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ABSTRACT

This report contains information pertaining to definitions, methodologies, and 
applications o f root cause analysis. O f specific interest, and highlighted throughout 
the discussion, are applications pertaining to current and future Nuclear Regulatory 
Commission (NRC) light water reactor safety programs. These applications are dis
cussed in view o f addressing specific program issues under NRC consideration and 
reflect current root cause analysis capabilities.

Fin N o. A6831—Root Causes o f  Component Failures



EXECUTIVE SUMMARY

The Root Causes o f Component Failures Pro
gram was performed for the U. S. Nuclear Regula
tory Commission (NRC) Office o f  Research and 
focused on the development o f a structured meth
odology for determining and categorizing causes o f  
failures reported in the nuclear power ‘industry 
operational event data bases. The methodologies 
developed in the course o f  this program can be used 
to amplify the failure resolution capabilities o f  
probabilistic risk assessment (FRA) and, through 
inclusion o f FRA techniques, produce importance 
measures o f  the various root causes o f  component 
and/or system unavailability, core melt frequency, 
and risk to the public. The program has demon
strated that a data base can be produced that could 
be used by the NRC and industry to focus attention 
on important causes affecting nuclear power plant 
safety system and plant unavailability.

Root cause is defined as the underlying cause o f  
failure of a component. In the context of this 
report, failure is defined in the traditional FRA  
sense as the loss o f  intended function, i.e ., failure 
of a valve to open to the required position is consid
ered a failure. Furthermore, the concept o f  the 
“root-most” cause is introduced to reflect the reso
lution capability o f  the specific event data base 
source analyzed. The existing data bases have dif
ferent reporting requirements, which have some
times changed with time, and the resolution to 
which the root cause can be determined varies. 
T herefore, the recom m ended categorization  
scheme contains multiple levels o f root cause reso
lution. This resolution takes the form o f a general 
cause category with more detailed subcategories 
associated with each cause category.

Two important concepts in root cause analysis 
are root cause fractions and root cause importance. 
Root cause fractions reflect the relationship o f  a 
given root cause to other root causes. These frac
tions are not restricted to a given component but 
could encompass system or plant total failure 
counts. However, the fraction form, while giving 
insights into frequencies o f occurrence, does not 
indicate which causes are most important from a 
safety or unavailability point o f  view. This is 
accomplished by the use o f  root cause importance 
calculations. These calculations are performed by 
using root cause fractions as weighting factors on 
appropriate cut set unavailabilities from a FRA  
quantification. The importance is then calculated 
by simply adding all the root cause weighted cut set

unavailabilities for the specific cause o f interest and 
dividing by the total sum o f the cut sets in the FRA  
calculation. The importance calculations can be 
used to examine generic or specific areas o f  interest. 
In practice, this means that root cause importances 
can be examined for broad spectrum effects, or 
interest can be focused on specific systems or 
plants. The im portance calcu lations yield a 
measure o f  the unavailability due to the individual 
root cause. Therefore, upon completion o f the 
importance calculations, the analyst can make 
definitive statements as to which root causes domi
nate unavailability and are significant contributors 
to plant safety or public risk.

An example root cause importance calculation 
for an auxiliary feedwater system is provided in this 
report. Importances were calculated for the two 
dominant turbine-driven pump failure modes and 
the dominant failure mode o f a motor-operated 
valve. In this example, the dominant root causes 
contributing to turbine-driven pump failures were 
“Accidental maintenance activity,” “Foreign mate
rial intrusion,” and “Initial design error.” The 
dominant root cause o f  failures o f the motor- 
operated valve was “Binding/out o f  adjustment.” 
This example illustrates that dominant unavailabil
ity contributors can be identified and their impact 
can be quantified. The conclusions to be drawn 
from this example are that reductions in system 
unavailability can be made by addressing the issues 
associated with the dominant root causes o f  fail
ure. These issues are, in fact, the areas on which 
NRC Regulatory and Research attention should be 
focused in order to enhance the system reliability.

