
t u r i n g ,  and q u a l i t y  c o n t r o l  d e f e c t s ,  and 
a l s o  o t h e r  phenomena which a r e  inhe ren t -  
l y  a s s o c i a t e d  wi th  t h e  component. 

If t h e  mechanism is  n o t  d i r e c t l y  t i e d  t o  
a component p rope r ty ,  b u t  i n s t e a d  can 
occur  ove r  some exposure t i m e ,  t hen  P ( M )  
is a cumulative time-dependent d i s t r i b u -  
t i o n ,  o r  e q u i v a l e n t l y  a t i m e  dependent 
d e n s i t y  func t ion .  This  form is  a p p l i -  
c a b l e  t o  t e s t i n g  and maintenance e r r o r s ,  
environmental  degradation, and o t h e r  
phenomena which occur  du r ing  o p e r a t i o n  
and use of  t h e  component. Applicable  
forms f o r  P(M) are those  a s s o c i a t e d  wi th  
renewal theo ry  o r  s t o c h a s t i c  process  
theory f o r  example. A common model i s  a 
Poisson p rocess ,  w i t h  e i t h e r  t i m e  inde- 
pendent o r  t i m e  dependent occurrence 
ra te ;  i .e. ,  

where A and A ( t )  are t h e  a s s o c i a t e d  
parameter rates. 

I n  t i m e  dependent ' ana lyses ,  
p r o b a b i l i t y  P ( A B / M )  is t r e a t e d  
a r d  r e l i a b i l i t y  techniques , 

f a i l u r e  
by s tand-  
wi th  t h e  
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c o n d i t i o n  t h a t  mechanism M has  occurred. 
The p r o b a b i l i t y  i s  t h u s  c o n d i t i o n a l ,  
analyzed under t h e  environment o r  char- 
acter is t ics  of  t h e  mechanism M, and t h e  
p r o b a b i l i t y  i s  i n  gene ra l  dependent (a  
b i v a r i a t e  f o r  example). The d e f i n i t i o n s  
of  P(AB/M) are s imi l a r  t o  those  normally 
employed; f o r  o p e r a t i n g  o r  standby f a i l -  
u r e s ,  P(AB/M) i s  a cumulative f a i l u r e  
p r o b a b i l i t y  o r  an u n a v a i l a b i l i t y ,  re- 
s p e c t i v e l y .  For c y c l i c  f a i l u r e s  , 
P(AB/M) can be t r e a t e d  as  a demand 
p r o b a b i l i t y .  

The f u n c t i o n a l  forms f o r  P(AB/M) are 
those  used i n  r e l i a b i l i t y  and s t a t i s t i c -  
a l  theory w i t h ,  f o r  example, parameter 
va lues  chosen t o  correspond wi th  t h e  
given c o n d i t i o n  of M having occurred.  
Exponent ia ls ,  f o r  example, can be used 
with modified f a i l u r e  rates (such as i n  
t h e  k - f ac to r  approaches) .  

The s t anda rd  b i v a r i a t e  exponent ia l  can 
be used f o r  c o r r e l a t e d  f a i l u r e  modeling, 
where t h e  b i v a r i a t e  form is given by, 

P ( A B / M  = e ~ p [ - ~ ~ t ~ - A ~ t ~ - X ~ m a x ( t j r t 2 ) 1  

( I V  3-30) 

where ti and t 2  are t h e  f a i l u r e  t i m e s  of 
A and B. The p r o b a b i l i t y  is. f o r  f a i l u r e  
t i m e s  being g r e a t e r  t han  ti and t 2 .  The 
parameters  A 1  and A2 relate t o  t h e  i n d i -  
v i d u a l  f a i l u r e s  and A3 t o  t h e  coupled o r  
dependent c o n t r i b u t i o n . 1  

I n s t e a d  of  d e a l i n g  d i r e c t l y  w i t h  t h e  
combination p r o b a b i l i t y  P (AB/M) , t h e  in -  
d i v i d u a l  c o n t r i b u t i o n s  (marginal d i s t r i -  
bu t ions )  can a l s o  be analyzed. I n  terms 
o f  t h e  i n d i v i d u a l  p r o b a b i l i t i e s ,  P(AB/M) 
= P ( A ) P ( B / A )  , where t h e  given cond i t ion  
of  M i s  i m p l i c i t  i n  each p r o b a b i l i t y  on 
t h e  r i g h t  hand s i d e .  A s t r a i g h t f o r w a r d  
approach i s ,  f o r  example, t o  use an 
exponen t i a l  d i s t r i b u t i o n  f o r  P (A)  wi th  
an a p p r o p r i a t e  f a i l u r e  ra te  and a trun- 
c a t e d  normal o r  exponen t i a l  f o r  P ( B / A )  
l o c a t e d  a t  t h e  f a i l u r e  t i m e  o f  A .  A 
h e u r i s t i c  diagram of  t h i s  model is shown 
be low. 

Distribution of B /Y 
I 
t = Failure Time of A 

'If t h e  f a i l u r e s  were independent,  then 
A3 = 0 ,  g i v i n g  simply a product  o f  
exponen t i a l s  a s  i n  t h e  random f a i l u r e  
approach. For A3 # 0 ,  t h e  f a i l u r e  
t i m e s  are coupled. 

A s  i l l u s t r a t e d ,  given A has  f a i l e d ,  B i s  
no longer  independent b u t  has  a high 

t i m e  of  t h e  A f a i l u r e .  I n  t h e  extreme 
p r o b a b i l i t y  of  f a i l i n g  a t  o r  nea r  

case, t h e  d i s t r i b u t i o n  of B becomes a 
d e l t a  func t ion .  The equat ions f o r  t h i s  
model and o t h e r  coupled, c o n d i t i o n a l  
models are obtained from c o n d i t i o n a l  
p r o b a b i l i s t i c  theory.  

The techniques t h a t  have been b r i e f l y  
o u t l i n e d  above are by no means exhaus- 
t i v e ,  b u t  they he lp  i n  c i rcumscribing 
t h e  va r ious  p o s s i b l e  approaches. S ince  
t h e  approaches are v a r i e d ,  each i n d i v i -  
dua l  problem must be evaluated t o  
determine t h e  s p e c i f i c  approach which i s  
a p p l i c a b l e ,  and a l s o  compatible with t h e  
a v a i l a b l e  d a t a .  The approaches are a l l  
s t r a i g h t f o r w a r d  and invo lve  s t anda rd  
s t a t i s t i c a l  and r e l i a b i l i t y  techniques,  
u t i l i z i n g  e i t h e r  g ross  d a t a  o r  d e t a i l e d  
d a t a .  

the Q 

Upper bounds can be ob ta ined  from 
Equations ( I V  3-24) and ( I V  3-29) by 
us ing  conse rva t ive  va lues  f o r  P ( M )  and 
P(AB/M) . Lower bounds can be obtained 
by using a s s o c i a t e d  lower bounds f o r  
t h e s e  t e r m s  o r  by neg lec t ing  con t r ibu -  
t i o n s  i n  t h e  summation [ f o r  example, 
u s ing  only t h e  independent c o n t r i b u t i o n  
i n  Equation (IV 3-29)] .  

The above bounding approaches can, f o r  
example, be a p p l i e d  t o  common mode 
f a i l u r e s  t h a t  can be due t o  e x t e r n a l  
e v e n t s  o r  p rev ious  f a i l u r e s  having 
occurred.  A s  a s p e c i f i c  i l l u s t r a t i o n  
cons ide r  t h e  common mode f a i l u r e  due t o  
a steam l i n e  r u p t u r e  which w a s  i n v e s t i -  
ga t ed  i n  t h e  study. 

For t h e  steam l i n e  r u p t u r e  mechanism, 
us ing  Equation ( I V  3-29) , P ( M )  i s  then 
t h e  p r o b a b i l i t y  t h a t  t h e  steam l i n e  
r u t p u r e s  , and P (AB/M) i s  t h e  p r o b a b i l i t y  
t h a t  t h e  nearby components ( c o n t r o l  
c i r c u i t s ,  etc.) are f a i l e d  by t h i s  oc- 
currence.  An upper bound f o r  t h i s  con- 
t r i b u t i o n  can be ob ta ined  by using a 
conse rva t ive  estimate f o r  t h e  steam l i n e  
r u p t u r e  P ( M )  and a conse rva t ive  estimate 
f o r  t h e  a f f e c t e d  f a i l u r e  p r o b a b i l i t y  
P ( A B / M ) .  

A s t r a i g h t f o r w a r d  approach f o r  P (AB/M) 
i s  t o  use t h e  f r a c t i o n  of  s o l i d  ang le  
subtended by t h e  p e r t i n e n t  components 
(i.e.,  f r a c t i o n  of area exposed) o r  t o  
assume P(AB/M) = 1. For .the steam 
l i n e  r u p t u r e  P(AB/M) = 1 w a s  used and 
t h e  s o l i d  ang le  approach w a s  used f o r  
t hose  cases invo lv ing  missi le- type 
gene ra t ion ,  e:g., t u r b i n e  runaways [ f o r  
t h e  m i s s i l e  i n v e s t i g a t i o n s  P ( M )  = 
p r o b a b i l i t y  of  t u r b i n e  runaway , P (AB/M) 
= c r i t i ca l  f r a c t i o n a l  s o l i d  ang le ] .  
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Using P(AB/M) = 1 f o r  t h e  steam l i n e  

becomes, 
r u p t u r e  case, Equation ( I V  3-29) 

P(AB) < P(A)P(B) + P(M)  ( I V  3-31) 

From t h e  .Study's d a t a  base an upper 
bound f o r  P(M) i s  10-7,  when a conserva- 
t i v e ,  l e a k  type f a i l u r e  ra te  i s  used and 
a 1 hour window e x i s t s  about  t h e  acci- 
d e n t  t i m e .  Hence, t o  o r d e r  of magnitude 

P(AB)  < P ( A ) P ( B )  + 10-7 ( I V  3-32)  

For t h e s e  cases then ,  i f  t h e  independent 
p r o b a b i l i t y  P (A)  P (B) i s  g r e a t e r  than  
10-7, t h e  common mode c o n t r i b u t i o n  i s  
n e g l i g i b l e .  I f  t h e  independent proba- 
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b i l i t y  i s  less than 10-7 ,  t h e n  1 0 - 7  can 
be used as t h e  upper bound, f o r  example, 
i n  a s s i g n i n g  t h e  log-normal p r o b a b i l i t y  
range f o r  P(AB) ( t h e  lower bound of  t h e  
range c o n s i s t i n g  of  t h e  independent 
c o n t r i b u t i o n ) .  Equation ( I V  3-32)  and 
t h e  bounds are a p p l i c a b l e  t o  any combi- 
n a t i o n  AB which w e r e  encountered i n  t h e  
f a u l t  t rees ( c o n s t i t u t i n g  a c r i t i ca l  
pa th )  and which w e r e  l o c a t e d  a d j a c e n t  t o  
a steam l i n e . 1  

Fur ther  d e t a i l e d  d e s c r i p t i o n s  of  t h i s  
type of  ana lyses  are g iven  i n  t h e  
s p e c i a l  engineer ing  i n v e s t i g a t i o n s  t o  
be d iscussed .  
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TABLE Iv 3-1 CLASSES OF POTENTIAL COMMON MODE MECHANISMS 

I 

A. Design Defects 

B. Fabrication, Manufacturing, and QTJality Control Variations 

C. Test, Maintenance, and Repair Errors 

D. Human Errors 

E. Environmental Variations (Contamination, Temperature, etc.) 

F.  Failure or Degradation Due to an Initiating Failure 

G. External Initiations of Failure 

TABLE IV  3-2 COMBINATION PROPERTIES INDICATING POTENTIAL COMMON CAUSE SUSCEPTIBILITY 

1. All Components Identical in Type and Specification (A,B) 

2. Components All Under the Same Maintenance or Test (C) 

3 .  All Components Having Similar Failure Sensitivity (E,G) 

4 .  Components All in the Same Locations (E,F,G) 

5. Components All Exposed to a Possible Accident Environment (E) 
/ 

6. 

7. All Component Failures Human Initiated (D) 

All Components Loaded or Degraded by a Previous Failure (F) 

T a b l e  I V  3-1 - T a b l e  I V  3-2 
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Because of  common q u a l i t y  c o n t r o l ,  com- 
mon manufacturing p rocesses ,  common de- 
s i g n ,  o r  common i n f l u e n c i n g  environment, 
components can be coupled i n  a d i f f e r e n t  
type of  common mode manner. One form of 
t h i s  coupl ing man i fe s t s  i t s e l f  i n  t h e  
f a i l u r e  rates of t h e  components. The 
s p e c i f i c  r e s u l t  i s  t h a t  a f f e c t e d  compo- 
nen t s  w i l l  a l l  have h ighe r  f a i l u r e  rates 
than normal. I n  c e r t a i n  b e n e f i c i a l  
s i t u a t i o n s ,  t h e  a f f e c t e d  components can 
a l s o  a l l  have lower f a i l u r e  r a t e s  as 
compared t o  t h e  normal va lues  f o r  t hose  
components. 