Root cause analysis techniques are beginning to 
be used in several data analysis applications. The 
NRC’s Office for Analysis and Evaluation o f Oper
ational Data’s Trends and Fatterns Frogram has 
two studies using the categorization list. The Safety 
System Unavailability Study is using the categori
zation list to collect root causes o f  safety system 
unavailabilities reported in each Licensee Event 
Report (LER). The root cause list is also used in this 
program to obtain root causes o f technical specifi
cation violations and shutdowns reported in LERs. 
These causes are not being analyzed with impor
tance calculations, but are providing insights into 
establishing commonality. Root cause analysis is 
also being used to support identification o f aging- 
related causes for the NRC Nuclear Flant Aging 
Research Frogram. In this application, root cause

m



analysis is being used to establish system level 
effects o f  aging. The intent is to identify which sys
tems or components have aging as a dominant con
tributor to unavailability.

Root cause analysis consists o f  two very different 
activities. The first is the data gathering and analy
sis capability. Generation o f a root cause data base 
can provide significant insights into operational 
problems encountered in existing plants and can act 
to focus NRC activities. This type o f  effort can pro
vide additional resolution o f failure rate data and 
common cause data. The data collection effort can 
act as a pivotal program for the integration o f NRC 
data acquisition by integrating and prioritizing the 
data in a uniform manner using root cause as the 
basis.

The second major area o f  application stems from 
the root cause importance calculations and the 
quantification o f  a root cause effect on safety and 
unavailability. A  data base generated using root 
cause as the basis can be used to supply importance 
information by applying PR A analysis. The infor
mation resulting from this effort would have the 
advantage o f defining the root causes o f  failure that 
are important contributors to system and plant 
unavailability. This information could then be used 
by the NRC to efficiently address safety issues and 
by the industry to clearly define and address 
unavailability concerns that affect economic issues.

Time-dependent root causes can be extracted 
during the data gathering process and have signifi

cant application in the area o f  aging effects 
research. Models concerning the time-dependency 
o f these root causes can be developed to provide a 
means to predict the effects o f  the failure mecha
nism. The time-dependent models can not only 
identify the overall effects o f  aging but can quan
tify the more specific effects o f  particular aging 
mechanisms and provide safety system unavailabil
ities or risk as a function o f plant age. This allows 
the determination o f  aging effects on a system or 
component that are insidious causes o f failure but 
are not addressed in probabilistic analysis.

An important conclusion o f the current program 
is that root cause information can generally be 
extracted to a high degree o f resolution, but cannot 
be determined without a manual examination o f  
the failure report. This means that the task is rather 
labor intensive and costly in view o f the large 
amounts o f data available and due to the necessity 
o f obtaining statistically significant results. This 
result leads to the proposal that modifications to 
the failure data reporting procedures be made. This 
report proposes that a reporting scheme be utilized 
that is similar to that for the Nuclear Plant Reliabil
ity Data System (NPRDS), with expanded cause 
codes reflecting root cause and failure mode (for 
PRA use), and augmented with event descriptions 
similar to that o f  LERs. This would enhance the 
ability to use existing data base manipulation tech
niques to extract root cause and component infor
mation.

IV
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ROOT CAUSES OF COMPONENT 
FAILURES PROGRAM: 

METHODS AND APPLICATIONS

1. INTRODUCTION

A structured methodology for determining and 
categorizing the causes o f  the failures reported in 
the nuclear power industry operational event data 
bases has been developed. This methodology, along 
with example applications o f root cause analysis o f  
selected nuclear power plant operational event 
data, is the product o f  the Root Causes o f  Compo
nent Failures Program performed for the Division 
of Risk Analysis and Operations (DRAO) of the 
U.S. Nuclear Regulatory Commission (NRC), and 
is reported below. The applications discussed in this 
report are directed towards filling needs encoun
tered by the NRC, including prioritization o f regu
latory, inspection, research and data collection 
activities.

Previous work with the nuclear power plant 
operational event data has resulted in the identifi
cation o f the components which tended to fail and 
how often they failed, but not why they failed. This 
type o f data manifested itself in probabilistic risk 
assessments (PRAs) in the form o f component fail
ure data organized by failure mode and used for 
basic event input information to fault tree quantifi
cation. Root cause analysis will help clarify the fail
ure resolution capabilities o f PRAs and, through 
inclusion o f PRA techniques, produce importance 
measures o f the various root causes o f various com
ponent and /or system unavailabilities. Most 
importantly, root cause analysis can produce a data 
base that can be used by the NRC and industry to 
focus attention on important causes affecting sys
tem and plant unavailability. This will improve 
nuclear reactor safety and availability.

Root cause is defined as the underlying cause of  
failure of a component. In the context of this 
report, failure is defined in the traditional PRA 
sense as loss o f  intended function, e.g., failure o f a 
valve to open to the required position is considered 
a failure. Furthermore, the concept o f  the “root- 
m ost” cause is introduced to reflect the resolution 
capability o f the particular event report source or 
data base being analyzed. The existing data bases 
have different reporting requirements and the reso
lution to which the root cause can be determined

varies. Therefore, the recommended categorization 
scheme contains multiple levels o f root cause reso
lution. This resolution takes the form o f a general 
cause category with more detailed subcategories.

The concept o f  root cause fractions is introduced 
in order to define the relationship o f a specific 
cause to all other causes. This is not restricted to a 
given component but could encompass system or 
plant total failure counts. The cause fraction is sim
ply the total failure counts for a given cause divided 
by the total count o f  all failures for all causes using 
the boundary o f interest. Generally, this boundary 
is considered to be a surrounding component, but 
can be extended to encompass systems or plants o f  
interest. This operation can be performed easily 
using data base techniques and provides an initial 
ranking procedure for analysis. However the frac
tion form, while giving insights into frequencies o f  
occurrence, does not indicate which causes are 
most important from a safety or unavailability 
point o f  view.

Root cause importance determinations are per
formed by using root cause fractions as weighting 
factors on appropriate cut set unavailabilities from 
a PRA quantification o f the system o f interest. The 
importance calculation yields a measure o f the sys
tem unavailability due to the individual root cause. 
A “cut set” forms the basic output o f  a PRA calcu
lation and is defined as a probabilistic combination 
o f system failures resulting in a failure probability 
or unavailability that, in combination with a 
demand for these systems, would result in the 
occurrence o f the top event o f the model (e.g., sys
tem failure or accident sequence). Importance is 
calculated by simply adding all the root cause 
weighted cut set unavailabilities and dividing by the 
total o f  all the cut sets. Therefore, upon completion 
o f the importance calculations, the analyst can 
make definitive statements as to which root causes 
strongly influence system unavailability. This pro
cedure can be extended to plant considerations via 
sequence calculations o f  core melt frequencies. 
Additionally, the concept o f root cause importance 
can be utilized to produce generic or specific



information. In practice, this means that root cause 
importances can be examined for broad spectrum 
effects, or interest can be focused on specific sys
tems or plants.

Root cause analysis techniques are beginning to be 
used in several data analysis applications. Root cause 
analysis of technical specification violations are being 
conducted for the NRC’s Trends and Patterns Analysis 
Program where Licensee event reports (LERs) contain
ing violations are being reviewed to obtain root causes. 
These causes are not being analyzed with importance 
calculations, but are providing insights into establish
ing commonality in violations. Root cause analysis is

also being used to support identification of aging- 
related causes for the Nuclear Plant Aging Research 
(NPAR) Program.

This report discusses the methodology and the 
results o f data collection and quantification efforts 
to date. Various failure event data bases are dis
cussed with respect to their ability to support a root 
cause analysis. A  detailed determination o f the 
root causes o f  the failures in a pressurized water 
reactor (PWR) auxiliary feed water system is pre
sented as an example. The uses o f  root cause data 
for regulatory and inspection applications are high
lighted throughout the discussions.



2. ROOT CAUSE ANALYSIS DEFINITIONS

This section contains definitions o f the various 
aspects o f root cause analysis.

2.1 Definition of Root Cause

The concept o f  root or root-most cause varies 
among members o f the failure data analysis com 
munity in regard to the level o f detail at which the 
root cause has in fact been determined . Therefore, 
it is necessary to develop a concise root cause defi
nition. However, it is first necessary to define the 
term component failure. The definition o f “ fail
ure” is:

A reduced functional efficiency or effectiveness 
of the component o f interest, or the loss o f  abil
ity o f the component to perform its intended 
function.

Furthermore, the component is considered to be 
“failed” if it is operating outside its given Technical 
Specification range o f operation. Failures should 
not be confused with command faults, which are 
improper commands to a component that cause the 
component to perform in a non-optimal manner or 
even to damage itself.

With the above definition o f failure, it is now 
possible to define root cause. For this program, the 
definition o f “root cause” is:

An underlying or initiating event or condition 
that produces the failure o f a component.