A p a r t i c u l a r  example of  f a i l u r e  ra te  
coupl ing is t h e  e x i s t e n c e  of  a manu- 
factur ing/manufactur ing d e f e c t  i n  a 
group of  r e l a y s .  Because of t h e  d e f e c t  
a l l  r e l a y s  i n  t h e  produced batch w i l l  
t hus  be a f f e c t e d .  This e f f e c t  w i l l  
manifest  i t s e l f  i n  a l l  t h e  f a i l u r e  rates 
being h ighe r  than t h e  average f a i l u r e  
ra te  f o r  t h a t  t ype  of  r e l a y .  

I n s t e a d  o f  a d e t r i m e n t a l  e f fec t ,  t h e  
f a i l u r e  rates may a l l  be lower than 
t h e i r  s t anda rd  value.  Such an e f f e c t  
w i l l  occur ,  f o r  example, i f  b e t t e r  than 
average maintenance i s  being performed 
on a set  of components. Whether t h e  
e f f e c t  i s  d e t r i m e n t a l  o r  b e n e f i c i a l ,  a 
coupl ing occur s  i n  t h e  a f f e c t e d  compo- 
nen t s  t hus  causing a c e r t a i n  loss of  
independence. 

A s  a numerical  i l l u s t r a t i o n  of t h e  f a i l -  
u re  rate coupl ing e f f e c t ,  assume two 
l a t c h i n g  r e l a y s  are i n  pa ra l l e l  ( i .e. ,  a 
double f a i l u r e  i s  needed-  f o r  system 
f a i l u r e ) .  For t h i s  type o f  r e l a y  
assume t h e  normal f a i l u r e  ra te  i s  10-5 
per  demand. 1 f normal . s i t u a t i o n s  
e x i s t e d ,  t h e  p r o b a b i l i t y  f o r  both inde- 
pendently f a i l i n g  is t hen  10-3 x 
10-3 = 10-6. For t h e  two p a r t i c u l a r  
r e l a y s ,  however, because of a coupl ing 
d e f e c t  assume t h a t  both f a i l u r e  rates 
are now 10-2. The j o i n t  p r o b a b i l i t y  
given t h i s  d e f e c t ,  i s  t h e r e f o r e  
10-2 x 10-2 = 10-4. The f a i l u r e  rate 
coupl ing consequently y i e l d s  two o r d e r s  
Df magnitude i n c r e a s e  i n  t h e  j o i n t  prob- 
a b i  li t y  of f a’i l u r e .  

The above example y i e l d s  a two o r d e r  of 
magnitude e f f e c t  given t h a t  . t h e  d e f e c t  
does indeed e x i s t .  A q u a n t i t a t i v e  
t r ea tmen t  must a l s o  i n c o r p o r a t e  the  

‘srobabi l i ty  of  t h e  d e f e c t  f i r s t  e x i s t -  

Section 4 

Failure Coupling 
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ing. I n  t h e  Study, t o  i n v e s t i g a t e  t h e  
e f f e c t s  of  f a i l u r e  ra te  coupl ing i n  a 
p r o b a b i l i s t i c  manner, t h e  f a i l u r e  ra te  
d i s t r i b u t i o n s  w e r e  coupled i n  a one t o  
one correspondence. 

I n  t h e  normal c a l c u l a t i o n s  ( r e p r e s e n t i n g  
no f a i l u r e  r a t e  c o u p l i n g ) ,  each compo- 
nen t  f a i l u r e  r a t e  i n  t h e  Study w a s  
ass igned a d i s t r i b u t i o n  t o  account  f o r  
i n d i v i d u a l  v a r i a t i o n s  and unce r t a in -  
ties. 1 The d i s t r i b u t i o n s  w e r e  then 
propagated t o  o b t a i n  t h e  p o s s i b l e  v a r i a -  
t i o n  on t h e  r e s u l t a n t  system f a i l u r e  
p r o b a b i l i t y .  The p o s s i b l e  system v a r i a -  
t i o n  i s  r ep resen ted  by confidence 
spreads ( p r o b a b i l i t y  ranges)  on t h e  
system p r o b a b i l i t y .  I n  t h e  normal cal- 
c u l a t i o n s ,  a l l  component f a i l u r e  r a t e  
d i s t r i b u t i o n s  w e r e  t r e a t e d  as  being 
independent of one another .  

I n  t h e  f a i l u r e - r a t e  co,upling ana lyses ,  
t h e  same f a i l u r e  ra te  d i s t r i b u t i o n s  w e r e  
used f o r  t h e  normal c a l c u l a t i o n s .  Com- 
ponents w e r e  however, now ca tegor i zed  
i n t o  c h a r a c t e r i s t i c ,  classes where t h e  
c h a r a c t e r i s t i c  classes w e r e  de f ined  such 
t h a t  a l l  components i n  a p a r t i c u l a r  
class had a p o t e n t i a l  common coupl ing 
ca,use. A c h a r a c t e r i s t i c  class t h u s  
r ep resen ted  a p o t e n t i a l l y  coupled set .  

I n  t h e  Monte Carlo s imula t ion ,  compo- 
nen t s  of  one c h a r a c t e r i s t i c  class w e r e  
coupled by equa t ing  t h e  component f a i l -  
u re  rates t o  a common s i n g l e  f a i l u r e  
rate. An example of t h e  f a i l u r e  ra te  
coupled model used i n  t h e  s tudy is  shown 
i n  Fig. IV 4-1. .The components are of 
t h e  same c h a r a c t e r i s t i c  class, f o r  
example t w o  s i m i l a r  r e l a y s .  Each of t h e  
curves i n  Fig. I V  4-1 r e p r e s e n t s  t h e  
d i s t r i b u t i o n  of  t h e  i n d i v i d u a l  f a i l u r e  
ra te  ( i .e. ,  i t s  d e n s i t y  f u n c t i o n ) .  I n  
t h e  independent case, when one f a i l u r e  
rate is low ( t h e  above f i g u r e ) ,  t h e  
o t h e r  f a i l u r e  ra te  can be high (lower 
f i g u r e ) .  This  independent behavior 
r e p r e s e n t s  t h e  independent i n d i v i d u a l  
component v a r i a t i o n s  ,which can occur. 

I n  t h e  coupled case, when one f a i l u r e  
rate is h igh ,  the o t h e r  f a i l u r e  rate i n  
the same couplyd class is also high. I n  
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complete coupl ing,  as is shown, a l l  com- 
ponents have t h e  same f a i l u r e  rate (one 
t o  one c o r r e l a t i o n ) . l  I n  t h i s  coupled 
t r ea tmen t ,  t h e  p r o b a b i l i t y  of t h e  cou- 
p l e d  v a r i a t i o n  e x i s t i n g  is inco rpora t ed  
by t h e  i n d i v i d u a l  component f a i l u r e  rate 
d i s t r i b u t i o n  ( t h e  upper curve i n  t h e  
coupled case). (Given a p a r t i c u l a r  
f a i l u r e  rate va lue  ( t h e  "x" sampled on a 
curve)  t h e  coupl ing is then e s t a b l i s h e d  
by a s s ign ing  t h e  same f a i l u r e  rate va lue  
t o  a l l  t h e  o t h e r  components of t h e  same 
c h a r a c t e r i s t i c  class.) 

I n  t h e  Study, t h e  c h a r a c t e r i s t i c  classes 
of components coupled w e r e  de f ined  t o  be 
components of t h e  same b a s i c  f u n c t i o n a l  
type. A l l  r e l a y s  c o n s t i t u t e d  one class, 
a l l  pumps ano the r ,  motor va lves ,  w i r e s ,  
e tc. ,  o t h e r  classes. This ca t egor i za -  
t i o n  corresponded t o  t h e  g e n e r a l  cate- 
g o r i z a t i o n  breakdown i n  t h e  f a i l u r e  ra te  
d a t a  -base (Appendix 111) . The estab-  
l ishment  of t h e s e  c h a r a c t e r i s t i c  classes 
enabled t h e  examination of  a very broad 
range of  p o t e n t i a l  coupl ings t o  be made. 
I n  g e n e r a l ,  many people have thought of  
such p o t e n t i a l  coupl ings as inc lud ing  
on ly  components t h a t  w e r e  q u i t e  s p e c i f i -  
c a l l y  related such as relays, .pumps,  
va lves ,  etc. of  a given manufacturer.  
S ince  t h e  classes used h e r e i n  w e r e  much 
broader ,  t h e  coupl ing s t u d i e s  performed 
included all g e n e r a l l y  s imilar  compo- 
nen t s  such as a l l  r e l a y s ,  a l l  pumps etc. 
wi th in  a p a r t i c u l a r  system. 

S ince  t h e  tes t  and maintenance downtime 
r e p r e s e n t s  a unique, non-component con- 
t r i b u t i o n  t o  t h e  system p r o b a b i l i t y ,  no 
coupl ing w a s  a s s igned  t o  it. The tes t  
and maintenance downtime w a s  t h u s  
t r e a t e d  as i n  t h e  independent case. 
Common mode human e r r o r s  are e x p l i c i t l y  
inco rpora t ed  as s e p a r a t e  c o n t r i b u t i o n s  
t o  t h e  system p r o b a b i l i t y .  Therefore ,  
t h e  human c o n t r i b u t i o n s  w e r e  a lso no t  
f a i l u r e  ra te  coupled (human contr ibu-  
t i o n s  w e r e  t h u s  also t r e a t e d  as i n  t h e  
s t anda rd  independent case). The coupled 
classes were consequently those  composed 
only 'of hardware f a i l u r e s .  

I n  t h e  s tudy,  t h e  coupled v a r i a t i o n  w a s  
eva lua ted  by Monte C a r l o  sampling us ing  
t h e  SAMPLE program (desc r ibed  i n  Appen- 
d i x  11). Sampling a f a i l u r e  ra te  va lue  
from an i n d i v i d u a l  d i s t r i b u t i o n  gave a l l  
the f a i l u r e  rates f o r  t h a t  class. The 

'In a s ta t i s t ica l  methodology t h e  one t o  
one c o r r e l a t i o n  is  rep resen ted  by 
equat ing t h e  random v a r i a b l e  f a i l u r e  
rates, A 1  = A2 = A3, etc.,, 

coupl ing w a s  repeated i n  t h i s  sampling 
manner t o  o b t a i n  t h e  r e s u l t a n t  v a r i a t i o n  
i n  t h e  system p r o b a b i l i t y .  ( A  more 
d e t a i l e d  d e s c r i p t i o n  of t h e  a c t u a l  
sampling procedure is  given i n  s e c t i o n  
3.6.2 of  Appendix 11. ) 

The coupled modeling which w a s  used had 
t h e  e f f e c t  of  i n c r e a s i n g  t h e  error 
spread of  t h e  system p r o b a b i l i t y .  The 
d i s t r i b u t i o n  and a s s o c i a t e d  e r r o r  
sp reads  on t h e  system p r o b a b i l i t y  then 
r ep resen ted  t h e  p o s s i b l e  v a r i a t i o n s  
inc lud ing  t h e  common mode coupl ing 
e f f e c t s .  The system e r r o r  spreads t h u s  
became l a r g e r ,  as compared t o  t h e  normal 
independent c a l c u l a t i o n s ,  accounting f o r  
t h e  coupl ing e f f e c t s .  The amount of  
widening, as compared t o  t h e  independent 
case, r e p r e s e n t s  one measure of t h e  
e f f e c t  of  coupl ing e x i s t i n g  i n  t h e  sys- 
t e m .  The coupl ing e f f e c t  i s  i l l u s t r a t e d  
i n  Fig.  I V  4-2. 

It  should be noted t h a t  t h e  model de- 
s c r i b e d  is simply one method of  coupled 
t reatment .  I t  i s  a p p l i c a b l e  when coup- 
l i n g  e f f e c t s  are inco rpora t ed  i n t o  t h e  
system d i s t r i b u t i o n .  More d e t a i l e d  
models can be employed by which t h e  
coupling e f f e c t s  are inco rpora t ed  i n t o  
t h e  a c t u a l  system p r o b a b i l i t y  value.  
This  r e q u i r e s  a more detailed type of  
d a t a ,  b u t  i s  u s e f u l  when, f o r  example, 
h ighe r  accuracy i s  required.  

Table I V  4-1 shows t h e  r e s u l t s  of  s tud-  
ies t h a t  w e r e  performed t o  determine t h e  
e f f e c t  of  common mode coupl ing on t h e  
PWR and BWR system p r o b a b i l i t y  bounds, 
u s ing  t h e  modeling techniques p rev ious ly  
discussed.  The independent 90% bounds 
w e r e  t hose  ob ta ined  by t h e  s t anda rd ,  
independent t reatment .  The coupled 90% 
bounds w e r e  t hose  ob ta ined  by completely 
coupl ing a l l  t h e  g e n e r i c  classes. I n  
gene ra l  t h e  e r r o r  bands became l a r g e r  
f o r  t h e  dependent case and t h e  median 
only s l i g h t l y  changing. The r e s u l t s  
l i s t e d  i n  t h e  t a b l e  are those  f o r  which 
t h e  coupl ing had some observable  ef- 
f e c t s .  Even f o r  t h e s e  cases, t h e  
coupl ing e f f e c t  i s  n o t  a n  o r d e r  o f  
magnitude s i g n i f i c a n c e  and does no t  have 
a very l a r g e  impact.1 AS e x t r a  e r r o r  

'In g e n e r a l ,  t h e  coupl ing has  g r e a t e r  
e f f e c t  i n  systems having dominant f a i l -  
u r e  c o n t r i b u t i o n s  from s i n g l e  charac- 
t e r i s t i c  classes. The coupl ing e f f e c t  
i s  t h e r e f o r e  u s e f u l  f o r  g e n e r a l  inves- 
t i g a t i o n s  of  component d i v e r s i t y  wi th in  
systems. The smaller e f f e c t  i n  t h e  
s t u d y ' s  r e s u l t s  w a s  due t o  t h e  systems 
being dominated by s i n g l e  f a i l u r e  and 
non-hardware c o n t r i b u t i o n s  ( tes t  and 
maintenance, human) . n 
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coverage, however, the coupled values 
were used in the fault tree reports €or 
those systems where the relative effect 
was larger and could impact further 

I 

I 

evaluations. (This also gave added pro- 
tection against biases and correlations 
resulting from non-independent estima- 
tion of the component data.) 
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TABLE IV 4-1 PWR COUPLING - BWR COUPLING 

system Case Lower Bound Median Upper Bound 

PWR COUPLING 

RP S Independent 1 . 3  3.6 1.0 

Dependent 8.4 x 3.0 4.3 

LPRS Independent 4 . 4  1 . 3  x 3.1  x 

Depeiiden t 2 . 1  9 . 6  6.5 x 

HPRS Independent 4.3 9 . 0  2 .2  x 

Dependent 2 . 1  9 . 0  4 .0  x 

HPIS Independent 4 . 4  8.6 x l f 3  2 . 7  x 

Dependent 2 . 4  1 .8  x 5.0 x 

Independent 7.0 x 3.7 3.0 AFWS 
S P B ( S t a r t  & 8 H r s . )  

Dependent 4 . 2  x 3.2 6.0 x 

I 

BWR COUPLING 

E C I  - I Independent 1.0 1 . 5  2 . 1  

Dependent 9.4 1.5 3.6 

ECI - I1 Independent 1.0 2 .0  3.0 

Dependent 8.2 2 . 0  5 . 0  

ECI - I11 Independent 8.4 x 9.3 1.0 

Dependent 6 .3  x 8.6 x 4.2 

RPS Independent 4.3 x 1 . 3  4.8 

Dependent 2.3 x 1 . 3  8 .9  

1 . 4  CSIS Independent 6 . 7  x 9 . 5  

2.6 Dependent 4.5 9 .5  
(Both Legs) 

.- - 

Table IV 4-1 
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Independent Case Coupled Case 

FIGURE I V  4-1 Independent  Versus Coupled F a i l u r e  R a t e  D i s t r ibu -  
t i o n s  [Frequency on V e r t i c a l  Axis ( O r d i n a t e ) ,  
F a i l u r e  R a t e  on H o r i z o n t a l  ( A b s c i s s a ) ]  

&-- Independent System Distribution 

Coupled System Distribution 

Independent - 
90% Bounds 

4 Coupled - 90% Bounds I.-- 
FIGURE IV 4-2 I n c r e a s e d  System Uncer ta in t ies  Due t o  Coupling 

Effects  (Vert ical  Axis - Frequency; H o r i z o n t a l  - 
System P r o b a b i l i t y )  

F i g .  I V  4-1 - F i g .  I V  4 - 2  
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Section 5 
Special Engineering Studies to Identify 

Potential Common Modes in 
Accident Sequences 

5.1 SUMMARY OF RESULTS 
I n  t h i s  s p e c i a l  eng inee r ing  s tudy ,  com- 
mon mode f a i l u r e s  are  aga in  examined f o r  
t h e i r  p o s s i b l e  c o n t r i b u t i o n  t o  PWR acc i -  
d e n t  sequence f a i l u r e  p r o b a b i l i t i e s .  
From t h e s e  eng inee r ing  s t u d i e s ,  it w a s  
found t h a t  t h e  common mode f a i l u r e  
p r o b a b i l i t i e s  i n  g e n e r a l  d i d  no t  
s i g n i f i c a n t l y  i m p a c t  t h e s e  f a i l u r e  
p r o b a b i l i t i e s .  

Many of  t h e  a c c i d e n t  sequence f a i l u r e  
p r o b a b i l i t i e s  a r e  dominated by component 
f a i l u r e s  i n  subsystems t h a t  have i n t e r -  
f a c e s  wi th  more than one system i n  a 
sequence o r  by common human e r r o r s  t h a t  
a f f e c t e d  redundant systems. These are 
f a i l u r e s ,  however, which w e r e  i d e n t i f i e d  
and eva lua ted  i n  t h e  i n d i v i d u a l  system 
f a u l t  ana lyses  and w e r e  p rev ious ly  
taken i n t o  account  when t h e  systems w e r e  
considered t o g e t h e r  i n  t h e  e v a l u a t i o n  of  
t h e  a c c i d e n t  sequence p r o b a b i l i t i e s .  
This  common mode f a i l u r e  s tudy  t h e r e f o r e  
d i d  n o t  i n c l u d e  t h e  a l r e a d y  considered 
multi-system sequence f a i l u r e s  due t o  
i n d i v i d u a l  component f a i l u r e s  i n  i n t e r -  
f a c i n g  subsystems, o r  t h e  human i n t e r -  
f a c e ,  a c t i n g  through a common human 
e r r o r ,  f a i l i n g  redundant l e g s  of  a 
sys t e m .  

Two t y p e s  of  common mode f a i l u r e s  w e r e  
examined i n  t h i s  s p e c i a l  s tudy:  

a. Common mode f a i l u r e s  from secondary 
f a i l u r e  sou rces ,  are component 
f a i l u r e s  r e s u l t i n g  from phenomena, 
such as f lood ing  o r  f i , r e ,  which 
exceed component design l i m i t s .  
This  t ype  o f  common mode inc ludes  
f a i l u r e s  i n  one system which can 
i n d i r e c t l y  f a i l  t h e  o t h e r ,  systems i n  
t h e  sequence. I n  s o m e  cases, the 
secondary f a i l u r e  sources  may cause 
m u l t i p l e  system f a i l u r e s  through a 
common i n t e r f a c e .  

%ee Appendix I1 f o r  system f a u l t  analy- 
sis d e s c r i p t i o n s .  

*See Appendix I f o r  e v e n t  tree d i scus -  
s i o n s ,  and Appendix V f o r  sequence 
eva lua t ions .  

b. Common mode f a i l u r e s  i n  s i m i l a r  com- 
ponents are f a i l u r e s  invo lv ing  
s e v e r a l  s imi l a r  components (such as 
motor-operated va lves  o r  motor 
s tar ter  b reake r s )  used i n  more than  
one system where t h e  components can 
a l l  f a i l  w i t h i n  a c r i t i c a l  t i m e  
frame due t o  some common cause (such 
as  a manufacturing error).  

5.1.1 LARGE LOCA SEQUENCES 

I n  a d d i t i o n  t o  t h e  above, t h e  p o t e n t i a l  
f o r  common mode caused damage t o  s a f e t y  
systems and t o  t h e  containment s t r u c t u r e  
due t o  whipping motions of  r u p t u r e s  RCS 
p ip ing  w a s  considered.  ("Pipe whip" i s  
a t e r m  commonly given t o  t h i s  t ype  
damage p o t e n t i a l . )  I n  t h i s  considera-  
t i o n ,  t h e  l a y o u t s  of t h e  r e a c t o r  c o o l a n t  
system (RCS) and o t h e r  high energy pip- 
i ng  r e l a t i n g  t o  t h e  p r e s e r v a t i o n  of  
containment i n t e g r i t y  and t h e  s a f e t y  
systems p i p i n g  runs w e r e  examined. Re- 
s t r a i n t s  t o  p reven t  p o t e n t i a l  p i p e  whip 
w e r e  found t o  be a p p l i e d  where t h e  
p o s s i b i l i t y  o f  i n t e r a c t i o n  between a 
rup tu red  p i p e  and containment might po- 
t e n t i a l l y  occuf (e.g. main steam and 
feedwater l i n e s  ) .  No p ipe  whip damage 
mechanisms were i d e n t i f i e d  i n  t h e  case 
of s a f e t y  systems s i n c e ,  i n  a l l  areas 
considered,  t h e  presence of  t h e  c r a n e  
w a l l  and o p e r a t i n g  decks provided ade- 
q u a t e  p r o t e c t i o n .  I n  t h e s e  cases where 
i n d i v i d u a l  l e g s  o f  emergency coo l ing  
(ECCS) p ip ing  r a n  from t h e  c r a n e  w a l l  t o  
t h e  RCS connect ions,  t h e  l o s s  o f  func- 
t i o n  f o r  t h a t  ECCS l e g  w a s  assumed t o  
occur  whenever t h a t  p a r t  o f  t h e  RCS loop 
ruptured.  This  common mode f a i l u r e  of 
t h e  ECCS connect ion t o  a s i n g l e  RCS loop  
w a s  i nco rpora t ed  i n  t h e  a n a l y s i s  of  ECCS 
o v e r a l l  f a i l u r e  p r o b a b i l i t y  as s t a t e d  i n  
Appendix I,  s e c t i o n  2.4 and i n  Appendix 
11, s e c t i o n  5.6. 

The a c c i d e n t  sequences i n  t h e  Large LOCA 
even t  tree which w e r e  i n v e s t i g a t e d  f o r  
t h e s e  t y p e s  of f a i l u r e s  w e r e  chosen 
because they  had some p o t e n t i a l  suscep- 
t i b i l i t y  f o r  common modes and t h e i r  
p r o b a b i l i t y  could have been a f f e c t e d  i f  

%ee 
A 6 . 3 . 2 .  

Appendix X ,  subappendix A,  s e c t i o n  
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such common modes e x i s t e d .  The symbols 
used i n  t h e  subsequent d i s c u s s i o n s  are 
as fol lows:  

A = Large LOCA ( loss-of-coolant  
a c c i d e n t )  ; 

B = EP (Electr ic  Power); 

c = CSIS (Containment Spray In j ec -  
t i o n  System f a i l s ) ;  

D = ECI (Emergency Cooling In j ec -  
t i o n  f a i l u r e ,  which i s  essen- 
t i a l l y  t h e  f a i l u r e  of  t h e  LPIS, 
o r  LOW P res su re  I n j e c t i o n  
System, f o r  a l a r g e  LOCA); 

F = CSRS (Containment Spray R e c i r -  
c u l a t i o n  Systems f a i l s ) ;  

System f a i l u r e )  ; 

H = ECRS (Emergency Cooling R e c i r -  
c u l a t i o n  System f a i l u r e ,  t h e  
f a i l u r e  o f  t h e  LPRS, o r  Low 
P r e s s u r e  R e c i r c u l a t i o n  System, 
f o r  a l a r g e  LOCA); 

I = SHAS (Sodium Hydroxide Addition 
System f a i l u r e ,  t h e  system t o  
supply NaOH t o  t h e  containment 
and t h e  containment sump by 
i n j e c t i o n  i n t o  t h e  RWST) . 

G = CHRS (Containment H e a t  Removal 

The sequences f o r  which t h e  common mode 
f a i l u r e s  w e r e  eva lua ted ,  and t h e  r e s u l t s  
o f  t h e  e v a l u a t i o n ,  are as fol lows:  

Common Mode Impact 1 Sequence 

CD 
CDI  
HF 
G 
D 
CF 

I n s i g n i f i c a n t  
I n s i g n i f i c a n t  
Minor Impact 
I n s i g n i f i c a n t  
Within E r r o r  Spreads 
I n s  i gn i  f i c a n t  

B I n s i g n i f i c a n t  
F I n s i g n i f i c a n t  
HFI, H I ,  FI  I n s i g n i f i c a n t  

The sequences HF (given A) and D (given 
A) w e r e  i d e n t i f i e d  as having some poten- 
t i a l  f o r  non-negl igible  e f f e c t s ,  bu t  
even f o r  t h e s e  cases t h e  impact on t h e  
p r o b a b i l i t y  o f  t h e  release ca t egory  w a s  
a s ses sed  t o  be  s m a l l  and w i t h i n  t h e  
e r r o r  spreads.  

The H F  (given A )  sequence has as a 

t h e  containment sump. The blowdown 
c o n t r i b u t o r  t h e  common mode f a i l u r e  

du r ing  a LOCA causes an accumulation o f  
d e b r i s  i n  t h e  containment which i n  t u r n  
pluqs t h e  sump, wi th  a value on t h e  

OfQ 

- .  
p r o b a b i l i t y  of plugging t h e  sump o f  
10-6[101 .I 

The D (g iven  A )  sequence had as a 
c o n t r i b u t o r  a common mode f a i l u r e  i n  
which a LOCA on t h e  d i scha rge  s i d e  of 
t h e  primary c o o l a n t  pump causes  pump 
overspeed and flywheel f r a c t u r e .  A 
p i e c e  of  t h e  f r a c t u r e d  f lywheel  pene- 
trates t h e  c u b i c l e  w a l l  i n  t h e  v i c i n i t y  
of  a s i n g l e  p i p e  f o r  low p r e s s u r e  
i n j e c t i o n  t o  t h e  ' c o l d  l e g s ,  thereby 
s t r i k i n g  and f a i l i n g  t h i s  l i n e  ( the re -  
f o r e  f a i l i n g  D ) .  This event  sequence 
had a p r o b a b i l i t y  of approximately: 

Qc, = 1 . 3  x 

5.1.2 SMALL LOCA SEQUENCES 

Small LOCA event  sequences involve most 
of  t h e  same systems and even t  codes as 
t h e  l a r g e  LOCA e v e n t s ,  excep t  for the  
fol lowing : 

S = Small LOCA; 

D = E C I  ( e s s e n t i a l l y  t h e  f a i l u r e  of  
t h e  HPIS, o r  High P r e s s u r e  In- 
j e c t i o n  System) ; 

H = ECR ( t h e  f a i l u r e  of t h e  HPRS, 
o r  High P r e s s u r e  R e c i r c u l a t i o n  
Sys t e m )  ; 

K = RPS ( f a i l u r e  o f  t h e  Reactor 
P r o t e c t i o n  System) ; 

L = AFWS and SSR ( f a i l u r e  of  t h e  
Aux i l i a ry  Feedwater System and 
Secondary Steam Re l i e f  v a l v e s ) .  