In establishing the root or root-most cause, a fail
ure report is examined to establish a chronological 
order o f the potential root causes. The earliest pre
cursor cause is taken to be the root-most cause. For 
example, a motor-operated valve fails to close 
because the valve operator binds up due to the 
intrusion o f a bolt that corroded and fell into the 
valve body. In chronological order, the causes are 
“Corrosion” (of the bolt), “Foreign material intru
sion” (the bolt entering the valve body), and 
“Binding/out o f  adjustment” (the reason the valve 
failed to close). In this example, the root or root- 
most cause (i.e., the earliest precursor cause) is 
“Corrosion.”

If the chronological order is not evident or distin
guishable, then the report is examined from another 
view called the “push over the edge.” In this latter con
cept, supplemental causes act on the component and 
the root cause is taken as the last necessary condition to 
yield the component failure. A “supplemental cause” is 
defined as an immediate or preexisting condition 
which alone could not produce a failure. Supplemental

causes can be thought of as catalysts that can speed a 
failure but alone could not invoke one. For example, 
consider a building that handles combustible gas. 
Occasionally, a motor will spark when starting. Spark
ing of the motor is an acceptable occurrence. Now con
sider that the gas exit is blocked and the building 
atmosphere is contaminated. An explosion can result if 
the motor starts and sparks. Therefore, the supplemen
tal cause is the motor sparking, and the root cause is 
whatever caused the gas exit blockage. The supplemen
tal cause (motor sparking) only became important 
after the root cause occurrence. Occurrences of supple
mental causes have been noted in the current program 
to be rather infrequent.

For work at the Idaho National Engineering 
Laboratory (IN EL), the chronologica l order 
approach is most commonly used. Often the root 
cause is difficult to establish, since the failure nar
ratives are generally vague. Generally, the root 
cause is taken to be the cause that is confidently 
discerned as the earliest in the chronological order. 
This may not be the true root cause, but it is the 
best estimate that the data will support.

Situations can occur when two or more root 
causes (multiple root causes) act independently and 
simultaneously on different parts or subcompo
nents o f  a given component. During the course o f  
this program, the existence o f multiple root causes 
has been verified. An example o f  this phenomenon 
is an air-operated valve having a simultaneous 
spring tension problem (caused by mechanical set 
point drift) and a pressure regulator problem  
(caused, again, by mechanical set point drift). ̂  In 
this particular case, either subcomponent failure 
can cause the component to operate outside its 
technical specification limits, thus constituting a 
failure. In general, a “root-most” cause would be 
determined by the chronological order o f the fail
ure sequence. In the case o f  the air-operated valve, 
the causes are the same and there is no information 
available on chronological order or information 
useful to establish a “push over the edge” root 
cause. T herefore, m ultip le root causes are 
recorded.

2.2 Root Cause Resolution and 
Categorization Schem e

The root cause categorization scheme was devel
oped to allow identification o f  root causes at



various levels o f resolution. Work performed by 
Los Alamos Technical Associates, Inc.^ formed 
the basis o f  the current categorization scheme. 
A dditional categorization  in form ation  was 
obtained from the failure category lists for com 
mon mode failures prepared by Edwards and 
Watson for the United Kingdom Atomic Energy 
Authority.^ The categorization  schem e was 
reviewed by the NRC and other potential users, 
such as the Institute o f  Electrical and Electronic 
Engineers (IEEE), the Sandia National Labora
tory, and the Oak Ridge National Laboratory.

The scheme is a structured list o f root causes con
sisting o f  three levels o f  resolution. Each successive 
level decomposes the causes o f  the previous level 
into increasingly more specific root causes. While 
root causes are defined as the initiators o f a compo
nent failure, there is often considerable leeway in 
the interpretation o f what the initiator actually is. 
Therefore, the existing root cause categorization 
scheme is not entirely lateral in its level o f resolu
tion (i.e., it is foreseen that, under certain condi
tions, some root causes can be initiators for other 
root causes). The reasoning behind this apparent 
discrepancy is that the formulation o f the third level 
o f the root cause list was, in part, data-driven. This 
ensures that highly detailed failure reports are ana
lyzed to the level o f  detail that they possess, while 
other less detailed reports can still be recorded at 
the second level (or the first level) o f resolution. In 
this way, the list can “roll up” the root causes into 
the major first level categories to obtain an over
view and then closely focus on one particular cate
gory or even specific causes inside that selected 
category.