The r e s u l t s  of t h e  e v a l u a t i o n  f o r  t h e  
c o n t r i b u t i o n  of common mode f a i l u r e s  t o  
s m a l l  LOCA even t  sequences are i n  gener- 
a l  t h e  same as f o r  t h e  l a r g e  LOCA even t  
sequences; t h a t  i s ,  t h e  common mode 
c o n t r i b u t o r s  have p r o b a b i l i t i e s  which do 
n o t  s i g n i f i c a n t l y  impact t h e  sequence 
f a i l u r e  p r o b a b i l i t y  o r  t h e  release cate- 
gory p r o b a b i l i t y .  

The D (given S)  sequence does no t  
i nc lude  t h e  common mode c o n t r i b u t o r  of 

'See t h e  PWR even t  tree d i s c u s s i o n  i n  1 
Appendix I f o r  d i s c u s s i o n  o f  t h e  de- Q u a n t i t y  w i t h i n  t h e  b r a c k e t s  i s  t h e  
t a i l e d  meaning of  t h e s e  sequences. e r r o r  f a c t o r  which app l i e s .  
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t h e  flywheel f a i l u r e  (pump B flywheel 
f a i l u r e ) ,  because t h e  r e l a t i v e l y  slow 

-depres su r i za t ion  of t h e  r e a c t o r  c o o l a n t  
(RCS) w i l l  not  cause pump over- 
Other sequence common mode 

f a i l u r e s  ( p r i m a r i l y  a RCS s t o p  va lve  
f a i l i n g  c losed  causing a seve re  water 
hammer and a LOCA) have p r o b a b i l i t i e s  
t h a t  a r e  o r d e r s  of magnitude less than 
t h e  independent u n a v a i l a b i l i t y  of D ( t h e  
HPIS)  . 
The s m a l l  LOCA sequences invo lv ing  t h e  K 
and L systems are n o t  among t h e  impor- 
t a n t  c o n t r i b u t i n g  sequences f o r  s m a l l  
LOCA even t s .  Since no s i g n i f i c a n t  com- 
mon mode f a i l u r e s  w e r e  determined f o r  K 
o r  L t h a t  a f f e c t  o t h e r  systems i n  t h e  
sequences (common mode f a i l u r e s  involv- 
i ng  on ly  K o r  L systems w e r e  developed 
and eva lua ted  as a p a r t  of  t h e  a n a l y s i s  
f o r  t hose  systems'), common mode f a i l -  
u r e s  f o r  t hose  s m a l l  LOCA sequences 
invo lv ing  K and L systems w i l l  no t  be 
d i scussed  f u r t h e r .  

The C (given S)  sequence i s  an important 
s m a l l  LOCA sequence f o r  t h e  S2 LOCA (a  
s m a l l  LOCA due t o  a break i n  t h e  RCS 
e q u i v a l e n t  t o  a ho le  wi th  a 1/2 t o  2 
i nch  d i ame te r ) .  However, no s i g n i f i c a n t  
common mode f a i l u r e s  could be found f o r  
t h e  CSIS, o t h e r  than common human e r r o r s  
a l r e a d y  considered a s  a p a r t  of t h e  CSIS 
f a u l t  a n a l y s i s .  2 

These c o n s i d e r a t i o n s  l eave  t h e  H F  (given 
S) sequence a s  t h e  important  s m a l l  LOCA 
sequence with a common mode f a i l u r e  
between systems of t h e  containment sump 
plugging f a i l u r e .  Even though t h e  prob- 
a b i l i t y  of t h e  sequence i s  a f f e c t e d ,  t h e  
impact on t h e  release ca t egory  i s ,  
however, i n s i g n i f i c a n t  and wi th in  t h e  
e r r o r  spreads of t h e  release ca t egory  
p r o b a b i l i t y .  

5.2 .SUMMARY OF SECONDARY FAILURE 
METHODS 

Secondary f a i l u r e  sources  w e r e  i d e n t i -  
f i e d  i n  s t u d i e s  of p l a n t  l a y o u t ,  and of 
p o t e n t i a l  i n t e r a c t i o n s  between system 
components and between energy sources  
and system components. P l a n t  drawings 
and v i s i t s  t o  t h e  p l a n t  w e r e  used f o r  
t h i s  study. A summary of t h e  i n f l u e n c e  

'See Appendix 11, s e c t i o n  5.2 €o r  t h e  
RPS, s e c t i o n  5.3 for t h e  AFWS. 

2See t h e  CSIS a n a l y s i s  i n  s e c t i o n  5 . 4  of 
.Appendix 11. 

/ \  

of t h e  secondary f a i l u r e  sources  on t h e  
sequences being eva lua ted  i s  i n  subsec- 
t i o n  5 . 4 . 2 .  A summary of common f a c e s  
through which common mode f a i l u r e s  may 
f a i l  PWR LOCA sequences i s  i n  subsec t ion  
5.4.1. 

A l i s t  w a s  compiled from t h e  system 
f a u l t  t rees ,  system drawings,  component 
s p e c i f i c a t i o n s ,  and o t h e r  p l a n t  des ign  
information l i s t i n g  s i m i l a r  components 
used i n  t h e  PWR Sa fe ty  Systems which can 
f a i l  a system o r  m u l t i p l e  systems by t h e  
f a i l u r e  of s e v e r a l  s i m i l a r  components i n  
a given f a i l u r e  mode w i t h i n  a c r i t i c a l  
t i m e  frame. The l i s t i n g ,  and t h e  PWR 
LOCA sequences which can be a f f e c t e d  by 
m u l t i p l e  f a i l u r e s  of s i m i l a r  components 
are presented i n  Table I V  5-1. 

5.3 PWR LOCA SEQUENCE COMMON MODE 
FAILURE EVALUATIONS 

The more d e t a i l e d  e v a l u a t i o n  of  t h e  po- 
t e n t i a l  common mode f a i l u r e s  f o r  t h e  PWR 
LOCA sequences summarized ear l ier  i s  
given below. The s i n g l e  l e t t e r  codes 
used t o  i d e n t i f y  PWR systems are l i s t e d  
i n  t h e  preceeding s e c t i o n  5.1. The 
eva lua t ion  d i s c u s s i o n  below does no t  
i nc lude  those common mode f a i l u r e  
c o n t r i b u t o r s  which w e r e  found t o  have a 
n e g l i g i b l e  i n f l u e n c e  on t h e  t o t a l  common 
mode f a i l u r e  con t r ibu t ion .  

5.3.1 SEQUENCE CD (GIVEN A OR S )  

Common mode c o n t r i b u t o r s  are n o t  s i g n i f -  
i c a n t  c o n t r i b u t o r s  t o  t h e  CD sequence 
f a i l u r e  p r o b a b i l i t y ,  s i n c e  t h e i r  proba- 
b i l i t y  w a s  one t o  two o r d e r s  of magni- 
t ude  less than f o r  t h e  CD sequence as 
determined from t h e  b a s i c  f a u l t  trees. 
A common mode c o n t r i b u t o r  f o r  t h e  CD 
sequence i s  t h e  event  of fou r  o r  more 
4 8 0  V motor starter b reake r s  f o r  t h e  
system pumps could all t r i p  due t o  a 
common cause.  The p r o b a b i l i t y  f o r  t h i s  
common mode c o n t r i b u t i o n  w a s  a s ses sed  t o  
be much less than t h e  CD sequence f a i l -  
ure  p r o b a b i l i t y  a l r e a d y  eva lua ted .  

5.3.2 SEQUENCE C D I  (GIVEN A OR S) 

The C D I  sequence f a i l u r e  p r o b a b i l i t y  has  
as a c o n t r l b u t i o n  f a i l u r e  of  t h e  RWST 
common i n t e r f a c e ,  p r i m a r i l y  by plugging 
of  t h e  8 i nch  RWST vent .  This probabi l -  
i t y  w a s  a s ses sed  t o  be comparable t o  
t h a t  of p a s s i  e component f a i l u r e s  f o r  
t h e  LPIS system Y . 

'See s e c t i o n  5.6.3 i n  Appendix I1 f o r  
t h e  LPIS a n a l y s i s .  

w 
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C D I  sequence common mode c o n t r i b u t o r s  
( i n t e r a c t i n g  with t h e  sequence by f a i l -  
i n g  t h e  RWST) do n o t  s i g n i f i c a n t l y  add 
t o  t h e  C D I  sequence f a i l u r e  p r o b a b i l i t y ,  
as fol lows:  

f a i l u r e  of o p e r a t o r s  t o  open t h e  
containment h e a t  exchanger ven t  va lves  
which l e a d s  t o  a i r  entrapment i n  hea 
exchangers when flow is  i n i t i a t e d  an 
f a i l u r e  of t h e  h e a t  exchanger func t ion .  

a .  Rupture of t he  RWST by an exploding 
high p res su re  gas  b o t t l e  i n  t h e  ad- 
j a c e n t  b o t t l e  farm. 

b. Rupture of t h e  RWST by a v e h i c l e  
c ra sh ing  i n t o  t h e  RWST. This was 
t h e  dominant common mode f a i l u r e .  
The p r o b a b i l i t y  of t h i s  even t ,  how- 
e v e r ,  w a s  i n s i g n i f i c a n t  compared 
with t h e  C D I  sequence f a i l u r e  
p r o b a b i l i t y  . 

Common mode f a i l u r e  of t h e  Sa fe ty  
I n j e c t i o n  Control  System (which f a i l s  D) 
coupled with f a i l u r e s  of t h e  C I  sequence 
a l s o  can c o n t r i b u t e  t o  common mode 
f a i l u r e s  f o r  t h e  C D I  sequence. These 
f a i l u r e  combinations are again a s ses sed  
no t  t o  be s i g n i f i c a n t  c o n t r i b u t o r s .  

5.3.3 SEQUENCE HF (GIVEN A OR S )  

The p o s s i b l e  common mode c o n t r i b u t o r  for 
t h e  H F  sequence is: 

Plugging of t h e  containment sump a f t e r  a 
LOCA is as ses sed  as 1 0 - 6 [ 1 0 ] .  This 
c o n t r i b u t i o n  i s  included i n  t h e  even t  
sequence p r o b a b i l i t y ;  however, t h e  e f -  
f e c t  on t h e  t o t a l  release ca t egory  
p r o b a b i l i t y  i s  s m a l l .  

5.3.4 SEQUENCE G (GIVEN A OR S )  

The G ( C H R S )  sequence f a i l u r e  p r o b a b i l i t y  
f o r  t h e  f i r s t  day of r e c i r c u l a t i o n  has  
as a c o n t r i b u t i o n  t h e  d ra inage  of t h e  
i n t a k e  c a n a l ,  an i n t e r f a c i n g  system. A 
human i n t e r f a c e  common mode f a i l u r e ,  
p rev ious ly  developed and eva lua ted  i n  
t h e  CHRS f a u l t  tree a n a l y s i s r 2  i s  t h e  

'Consideration of t h e  o v e r a l l  p r o b a b i l i -  
t y  r e s u l t s  f o r  c o r e  m e l t  (see Table 
V 3-14, Appendix V) a l s o  i n d i c a t e s  t h a t  
t h e  r e s u l t s  are n o t  p a r t i c u l a r l y  sens i -  
t i v e  t o  l a r g e  v a r i a t i o n s  i n , t h e  proba- 
b i l i t y  estimates f o r  containment sump 
plugging. For example, an i n c r e a s e  of 
two o r d e r s  of magnitude i n  t h e  H F  se- 
quence due t o  t h e  sump plugging c o n t r i -  
bu t ion  s t i l l  has s m a l l  e f f e c t .  

2See s e c t i o n  5.6.3 i n  Appendix I1 f o r  
t h e  LPIS a n a l y s i s .  

Other i d e n t i f i e d  common mode contr ibu-  
t o r s  which w e r e  a s ses sed  t o  have i n s i g -  
n i f i c a n t  c o n t r i b u t i o n  t o  t h e  G sequence 
f a i l u r e  p r o b a b i l i t y  are: 

a. 

b. 

C .  

d. 

e. 

A r u p t u r e  of t h e  t u r b i n e  o i l  condi- 
t i o n e r  s p i l l i n g  o i l  i n t o  t h e  adja-  
c e n t  service water valve p i t .  I f  
t h i s  o i l  i s  i g n i t e d ,  t he  normally 
c losed  motor operated va lves  ( M O V ' s )  
i n  t h e  valve p i t  f o r  s e r v i c e  water 
t o  t h e  containment h e a t  exchangers 
may be f a i l e d .  

Two check va lves  f a i l  t o  open on 
demand due t o  a common f a i l u r e  
cause.  

Rupture of a s e r v i c e  water l i n e  i n  
t h e  s e r v i c e  w a t e r  va lve  p i t  f l o o d s  
containment h e a t  exchanger MOV's ,  
p r even t ing  t h e i r  opening f o r  a LOCA. 

Four MOV's  i n a d v e r t e n t l y  c losed  
wi th in  2 4 hours . 
Two bellows j o i n t s  r u p t u r e  w i t h i n  2 4  
hours . 

5.3.5 SEQUENCE AD (GIVEN A )  

I d e n t i f i e d  common mode c o n t r i b u t o r s  
could a f f e c t  t h e  AD sequence f a i l u r e  
p r o b a b i l i t y ;  however, t h e  impact i s  
s t i l l  wi th in  t h e  e r r o r  spread. 

A p o s s i b l e  common mode c o n t r i b u t o r  f o r  
t h e  AD sequence has  a p r o b a b i l i t y  which 
could a t  most double t h e  p r o b a b i l i t y  f o r  
independent A and D events. This common 
mode f a i l u r e  i s  a r u p t u r e  (LOCA) i n  t h e  
RCS p ip ing  a t  t h e  d i scha rge  s i d e  of RCS 
pump B which would cause t h e  pump t o  
overspeed and p o t e n t i a l l y  r e s u l t  i n  a 
f lywheel  f r a c t u r e .  A p i e c e  of t h e  
f r a c t u r e d  flywheel p e n e t r a t e s  t h e  loop B 
c u b i c l e  w a l l  near  t h e  s i n g l e  l i n e  f o r  
l o w  p r e s s u r e  i n j e c t i o n  t o  t h e  co ld  l e g s ,  
and r u p t u r e s  t h i s  l i n e  thus  f a i l i n g  the  
LPIS (D). The common mode f a i l u r e  w a s  
conse rva t ive ly  eva lua ted  as fol lows:  

= The p r o b a b i l i t  of a l a r g  
Q~~~~ L m A  = 1 x lo-x/yr. 
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- 
QTA - 

Q, 

Regarding the  

The p r o b a b i l i t y  of a 
r u p t u r e  i n  t h e  pump B d i s -  
charge l i n e  Z .13(1) 

The p r o b a b i l i t y  of f l y -  
wheel f r a c t u r e  E: 1.0(2) 

The f r a c t i o n  of t h e  sus- 
c e p t i b l e  c i r c u m f e r e n t i a l  
area around pump B 1 .1 

(.1) = 1.3 x 10-6, which 
would be approximately 
double t h e  p r o b a b i l i t y  f o r  
independent A and D 
events .  The value i s ,  
however, w i th in  t h e  e r r o r  
spreads.  

AD seauence. another  iden- 

(1 (.13) (1.0) 

t i f i e d  p o t e n t i a l  common mode f a i l u r e  
r e s u l t s  i f  one of t h e  s i x  RCS s t o p  
va lves  f a i l s ,  a l lowing t h e  va lve  d i s c  t o  
drop and suddenly s t o p  loop flow. The 
sudden flow stoppage could cause an 
excess ive  w a t e r  hammer which r u p t u r e s  
s e v e r a l  emergency core-cooling system 
(ECCS) p ip ing  connect ions t o  t h e  RCS i n  
more than  one of t h e  loops,  r e s u l t i n g  i n  
a LOCA and f a i l u r e  of s e v e r a l  ECCS 
systems. E s s e n t i a l  ECCS p ip ing  would be 
l o s t  i f  2 o u t  of 3 accumulator l i n e s  
w e r e  rup tu red ,  o r  i f  3 o u t  of 3 LPIS 
l i n e s  t o  t h e  co ld  l e g s  w e r e  ruptured.  
This  common mode f a i l u r e  w a s  a s ses sed  t o  
have a p r o b a b i l i t y  less than t h e  pump 
flywheel f a i l u r e .  

5.3.6 SEQUENCE CF (GIVEN A OR S )  

The CF sequence f a i l u r e  p r o b a b i l i t y  i s  
dominated by f a i l u r e  of the consequence 
l i m i t i n g  system (CLCS), a common i n t e r -  
f a c i n g  s y s t e m  w i t h  the  C S I S  and CSRS. 
F a i l u r e  of  t h e  CLCS i s  i n  t u r n  dominated 
by a human common mode f a i l u r e ,  
m i s c a l i b r a t i o n  of CLCS in s t rumen ta t ion .  
This  common mode f a i l u r e  w a s  developed 

'40% of  t h e  RCS loop p ip ing  i s  on t h e  
d i scha rge  s i d e  of t h e  pumps and t h e r e  
are 3 loops: so QBDIL = .4/3 = .13. 

2The va lue  used f o r  QpplBp is considered 
somewhat conse rva t ive  s i n c e  t h e  pump 
overspeeds a t t a i n e d  may n o t  be g r e a t  
enough t o  cause f lywheel  missiles t o  be 
generated.  A s  can be i n f e r r e d  from 
Table V 3-14, Appendix V and from t h e  
above r e s u l t ,  use of t h i s  p o t e n t i a l  
conservat ism s t i l l  had no s i g n i f i c a n t  

f f e c t  on t h e  r e s u l t i n g  o v e r a l l  proba- 
i l i t i e s  of a core m e l t .  

and eva lua ted  i n  t h e  CLCS f a u l t  tree 
a n a l y s i s .  1 

The CLCS, and t h e  CSIS and CSRS may 
a l s o  be f a i l e d  due t o  common mode f a i l -  
u r e s  of s i m i l a r  components. An evalua- 
t i o n  for- t h e s e  f a i l u r e s  found them n o t  
t o  impact t h e  CF sequence f a i l u r e  proba- 
b i l i t y .  These s i m i l a r  component common 
mode f a i l u r e s  (not  i nc lud ing  human C a l i -  
b r a t i o n  e r r o r s )  are: 

a. 

b. 

C.  

d. 

e. 

f .  

9. 

h. 

Three CLCS H i - H i  r e l a y s  f a i l  t o  
ene rg ize  . 
Three containment p r e s s u r e  t r a n s -  
duce r s  f a i l  t o  respond t o  low 
p res su re .  

Three power s u p p l i e s  have low 
vol tage.  

Three s i g n a l  comparators d r i f t  up. 

Six 480 V moto r - s t a r t e r  b reake r s  
f a i l  t o  c l o s e .  

A f i r e  i n  t h e  instrument  room f a i l s  
both t r a i n s  of t h e  CLCS. 

Four MOV's i n a d v e r t e n t l y  c losed .  

S i x  480 V moto r - s t a r t e r  b reake r s  
t r i p .  

5.3.7 SEQUENCE B (GIVEN A OR S )  

P o s s i b l e  common mode c o n t r i b u t o r s  f o r  EP 
f a i l u r e  are determined n o t  t o  impact t h e  
EP f a i l u r e  p r o b a b i l i t y .  

These common mode c o n t r i b u t o r s ,  f o r  t h e  
B sequence are: 

a-. 

b. 

The e lectr ical  switchgear  ove rhea t s  
and f a i l s  when s w i t c h g e a r  room a i r  
cond i t ion ing  i s  l o s t  due t o  an ex- 
p l o s i v e  f a i l u r e  of one of t h e  t h r e e  
a i r  cond i t ion ing  c h i l l e r  a i r  com- 
p r e s s o r s  which f a i l s  a d j a c e n t  c h i l l -  
ers, o r  f a i l s  t h e  s e r v i c e  w a t e r  
supply t o  t h e  c h i l l e r s ,  or  f a i l s  t h e  
p o w e r  t o  t h e  chillers. 

,The switchgear  ove rhea t s  and f a i l s  
when a i r  cond i t ion ing  i s  l o s t  due t o  
exp los ions  of high p r e s s u r e  a i r  
bottles i n  Mechanical Equipment Room 
No.  3 f a i l i n g  t h e  service water 
supply t o  t h e  a i r  cond i t ion ing  
c h i l l e r s  o r  s eve r ing  t h e  power 
c a b l e s  f o r  t h e  c h i l l e r s .  

'See s e c t i o n  5.5 of Appendix. I1 f o r  t h e  
CLCS a n a l y s i s .  
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c. The e lectr ical  switchgear i s  flooded 
when one of 8 condenser i n l e t  l i n e s  
r u p t u r e s  and qu ick ly  f loods  t h e  t u r -  
b ine  rooms and t h e  a d j a c e n t  switch- 
gea r  room. 

The aforementioned t h r e e  common mode 
f a i l u r e  sequences r e q u i r e  a lower proba- 
b i l i t y  p a s s i v e  f a i l u r e  a s  an i n i t i a t i n g  
event .  The p r o b a b i l i t y  of t h e  i n i t i a t -  
i ng  even t  i n  combination wi th  t h e  s h o r t  
t i m e  window f o r  t h e  f a i l u r e  sequences t o  
cause s i g n i f i c a n t  problems i n  responding 
t o  an a c c i d e n t  (about 2 4  hours)  r e s u l t s  
i n  p r o b a b i l i t i e s  f o r  t h e  common mode 
f a i l u r e s  t h a t  are less than t h e  EP 
f a i l u r e  p r o b a b i l i t y  determined from t h e  
f a u l t  tree analyses .  1 

Other common mode f a i l u r e s  w e r e  evalu- 
a t e d  bu t  w e r e  a l s o  found t o  be i n s i g n i f -  
i c a n t .  These w e r e  common mode f a i l u r e s  
of  s imi la r  components i n  switchgear and 
motor c o n t r o l  c e n t e r s  which could f a i l  
e lectr ical  power, by f a i l i n g  those  
combinations of buses de f ined  i n  t h e  
e lec t r ica l  power f a i l u r e  a n a l y s i s .  

5.3.8 SEQUENCE F (GIVEN A OR S) 

The i d e n t i f i e d  common mode c o n t r i b u t o r s  
are a s ses sed  no t  t o  be a s i g n i f i c a n t  
c o n t r i b u t o r  t o  t h e  F sequence f a i l u r e  
p r o b a b i l i t y  a s  evaluated i n  t h e  CSRS 
f a i l u r e  a n a l y s i s  given i n  t h e  f a u l t  t ree 
r e p o r t s .  The i d e n t i f i e d  common mode 
c o n t r i b u t o r s  f o r  t h e  F (CSRS) sequence 
are common mode f a i l u r e s  of s i m i l a r  
components. These f a i l u r e s  are: 

a. Two MOV's i n a d v e r t e n t l y  c losed .  

b. Four 480 V Motor-s tar ter  f a i l  t o  
s ta r t .  This  i s  t h e  dominant common 
mode f a i l u r e  of t h e s e  t h r e e  
f a i l u r e s .  

c. Four 480 V Motor-s tar ter  b reake r s  
t r i p .  

5.3.9 SEQUENCE H I ,  F I ,  OR HFI (GIVEN A 
OR S )  

Since t h e  i n j e c t i o n  of NaOH ( I )  i n t o  t h e  
RCS is  not  a c r i t i ca l  requirement f o r  
s a f e t y  system o p e r a t i o n s  a f t e r  a LOCA 
w i t h i n  t h e  f i r s t  days of o p e r a t i o n ,  and 
s i n c e  NaOH can be d e l i v e r e d  v i a  t h e  
CSIS, U I S ,  o r  HPIS, no s i g n i f i c a n t  and 

'See s e c t i o n  5.1 of Appendix I1 f o r  t h e  
PWR e l e c t r i c a l  power f a i l u r e  a n a l y s i s .  

2See s e c t i o n  5.7 of Appendix 11. 

impacting common mode f a i l u r e s  w e r e  
found t o  e x i s t  f o r  t hese  3 sequences 
( H I ,  F I ,  o r  H F I )  f o r  t h e  f i r s t  day of 
r e c i r c u l a t i o n .  

Long t e r m  f a i l u r e  of I ( N a 0 H )  o r  I and 
F(CSRS) has  a l s o  been p rev ious ly  assess- 
ed as having a n e g l i g i b l e  p r o b a b i l i t y  
because of  t h e  s e v e r a l  p o s s i b i l i t i e s  f o r  
o p e r a t o r  a c t i o n  t o  d e l i v e r  NaOH t o  t h e  
RCS a f t e r  a LOCA. But, i f  NaOH i s  n o t  
d e l i v e r e d  t o  t h e  RCS, and i f  t h e  
o p e r a t o r s  are aware t h a t  NaOH i s  n o t  
d e l i v e r e d  t o  t h e  RCS, then t h e  long t e r m  
f a i l u r e  of NaOH can lead t o  stress 
co r ros ion  i n  t h e  ECR and CSR systems, 
due t o  an expected bui ldup of c h l o r i d e s  
i n  t h e  containment sump water fol lowing 
a l a r g e  LOCA. Therefore ,  t h e  long t e r m  
f a i l u r e  p r o b a b i l i t i e s  f o r  t he  H I ,  F I ,  
and H F I  sequences a l l  have a common mode 
c o n t r i b u t o r  e q u i v a l e n t  t o  t h e  long term 
f a i l u r e  p r o b a b i l i t y  of NaOH ( I ) ,  through 
the  above common mode f a i l u r e  i n t e r a c -  
t i o n .  This f a i l u r e  sequence r e q u i r e s  
undetected NaOH d e l i v e r y  f a i l u r e s  [con- 
t r i b u f e d  by f a i l u r e  of an o p e r a t o r  t o  
open chemical a d d i t i o n  tank (SHAS) block 
va lves  a f t e r  a CSIS flow t e s t ] ,  and 
f a i l u r e  of t h e  chemical a d d i t i o n  tank 
l e v e l  i n s t rumen ta t ion  o r  f a i l u r e  of the 
o p e r a t o r s  t o  d e t e c t  t h e  l ack  of low 
l e v e l  i n  t h e  chemical a d d i t i o n  t ank ,  
t h e r e f o r e ,  f a i l i n g  t o  d e t e c t  t h a t  NaOH 
w a s  n o t  d e l i v e r e d  t o  t h e  RCS. 