The first, and most general, level o f root cause cate
gorization consists of: Design/m anufacturing/ 
construction/quality assurance activity (D), 
Supervision/management inadequacy (S), Human 
actions (H), Environmental stress (E), and Unclassifi- 
able cause (U). The first level root cause categories are 
represented by single character codes.

The second level o f  categorization is a further 
reso lu tion  o f  the first level. For exam ple, 
Su p erv ision /m an agem en t inadequacy (S) is 
divided in to  the second level headings 
of: C ontractor/other personnel activity (SC), 
Inadequate human environment (SH), Procedures 
inadequacy (SP), and Training inadequacy (ST). 
All second level root causes are designated by two 
character codes.

The third level o f  cause resolution is the finest 
available for usage. For example, the second level

entry for Procedures inadequacy (SP) is divided 
into the third level causes o f : defective Calibration 
procedures (SPC), defective Maintenance proce
dures (SPM), defective Operational procedures 
(SPG), defective Quality assurance procedures 
(SPQ), and defective Testing/surveillance proce
dures (SPT). The third level root causes are desig
nated by three character codes.

It should be noted that although the Unclassifi- 
able cause (U) category is broken down into second 
and third levels, the third level codes indicate the 
effect o f the failure and are not considered to be 
true root causes. These third level entries are used 
because the true root causes are unidentifiable 
from the failure report.

Table 1 presents the root cause categorization 
scheme. Definitions and additional information 
concerning the root cause categorization scheme 
are presented in Appendix A. Appendix B presents 
actual detailed instruction for root cause coding.

2.3 Root Cause Source Data

Several Component failure data bases were 
examined for use by the Root Causes o f  Compo
nent Failures Program. These data bases were the 
Central Reliability Data Organization (CREDO), 
the Generating Availability Data System (GADS), 
the Gray Books (Licensed Operating Reactors Sta
tus Summary Reports, NUREG-0020), the Institute 
o f  Electrical and Electronics Engineers Standard 500 
Reliability Data H andbook (IEEE 500), the In- 
Plant Reliability Data System (IPRDS), Licensee 
Event Reports as used in the Sequence Coding and 
Search System (LER/SCSS), Nuclear Power Expe
rience, Inc. (NPE), and the Nuclear Plant Reliabil
ity Data System (NPRDS). Appendix C presents a 
brief description and evaluation o f the examined 
data bases.

The choice o f  an acceptable event data base was 
made based on three criteria:

1. Applicability to nuclear plant components,
2. Independent reporting from other data bases, 

and
3. Accessibility in the time span o f the study.
The assessment of the data bases indicated that the

LER/SCSS and NPRDS were acceptable data bases 
for the root cause program even though there is some 
overlap o f reporting between the two data sources. 
SCSS is a data base of LERs that have been encoded 
with regard to the chronological order of the failures



Table 1. Root cause categorization schem e

D Design/manufacturing/construction/quality assurance inadequacy 

DC Construction error or inadequacy 

DCI Initial construction activity 

OCR Retrofit construction activity 

DE Design error or inadequacy

DEI Initial design activity 

DER Retrofit design activity 

DM Manufacturing error or inadequacy

DQ Quality assurance error or inadequacy

DQM Manufacturer quality assurance activity 

DQI Initial construction quality assurance activity 

DQR Retrofit construction quality assurance activity

DQD Initial design quality assurance activity

DQE Retrofit design quality assurance activity 

DR Plant definition requirements inadequacy

DRI Initial definition activity 

DRR Retrofit definition activity 

S Supervision/management inadequacy

SC Contractor/other personnel inadequacy 

SH Inadequate human environment (hazardous)

SHC Calibration activity 

SHM Maintenance activity 

SHO Operations activity 

SHQ Quality assurance activity 

SHT Testing/surveillance activity



Table 1. (continued)

SP Procedures inadequacy

SPC Calibration procedures

SPM Maintenance procedures

SPO Operational procedures

SPQ Quality assurance procedures

SPT Testing/surveillance procedures

ST Training inadequacy

STC Calibration activity

STM Maintenance activity

STO Operations activity

STQ Quality assurance activity

STT Testing/surveillance activity

Human actions

HA Accidental action

HAC Calibration activity

HAM Maintenance activity

HAO Operations activity

HAQ Quality assurance activity

HAT Testing/surveillance activity

HC Communication problem

HCC Calibration activity

HCM Maintenance activity

HCO Operations activity

HCQ Quality assurance activity

HCT Testing/surveillance activity

HP Failure to follow procedures

HPC Calibration activity

HPM Maintenance activity
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Table 1. (continued)