This  common mode even t  i s  a s ses sed  n o t  
t o  be an impacting c o n t r i b u t o r  t o  long 
t e r m  r e c i r c u l a t i o n  f a i l u r e  p r o b a b i l i t i e s  
f o r  t h e  H I ,  F I ,  o r  HFI sequences because 
of t h e  dominance of system component 
f a i l u r e s  (p r imar i ly  pumps) .1 

5.3.10 SEQUENCE HG ( G I V E N  S )  

This  sequence, l i k e  t h e  G sequence, has  
as a c o n t r i b u t i o n  t h e  d ra inage  of t h e  
i n t a k e  c a n a l ,  s i n c e  s u c c e s s f u l  o p e r a t i o n  
of both t h e  CHRS and HPRS r e q u i r e s  ser- 
v i c e  w a t e r  f o r  cool ing.  

Other i d e n t i f i e d  common mode contr ibu-  
t o r s  do no t  s i g n i f i c a n t l y  c o n t r i b u t e  t o  
t h e  GH (given S) sequence f a i l u r e  
p r o b a b i l i t y .  

5.3.11 SEQUENCE D (GIVEN S )  

This sequence can occur due t o  f a i l u r e  
of an RCS stop-valve d i s k ,  which is a 
common mode f a i l u r e  as desc r ibed  f o r  t h e  
AD sequence. The p r o b a b i l i t y  of t h i s  

'See Appendix 11. 
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1 

p r o b a b i l i t y  determined from t h e  b a s i c  
/ \ f a u l t  trees. 

A number of p o s s i b l e  common mode f a i l -  w 
u r e s  w e r e  i d e n t i f i e d  f o r  t h e  HPIS ( D )  , 
but  they r e q u i r e d  a low p r o b a b i l i t y  
p a s s i v e  f a i l u r e  as an i n i t i a t i n g  even t  
(such as a high energy p ipe  r u p t u r e  o r  
an exp los ive  pump f a i l u r e ) .  Therefore ,  
t h e s e  common mode f a i l u r e s  d i d  no t  
r e s u l t  i n  an impact of t h e  HPIS(D) 
u n a v a i l a b i l i t y  . 
This conclusion a l s o  a p p l i e s  t o  t h e  
HPRS ( H )  , s i n c e  t h e  same components are 
used i n  a s l i g h t l y  d i f f e r e n t  
conf igu ra t ion .  

5.4 SUPPORTING MATERIAL 

5 .4 .1  SUMMARY OF THE RESULTS OF 
EXAMINING INTER-SYSTEM INTERFACES 
FOR SEQUENCE FAILURE 
POSSIBILITIES 

I n t e r f a c e s ,  such as common systems, 
common components, o r  t h e  human opera- 
t i o n  i n t e r f a c e ,  w e r e  examined t o  d e t e r -  
mine t h e  combinations of systems and 
corresponding sequences which would be 
a f f e c t e d  by t h e  i n t e r f a c e  f a i l u r e .  The 
Table I V  5-2 l i s t  summarizes t h e  r e s u l t s  
of t h i s  i n t e r f a c e  examination. 

The e lectr ical  i n t e r f a c e s  w e r e  found t o  
no t  f a i l  any of t h e  sequences o t h e r  than 
B (e lectr ical  power f a i l u r e )  s i n c e  any 
of t h e  combinations of t h e  redundant 
emergency buses  f a i l s  systems which a r e  
given t o  have succeeded i n  t h e  sequences. 

An except ion i s  f a i l u r e  of t h e  motor 
c o n t r o l  c e n t e r s  1 H 1 - 1  and 1Jl-1, which 
would on ly  f a i l  t h e  HPIS and HPRS. 
These systems, however , are no t  r equ i r ed  
for  a large LOCA. The e lec t r ica l  bus 
i n t e r f a c e s  f o r  t h e  PWR systems are shown 
i n  t h e  Table I V  5-3. 

5.4.2 SUMMARY OF PLANT LAYOUT 
EXAMINATION FOR SEQUENCE 
SECONDARY COMMON MODE FAILURES 

a. 

b. 

Sequence - F 
Secondary F a i l u r e :  Containment sump 
plugs.  

Sequence - F (CSRS on ly )  
Secondary F a i l u r e :  I f  a high proba- 
b i l i t y  e x i s t s  f o r  i n s i d e  CSRS pump 
f a i l u r e s  i n  a steam environment, 
then on ly  one CSRS system need be 
f a i l e d  f o r  system f a i l u r e  i n  t h e  
f i r s t  day a f t e r  a LOCA, o r  2 CSRS 
systems a f t e r  t h a t .  This  has  
a l r eady  been included i n  t h e  CSRS 
a n a l y s i s .  

C .  

d.  

e. 

f .  

g. 

h: 

Sequences - CD o r  C D I  
Secondary F a i l u r e :  LPIS pump B has  
a c a t a s t r o p i c  f a i l u r e  i n  which a 
high energy m i s s i l e  punches through 
the  pump B c u b i c l e  w a l l  f a i l i n g  t h e  
power c a b l e s  t o  LPIS pump A and t h e  
CSIS motor operated va lves  ( M O V ' s )  . 
Power t o  LPRS s u c t i o n  MOV's could 
a l s o  be f a i l e d .  This  would have t o  
occur wi th in  roughly a minute t o  
f a i l  t h e  CSIS (by n o t  a l lowing CSIS 
M O V ' s  t o  open) .  

Sequence - AD 
Secondary F a i l u r e :  A LOCA a t  t h e  
d i scha rge  of RCS pump B causes  pump 
overspeed and a f r a c t u r e  of t h e  pump 
f lywheel. A f r a c t u r e d  flywheel 
missi le  punches through t h e  loop B 
c u b i c l e  w a l l  and f a i l s  t h e  s i n g l e  
pipe o r  L P I  t o  t h e  co ld  l e g s .  

Sequence - AD o r  ADH 
Secondary F a i l u r e :  An RCS loop s t o p  
valve d i sk  f a l l s  i n t o  t h e  c l o s e d  
p o s i t i o n .  The sudden flow stoppage 
causes  a l a r g e  water hammer which 
f a i l s  s e v e r a l  ECCS p ip ing  connec- 
t i o n s  t o  t h e  RCS i n  more than 1 
loop. F a i l u r e  of t h e  ECCS p i p i n g  
connect ions i s  a l s o  a LOCA. 

Sequence - B (EP)  
Secondary F a i l u r e :  Switchgear room 
a i r  cond i t ion ing  i s  f a i l e d  by: 

1. C a t a s t r o p i c  f a i l u r e  of c h i l l e r  
a i r  compressor which f a i l s  an 
a d j a c e n t  u n i t ,  o r  s e r v i c e  water 
supply l i n e s ,  o r  power cab le s .  

2.  C a t a s t r o p i c  f a i l u r e  of high 
p res su re  d ry  a i r  bott les i n  
Mechanical Equipment Room No. 3 
f a i l s  t h e  s e r v i c e  water supply 
o r  c h i l l e r  power cab le s .  

Sequence - B (EP) 
Secondary Fa i lure :  Flood t h e  
switchgear room by: 

1. The s e r v i c e  w a t e r  supply i n t o  
Mechanical Equipment Room No. 3 
r u p t u r e s  and f l o o d s  switchgear 
i n  t h e  a d j a c e n t  switchgear room. 

2 .  Rupture of a condenser i n l e t  
l i n e  , f loods  t h e  t u r b i n e  room 
and t h e  a d j a c e n t  switchgear 
room. 

Sequence - G 
Secondary F a i l u r e :  A p ipe  r u p t u r e s  
i n  t h e  s e r v i c e  w a t e r  va lve  p i t  and 
f a i l s  CHRS MOV's  be fo re  they  have 
opened. 

I V - 4 1  



i. 

j .  

k. 

1. 

m. 

n. 

Sequence - G 
Secondary F a i l u r e :  S p i l l e d  o i l  from 
a r u p t u r e  of t h e  t u r b i n e  l u b r i c a t i n g  
o i l  c o n d i t i o n e r ,  nex t  t o  t h e  s e r v i c e  
w a t e r  valve p i t ,  i s  i g n i t e d  causing 
burning o i l  t o  s p i l l  i n t o  t h e  ser- 
v i c e  w a t e r  valve p i t  and f a i l  CHRS 
MOV's  be fo re  they have opened. 

Sequence - G 
Secondary F a i l u r e :  A s m a l l  r u p t u r e  
i n  a condenser i n l e t  l i n e ,  o r  a 
r u p t u r e  t h a t  i s  qu ick ly  stopped, 
f l o o d s  t h e  s e r v i c e  w a t e r  va lve  p i t ,  
nearby, be fo re  CHRS MOV's  have 
opened. 

Sequence - C D I  
Secondary F a i l u r e :  The RWST i s  
rup tu red  by : 

1. High p res su re  gas  b o t t l e s  i n  t h e  
b o t t l e  farm next  t o  t h e  RWST 
explode. 

2 .  A v e h i c l e  c ra shes  i n t o  t h e  RWST, 
which i s  near t h e  parking l o t  
and t h e  t ruck  ga te .  

Sequence - C D I  o r  C F ( G , I )  
Secondary F a i l u r e :  A f i r e  i n  the  
instrument  room f a i l s  t h e  s a f e t y  
i n j e c t i o n  c o n t r o l  system (SICS) o r  
t h e  consequence l i m i t i n g  c o n t r o l  
system (CLCS) (SICS c a b i n e t s  are 
nex t  t o  each o t h e r ,  as are t h e  CLCS 
c a b i n e t s ) .  

Sequence - H F I  
Secondary F a i l u r e :  F a i l u r e  t o  g e t  
N a O H  i n t o  t h e  RCS causes  c h l o r i d e  
stress c o r r o s i o n  i n  ECR & CSR 
systems, f a i l i n g  t h e  piping.  

Sequence - D (given S) o r  H (given 
S )  
Many common mode f a i l u r e s  which can 
f a i l  t h e  HPIS o r  HPRS w e r e  i d e n t i -  
f i e d .  These f a i l u r e s ,  r e q u i r i n g  
p a s s i v e  i n i t i a t i n g  even t s ,  are n o t  
l i k e l y  t o  be s i g n i f i c a n t  contr ibu-  
t o r s  t o  HPIS o r  HPRS u n a v a i l a b i l -  
i t y .  

A high energy missi le  from a f a i l e d .  
C S I S  o r  A F W S  pump could p e n e t r a t e  
t h e  conc re t e  f l o o r  and f a i l  HPIS 
and/or HPRS suc t ion  piping below t h e  
f l o o r .  Missiles from one f a i l e d  
charging pump could f a i l  HPIS 
suc t ion .  

Rupture of a s t e a m  gene ra to r  blow- 
down l i n e  can f a i l  HPIS d i scha rge  
MOV's a t  t h e  boron i n j e c t i o n  tank,  
o r  a whipping blowdown l i n e  can f a i l  
t h e  normal charging l i n e  t o  contain-  
ment and f a i l  t h e  HPIS i s o l a t i o n  
MOV's f o r  t h i s  l i n e .  Continued 
steam d i scha rge  through t h e  rup tu red  
blowdown l i n e  can r e s u l t  i n  an envi- 
ronmental f a i l u r e  of t h e  charging 
pumps, t hus  f a i l i n g  t h e  HPIS o r  
HPRS . 
A r u p t u r e  of  one charging pump ser- 
v i c e  w a t e r  p ipe  i n  Mechanical 
Equipment Room 3 can f lood and f a i l  
t h e  pump i n  t h e  redundant charging 
p y p  s e r v i c e  w a t e r  p ipe ,  below. 
This f a i l u r e  would f a i l  t h e  HPIS o r  
t h e  HPRS. 

Secondary f a i l u r e  number 6 ,  above, 
w i l l  a l s o  f a i l  the  HPIS o r  HPRS by 
f a i l i n g  t h e  service water supply t o  
t h e  charging pumps. 

5.4.3 SYSTEMS WHICH CAN BE FAILED BY 
COMMON MODE FAILURE OF S I M I L A R  
COMPONENT 

Table I V  5-1 shows t h e  r e s u l t s  of an 
examination of PWR s a f e t y  systems f o r  
s i m i l a r  components which can f a i l  a 
system o r  s e v e r a l  systems i f  t hey  f a i l  
by a given f a i l u r e  mode w i t h i n  a c r i t i -  
cal  t i m e  frame by some common mode 
f a i l u r e .  This type of  f a i l u r e  would be 
most l i k e l y  due t o  manufacturing, 
des ign ,  o r  i n s t a l l a t i o n  e r r o r s .  The 
numbers i n  t h e  table under t h e  sequence 
codes d e s i g n a t e  t h e  minimum number of 
t h e  s i m i l a r  components which must f a i l  
t o  cause t h e  sequence f a i l u r e .  The 
effects of t h e s e  f a i l u r e s  w e r e  eva lua ted  
t o  n o t  impact t h e  p rev ious ly  ob ta ined  
p r o b a b i l i t y .  
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TABLE Iv 5-1 SIMILAR COMPONENT FAILURES AND SIGNIFICANT AFFECTED 
SEQUENCES (LARGE LOCA) 

TABLE Iv 5-2 INTERFACE EXAMINATION RESULTS I 
Interface Discuss ion Component Failure 

TvDe Modes Affected Sequences 

F HF I Containment Sump 

Containment Environment 

~~~ ~ ~~ 

Both inside CSRS pumps could 
be failed by post-LOCA envir- 
onment. But, 2 outside CSRS 
pumps would remain. 

Interfaces are ruled out since 
they fail systems assumed to 
succeed. 

MOV CH CHI CG CHG CGI CHGI CD(~) CDI(b) Fails to 
open 6 8 8 10 10 12 6 8 

Closes H HI G HG GI HGI F HF 
2 4 4 6 6 8 2 4 
FI HFI D DI DG DGI DF DFI 
4 6 1 3 5 7 3 5 

CHF CH CHI CG CHG CGI CHGI CF 
4 6 6 8 8 10 4 6 
CD CDI CDG CDGI CDF 
3 5 7 9 5 

480 V Pump Fail to D DF CF CD CDF F 
Motor-starter start 2 6 6 4 8 4 

Trips H F DF CH CF CHF HF D 
Pump 2 4 6 2 6 4 6 8 

CD CDF 
4 8 

CD 

CDI 

D 

CI 

CF ( G  

G 
HG ( 4  

None 

RWST 

SICS 

Operator Valve positioning failures 
after a CSIS flow test. 

CLCS 

Intake canal Draining the intake canal fails 
the service water supply for 
the CHRS. This failure also 
fails the HPRS, which is not 
required for a large LOCA. 

yen S )  
~~ ~ 

CDI CHI CD Manual Valve Closes H HI D DI CH 
2 4(a) 1 3(a) 4(a) 6(a) 3(a) 5 (a) 2 ”  or greater 

Check Valve Fails to H G HG D DG CH CG CHG 
2“ or greater open 2 2 4(a) 1 3(a) 4(a) 4(a) 6 (a) 

CD CDG 
3(a) 5(a) 

TABLE Iv 5-3 ELECTRICAL POWER INTERFACES 
SIS Relays Fail to CDI 

energize 2 
Systems Affected 

CLS Relays Fail to CF 
energize 3 

CLCS CLCS H D(b) H(b) G us C F I D 
ifiers CSIS CSRS NaOH LPI LPR HPI HPR CSHX SICS Hi Hi-Hi Pressure Fail to 

Transducers low 
pres sure 

Fail to 
show high 
pressure 

CDI 
2 

Iden 

JAOO 

JBOO 

JCOO 

JDO 0 

JEOO 

JFOO 

JGOO 

JHOO 

JJOO 

JKOO 

4160-1J 

4160-1H 

480-15 

480-1H 

J1-1 

H 1 - 1  

51-2 

H1-2 

2-1B 

3-1A 

ai-1 

31-11 

31-111 

31-IV 

X X 

X X 

X X 

X X 

X X 

X X 

X X X X X 

X X X X X 

X X X X 

X X X X 

X X 

CF 
3 

X 

X 
~ ~~ 

Power Hi 
S upp 1 i es voltage 

CDI 
2 

LOW CF 
volt age 3 

Drift CDI Signal 
Comparators down 2 

UP 3 
Drift CF 

X 

X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

~ ~~ 

Level Fail to CDI 
Transmitters show low 2 

level 

Bellows Rupture G 
Joints 2 

(a) Valves used in C, F, G, and I systems have manufacturers different from those used 
in D and H systems. 

(b) For small LOCA where D includes the HPIS. 

X X 

X X 

n loss  of station power 
small LOCA 

Table IV 5-1 -Table IV 5-3 
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Section 6 

I 6.1 SUMMARY OF RESULTS 

Special Engineering Studies to 
Identify Potential Common Modes 

in Accident Sequences 

Common mode f a i l u r e s  a r e  examined he re  
f o r  t h e i r  p o s s i b l e  c o n t r i b u t i o n  t o  t h e  
BWR sequence f a i l u r e  p r o b a b i l i t i e s .  I n  
gene ra l ,  as f o r  t h e  PWR ana lyses ,  it was 
found t h a t  t h e  sequence p r o b a b i l i t y  
r e s u l t s  w e r e  una f fec t ed  by t h e  common 
mode c o n t r i b u t i o n s  d i scussed  he re in  with 
t h e  p o s s i b l e  except ion of t h e  s m a l l  LOCA 
sequence which can be inc reased  i n  prob- 
a b i l i t y  through t h e  common mode depend- 
ency between t h e  i n i t i a t i n g  a c t i o n  and 
t h e  emergency coo l ing  systems t h a t  
respond t o  it. The e f f e c t  is, however, 
w i t h i n  e r r o r  sp reads  a s s o c i a t e d  wi th  t h e  
sequence p r o b a b i l i t y .  

Many of  t h e  sequence f a i l u r e  p r o b a b i l i -  
t i es  are dominated by common mode 
e f f e c t s  bu t  t hese  have been taken i n t o  
account on t h e  system f a u l t  trees. The 
purpose of  t h i s  s p e c i a l  common mode 
s tudy  is  t o  c o n s i d e r  t h e  e f f e c t  of  com- 
monality between f a i l u r e s  on more than  
one system e v e n t  on t h e  even t  tree no t  
p rev ious ly  considered.  Included i n  t h e  
c o n s i d e r a t i o n  are similar component 
common mode f a i l u r e s ,  such a s  due t o  a 
manufacturing error which causes many of 
t h e  same component t o  a l l  f a i l  w i th in  
t h e  c r i t i c a l  t i m e  frame. 

I n  t h e  same manner as f o r  t h e  PWR, a 
s tudy  w a s  made t o  examine t h e  p o t e n t i a l  
effects of r e a c t i o n  forces and impinge- 
ment f o r c e s  t h a t  could r e s u l t  from 
broken BWR high energy l i n e s  (pipe 
whip).  The p o t e n t i a l  f o r  common mode 
damage t o  s a f e t y  systems and t h e  con- 
ta inment  w a s  examined i n  t h i s  a n a l y s i s .  
A s  noted i n  s e c t i o n  6.3.1 p a r t i c u l a r  
a t t e n t i o n  w a s  given t o  l i n e s  i n  c l o s e  
proximity t o  each o t h e r  such as t h e  
"High P res su re  Se rv ice  Water" l i n e  and 
t h e  "High P res su re  Coolant I n j e c t i o n "  
l i n e .  The o v e r a l l  a n a l y s i s  showed t h a t  
due t o  such f e a t u r e s  as compartmen- 
t a l i z e d  des ign  and p ipe  whip r e s t r a i n t s ,  
no common mode e f f e c t s  w e r e  found which 
would i n f l u e n c e  t h e  o v e r a l l  r i s k  
r e s u l t s .  

6.1.1 LARGE LOCA SEQUENCES 

The sequence w a s  chosen f o r  t h i s  s tudy 
\because of i t s  judged p o t e n t i a l  suscep- 

t i b i l i t y  t o  impacting common mode con- 
t r i b u t i o n s .  For t h e  larse  LOCA sesuen- 
ces t h e  

A =  

B =  

c =  

D =  

E =  

F =  

G =  

H =  

I =  

J =  

fol lowing codes apply: 

LOCA ( loss-of-coolant  acc iden t /  
p ipe  break)  

Elec t r ic  Power f a i l s  

Reactor P r o t e c t i o n  System (RPS) 
f a i l s  

Vapor Suppression f a i l s  

Emergency Core Cooling Opera- 
t i o n  f a i l s  

Emergency Core Cooling Function 
f a i l s  

Containment leakage g r e a t e r  
than 1 0 0  pe rcen t  p e r  day occur s  

Core Spray R e c i r c u l a t i o n  System 
f a i l s  

Low Pres su re  Coolant Recircula-  
t i o n  System f a i l s  

High P res su re  Se rv ice  Water 
(HPSW) f a i l s  

The sequences f o r  which t h e  common mode 
f a i l u r e s  w e r e  eva lua ted ,  and t h e  q u a l i -  
t a t i v e  r e s u l t s  of t h e  e v a l u a t i o n  consid- 
e r i n g  common mode f a i l u r e s  from t h i s  
a n a l y s i s ,  are l i s ted  as follows: 

Resu l t s  1 Sequence 

AE I n s i g n i f i c a n t  

A I  I n s i g n i f i c a n t  

A J  I n s i g n i f i c a n t  

6.1.2 SMALL (1) AND SMALL ( 2 )  LOCA 
SEQUENCES 

The sequences chosen f o r  t h i s  s tudy,  as  
f o r  t h e  l a r g e  LOCA case, w e r e  picked 

'For d i s c u s s i o n  of the meaning of  t h e s e  
sequences, see t h e  BWR even t  tree d i s -  
cuss ions  i n  Appendices I and V. 
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based on t h e i r  p o s s i b l e  s u s c e p t i b i l i t y  
t o  impacting common modes. The small  
LOCA i d e n t i f i e r s  w e r e  t h e  same as f o r  
t h e  l a r g e  LOCA with t h e  fol lowing excep- 
t i o n s  : 

S1 = s m a l l  LOCA (1) 

S2 = small  LOCA ( 2 )  

F = not  a p a r t  of s m a l l  LOCA 
sequences because t h e  emergen- 
cy c o r e  coo l ing  func t ion  w a s  
considered unimpaired by t h e  
lesser i n t e r n a l  blowdown 
f o r c e s  from t h e  s m a l l  LOCA's  

The sequences f o r  which t h e  common mode 
f a i l u r e s  w e r e  eva lua ted ,  and t h e  q u a l i -  
t a t i v e  r e s u l t s  of  t h e  e v a l u a t i o n  consid- 
e r i n g  t h e  cpmmon mode f a i l u r e s  from t h i s  
a n a l y s i s ,  a r e  l i s t e d  a s  fol lows:  

Sequence R e s u l t s  

SIE P o s s i b l e  impact b u t  
w i th in  e r r o r  spreads 

S11, S l J ,  Sic I n s i g n i f i c a n t  

S21 ,  S2J, S 2 C  I n s i g n i f i c a n t  

The SIE could be inc reased  due t o  common 
modes because a small LOCA i n  t h e  high 
p r e s s u r e  c o o l a n t  i n j e c t i o n  ( H P C I )  supply 
( s t e a m )  p o r t i o n  of t h e  r e a c t o r  c o o l a n t  
system f a i l s  HPCI f o r c i n g  dependence f o r  
c o r e  emergency cool ing upon ADS and ap- 
p r o p r i a t e  low p r e s s u r e  emergency cool- 
ing.  This  p o s s i b l e  i n c r e a s e  however i s  
w i t h i n  t h e  e r r o r  spreads of t h e  sequence 
p r o b a b i l i t y .  

6.1.3 TRANSIENT SEQUENCES 

The sequences chosen f o r  t h i s  s tudy  w e r e  
aga in  picked, because they could be i m -  
pacted by common modes. The t r a n s i e n t  
sequences are i d e n t i f i e d  by t h e  follow- 
ing  codes: p r o b a b i l i t y  w e r e  i nc reased  
by a common mode e f f e c t .  The t r a n s i e n t  
sequences are i d e n t i f i e d  by t h e  follow- 
i n g  codes: 

T = Trans ien t  

C = RS - Reactor S u b c r i t i c a l  f a i l -  
u r  e 

M = S / R  VO Safety/Rel ief  Valves - 
f a i l u r e  t o  open 

P = S/R VR Safety/Rel ief  Valves - 
f a i l u r e  t o  c l o s e  

Q = FW - Feedwater f a i l u r e  

U = H P C I  f a i l u r e  and r e a c t o r  c o r e  
i s o l a t i o n  cool ing (RCIC) f a i l -  
u r  e r' 

b V = LPECCS - F a i l u r e  of  low Pres- 
s u r e  emergency coo l ing  

W = LPCRS f a i l u r e  o r  HPSW f a i l u r e  

The sequences f o r  which t h e  common mode 
f a i l u r e s  w e r e  evaluated,  and t h e  q u a l i -  
t a t i v e  r e s u l t s  of t h e  eva lua t ion  consid- 
ering-common mode f a i l u r e s  are l i s t e d  as 
fol lows : 

Sequence Resu l t s  

TW I n s i g n i f i c a n t  

TQW I n s i g n i f i c a n t  

TWW I n s i g n i f i c a n t  

TC I n s i g n i f i c a n t  

6.2 SUMMARY OF METHODS 

Secondary f a i l u r e  sources (such as f lood  
and f i r e ) ,  p o t e n t i a l  i n t e r a c t i o n s  be- 
tween system components and between 
energy sources and system components 
w e r e  i d e n t i f i e d  i n  s t u d i e s  of t h e  p l a n t  
layout .  P l a n t  drawings and v i s i t s  t o  
t h e  p l a n t  w e r e  used f o r  t h i s  study. 

The even t  tree a n a l y s i s  r e s u l t s  w e r e  
used t o  determine which even t  tree 
sequences might be s i g n i f i c a n t l y  i m -  
pacted i f  common mode c o n t r i b u t i o n s  d i d  
e x i s t .  These chosen sequences w e r e  then 
examined t o  determine t h e  p o s s i b l e  com- 
mon mode e f f e c t s  and where p o s s i b l e  an 
eva lua t ion  w a s  made of t h e  e f f e c t  on t h e  
numerical  r e su l t s - - in  gene ra l  an upper 
bound e v a l u a t i o n  w a s  performed. 

The event  tree sequences no t  examined 
were dismissed f o r  one o r  more of t h e  
fol lowing r easons  (it i s  noted t h a t  t h i s  
g e n e r a l  type of reasoning w a s  a l s o  used 
f o r  t h e  previous PWR examination) : 

a. The p r o b a b i l i t y  a s s o c i a t e d  wi th  t h e  
sequence w a s  so s m a l l  ( s e v e r a l  
o r d e r s  of magnitude smaller) com- 
pared with o t h e r  sequences t h a t  pro- 
duced t h e  same consequence r e s u l t ,  
t h a t  t h e  change due t o  common mode 
would n o t  dominate t h e  consequence 
category. 

b. The p r o b a b i l i t y  a s s o c i a t e d  with t h e  
sequence w a s  a dominant f a c t o r  f o r  a 
p a r t i c u l a r  consequence category. 
However, t h e  p r o b a b i l i t i e s  f o r  adja-  
c e n t  consequence c a t e g o r i e s  w e r e  so 
much g r e a t e r  t h a t  an i n c r e a s e  from a m  
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common mode e f f e c t  would n o t  domi- 
n a t e  t h e  Drobabil  i t i e  s a s s o c i a t e d  
w i t h  o v e r l a p  f r o m  a d j a c e n t  conse- 
quence c a t e g o r i e s .  3 

c. The p a r t i c u l a r  sequence A F  (LLOCA/ 
emergency cool ing  f u n c t i o n a l  f a i l -  
u r e )  a l r e a d y  cons idered  t h e  LOCA 
i n t e r a c t i o n  i n  determining t h e  
f u n c t i o n a l  f a i l u r e  p r o b a b i l i t y .  

6.3 CONSIDERATION OF COMMON MODE 
EFFECTS IN PARTICULAR SEQUENCES 

6.3.1 LARGE LOCA 

The sequences remaining a f t e r  t h e  selec- 
t i o n  process  w e r e :  

AE LLOCA/ECI 

A I  LLOCA/LPCRS 

A J  LLOCA/HPSW 

6.3.1.1 Sequence AE - LLOCA/ECI. 

This  sequence involves  one i n i t i a t i n g  
e v e n t  and a combination of  f a i l u r e s  i n  
t w o  emergency cool ing  systems: LPCIS 
and CSIS. The b a s i c  success  combina- 
t i o n s  are: 

a. Both CSIS subsystems o p e r a t e  ( 4 / 4  
pumps), o r  

b. One CSIS subsystem o p e r a t e s  ( 2 / 2  
pumps) and t h r e e  of  f o u r  LPCIS pumps 
provide flow t o  an unbroken r e c i r c u -  
l a t i o n  loop. 

The p r i n c i p a l  common mode p o s s i b i l i t i e s  
and t h e i r  e f f e c t s  are l i s t e d  i n  Table I V  
6-1. 

6.3.1.2 Sequence A I  - LLOCA/LPCRS. 

This  sequence involves one i n i t i a t i n g  
event  and f a i l u r e  of  h e a t  removal i n  
long term cool ing  due t o  f a i l u r e  t o  
provide f l o w  through t h e  l o w  p r e s s u r e  
c o o l a n t  s i d e  of a t  least  one RHR h e a t  
exchanger. I m p l i c i t  i n  t h e  sequence i s  
t h e  ear l ier  success  of E C I  and cont inued 
success  of CSCRS. 

The p r i n c i p a l  common mode p o s s i b i l i t i e s  
and t h e i r  e f f e c t s  are l i s t e d  i n  Table I V  
6-2. 

6.3.1.3 Sequence A J  - LLOCA/HPSW. 

This  sequence involves  one i n i t i a t i n g  
event  and f a i l u r e  of h e a t  removal i n  
long term cool ing  due t o  f a i l u r e  t o  
provide  coolant t o  t h e  HPSW s i d e  of  a t  
'-0ast one RHR h e a t  exchanger. I m p l i c i t  

i n  t h e  sequence i s  t h e  ear l ier  success  
of  E C I  and cont inued success  of LPCRS 
and CSRS. 

The p r i n c i p a l  common mode p o s s i b i l i t i e s  
and t h e i r  e f f e c t s  a r e  l i s t e d  i n  Table I V  
6-3. 

6.3.2 SMALL LOCA'S 

The sequences remaining a f t e r  t h e  
s e l e c t i o n  process  w e r e :  

S 1 E  Small LOCA ( l ) / E C I  

Small LOCA (1) /LPRCS 

Small LOCA (l)/HPSW 

Small LOCA (l)/RF'S 

Small LOCA ( 2 )  /LPCRS 

Small LOCA (2)/HPSW 

Small LOCA (2)/RF'S 

S 11 

S1J 

S 1 C  

S2I 

S2J 

s2c 

Sequence SIE - Small LOCA ( l ) / E C I  

This  sequence involves  one i n i t i a t i n g  
event  and combinations of f a i l u r e s  i n  
several emergency cool ing  systems: 
RCICS, HPCIS, ADS, LPCIS, and CSIS. The 
basic S1 success  combinations are: 

a. HPCIS, o r  

b. ADS p l u s  both CSIS subsystems oper- 
a te  ( 4 / 4  pumps) , o r  

c. ADS p l u s  one CSIS subsystem o p e r a t e s  
2 /2  pumps and t h r e e  of  f o u r  LPCIS 
pumps provide flow t o  an unbroken 
r e c e i v e  loop. 

The p r i n c i p a l  common mode p o s s i b i l i t i e s  
and t h e i r  e f f e c t s  are l i s t e d  i n  Table  I V  
6-4 .  

Sequence S l I ,  S71 - Small LOCA (1) o r  
( 2  ) /LPCRS 

Same as l a r g e  LOCA, no common mode 
e f f e c t  n o t  covered by system a n a l y s i s .  

Sequence S i J ,  S 2 J  - Small LOCA (1) o r  
( 2  ) /HPSW 

Same as l a r g e  LOCA, no common mode 
e f f e c t  n o t  covered by system a n a l y s i s .  

Sequence SIC, S2C - Small LOCA (1) or  
( 2 )  /RPS 
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No significant common mode interactions 
between the small LOCA initiating event 
and the RPS system have been identified. 

6 . 3 . 3  TRANSIENTS 

The sequences remaining after the selec- 
tion process were: 

a. TW - Transient/LPCRS failure or HPSW 
failure 

b. T Q W  - Transient/FW/HPCI failure and 
RCIC failure/LPECCS 

c. TC - Transient/Reactor Subcritical 
failure 

Interactions between the transient and 
the protection systems were taken into 
account during the evaluation of the 
event trees, Thus only common mode 

failures between protection systems were 
considered. 

T Q W  Transient/FW/HPCI and RCIC/LPECCS 

This sequence involves the initiating 
transient, failure of feedwater, HPCI 
and RCIC and failure of low pressure 
cooling from ADS, LPCIS and CSIS. With 
the exception of the feedwater system, 
the other interactions. were considered 
in the LOCA evaluation and significant 
effects from common mode failures were 
not identified, The feedwater system is 
physically and electrically separated 
from the other systems involved with the 
exception of the drywell area, 

0 

No rupture failures of components inside 
the drywell (which could possibly damage 
other systems) are judged to impact the 
failure rates for any of the systems, 
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TABLE IV 6-1 SEQUENCE AE-LLOCA/ECI, PRINCIPAL COMMON MODE POSSIBILITIES AND EFFECTS 

~ 

Common Mode Failure Effect 

1. LLOCA in one CSIS injection line. 1. Failure probability of ECI increases 
however, failure probability of 

LLOCA decreases because of specific 

location, with net effects leading 
to cancellation. 

2. Similar power relays fail on 
safety buses. 

3. Pipe or valve rupture on one CSIS 
subsystem causes rupture of pipe 

or valve on adjacent selected LPCIS 

line or vice versa. 

4. Damage to sensing switches in racks 
25-5 and 25-6 caused by secondary 
failure (fire, explosion, pipe 

burst) preventing the generation of 
initiating signals to CSIS and LPCIS 

valves and motors. 

2. Already covered on fault tree and 

not dominant failure. 

3. Probability of ruptures is small 

compared to other contributors, and 
commom mode combination would have 

no impacting contribution to ECI 
failure probability. 

4 .  Probability of secondary environment 

at the time of, and independent of, 
the LOCA is more remote than the 

failure probability for ECI. The 
overall probability is further re- 

duced by structural protection such 
as the barrier between racks 25-5 
and 25-6. 

5. Damage to relays located on the 9-32 5. Not impacting due to same reasons 

and 9-33 panels in the cable spreading indicated in 4 .  

room caused by secondary failures 

(fire, explosion, pipe burst) pre- 
venting the generation of initiation 
signals to CSIS and LPCIS valves and 

motors. 

TAB 
- 

- 
1. 

2, 

3, 

4 ,  

5, 

6. 

Iv 6-2 SEQUENCE AI-LLOCA/LPCRS, PRINCIPAL COMMON MODE POSSIBILITIES AND EFFECTS 

Common Mode Failure Effect 

Loss of emergency service water to 
all four pump room coolers. 

Damage to both LPCIS injection lines 

in drywell by LOCA. 

Failure of both LPCIS injection 
valves to open due to common compo- 
nent fault. 

Failure of LPCIS contribution to ECI 
success (success mode which requires 
all CSIS contribution, no LPCIS). 

Failure of all 4 LPCIS pumps or fail- 
ure of 4 valves of the same type or 
failure of all four heat exchangers 

because of similar component common 

mode. 

Rupture of ESW supply in torus com- 

partment by LOCA in HPCI or RCIC 

steam supply line and resultant fail- 

ure of LPCIS pumps by loss of room 

coolers. 

1. This already is included as the dom- 

inant contribution to LPCRS failure. 

2. Only plugging of both lines would be 

significant since break in drywell 

would permit flow to torus while 

CSCRS provided the continuous core 

flooding. Physical arrangement of 

LPCIS lines makes plugging of both 

caused by LOCA an extremely remote 
possibility. 

3. This effect can be negated by switch- 
ing flow to torus through the test 

lines, bypassing the problem. 

4. Those failures which could cause loss 

of all, LPCIS (instead of 2/4 pumps) 

where considered when LPCRS was eval- 

uated. 

5. Not impacting because of the low pro- 
bability of all four components of a 
type failing in the same time frame. 

6. Close proximity of HPCI or RCIC sup- 

ply and ESW lines has been compensated 
for to some extent by restraints in 

the supply lines. Also, RCS rupture 

in these supply lines can be isolated 

and the core water loss  stopped. The 
resultant special sequence of required 

failures does not dominate the conseq- 

uence probability results. 

Table IV 6-1 -Table IV 6-2 
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TABLE IV  6-3 SEQUENCE AJ-LLOCA/HPSW, PRINCIPAL COMMON MODE POSSIBILITIES AND EFFECTS 

I Common Mode Failure Effect 

1. Rupture of HPSW line in torus com- 1. A HPSW line passes within about 6 
partment by LOCA in HPCI or RCIC feet of the HPCI supply line in the 
steam supply line. torus compartment. The HPCI line is 

restrained at expected break points 
and the surmised HPSW line break does 
not itself cause ioss of HPSW. It 
reduces the available pumps from 4 to 
2 and requires continued closure of 
the normally closed HPSW cross over 
valve at the pump building. The net 
effect of this common mode failure is 
assessed to not influence the release 
probability. 

2. Failure of all 4 HPSW pumps or fail- 2 .  Not significant because of the rela- 
ure of 4 valves of the same type or tively lower probability of all four 
failure of HPSW side of all four heat components of a type failing in the 
e,changers because of similar compo- same time frame. 
nent common mode. 

TABLE Iv 6-4 SEQUENCE SIE-SMALL LOCA (l)/ECI, PRINCIPAL COMMON MODE POSSIBILITIES AND 
EFFECTS 

Common Mode Failure Effect 
~~~ ~ 

1. HPCIS supply line is the LOCA site 1. HPCIS is lost raising failure prob- 
inside drywell between steam header ability. Failure probability de- 
and first isolation valve. creases however because of specific 

location. Net effect is judged to be 
within error spread of failure seq- 

2 .  HPCIS supply line is the LOCA site 
inside drywell between steam header 
and first isolation valve and effects 
of LOCA fail ADS operate air supply 
lines or electrical signal lines to 
valve air operators. 

uence. 

2 .  Same as 1, plus ADS would fail. 
Chance of common mode effects is re- 
latively small because a severed HPCI 
pipe which might move around would be 
a large LOCA and ADS would not be 
needed. Effects of small LOCA would 
be small missiles and jet forces only. 

3. SLOCA in one CSIS injection line. 3 .  Same as large LOCA, effects tending 
to cancel. 

Table IV 6-3 -Tab le  IV 6-4 
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