HP Failure to follow procedures (continued)

HPO Operations activity

HPQ Quality assurance activity

HPT Testing/surveillance activity

HM Misdiagnosis

HMC Calibration activity

HMM Maintenance activity

HMO Operations activity

HMQ Quality assurance activity

HMT Testing/surveillance activity

HE Human error (practices)

HEC Calibration activity

HEM Maintenance activity

HEO Operations activity

HEQ Quality assurance activity

HEX Testing/surveillance activity

Environmental stress

EN Acts o f  nature

ENA Atmospheric conditions

ENG Geological/geographic cond

ENM Meteorological conditions

EA Animate causes

EAE Animal encroachment

EAO Aquatic organisms

EAB Metal sheathed bacteria

EC Chemical reactions

ECC Corrosion

ECE Electrolysis



Table 1. (continued)

EC Chemical reactions (continued)

ECF Foaming 

ECS Stratification 

EL Electrical failure

ELA Arcing 

EEC Over/under current 

ELE Electrical overload 

ELR Erroneous/spurious signal 

ELI Insulation breakdown 

ELD Set point drift 

ELT Out o f  calibration 

ELV Over/under voltage 

EE Electromagnetic interference

EEI Inadvertent electrical energy exposure 

EEM Magnetic field exposure 

EEN Noise 

EF Fire/smoke

EH Human caused event

EHD Deliberate acts 

EHU Unintentional acts 

E l Impact loads

EB Materials interaction

EEC Cavitation

EBF Cyclic fatigue

EBB Embrittlement

EBE Erosion

EBM Materials defect

EBR Wear



Table 1. (continued)

EB Materials interaction (continued)

EES Steam impingement

EBW Weld-related flaw

ED Mechanical failure

EDB Binding/out o f adjustment

EDI Foreign materials intrusion

EDE Friction

EDW Improper flow

EDE Improper level

EDU Improper lubrication

EDO Mechanical overload

EDS Set point drift

EDT Out o f calibration

EM Moisture

EMH High humidity

EML Low humidity

EMI Icing

EMW Water intrusion

EP Pressure

EPF Fluctuating pressure

EPH High pressure

EPI Improper differential pressure 

FPL Low pressure

ER Radiation

ERH High-level radiation

ERL Low-level radiation



Table 1. (continued)

ET Temperature

ETF Fluctuating temperature 

ETH High temperature 

ETI Improper differential temperature 

ETL Low temperature 

EV Vibration loads

EVP Flow-induced vibration 

EVM Mechanical vibration 

U Unclassifiable cause

UA Aging/wearout (no other information given)

UN No effects displayed

UE Effects displayed

UEB Burned out

UEC Closed

UEL Leakage

UES Loose

UEM Missing/misplaced

UEO Open

UEP Open circuit

UER Short circuit

UET Tight

UEE Bent/overstressed

UEK Broken

UEE Computer malfunction
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and events at the plant. The LERs are mandatory sub
mittal documents for all licensed nuclear plants. SCSS 
is maintained by the NRC Office for Analysis and 
Evaluation of Operational Data (AEOD). This data 
base aids in sorting the LERs since it is arranged in a 
computer searchable format. The LERs are a mainstay 
in reliability and failure rate analysis work, and were 
chosen for examination after it was ascertained that 
they met the three requirements of independent report
ing, availability and applicability to the root cause pro
gram.

The LER data base dates back to 1964. These 
reports deal with operational events at all U.S. 
nuclear power plants. This generally includes safety 
and safety-support failures and incipient failures in 
these systems. An LER is a utility-prepared narra
tive o f  the failure event and its results, with several 
code characters assigned for significant event rec
ognition and key component search capability. 
Timing-related information, such as the time a 
component is failed (before discovery and/or the 
total downtime), how often the component is sub
jected to maintenance or testing, and the opera
tional time since the last failure, is generally not 
given, although in some instances this can be 
inferred. O ften supplem ental inform ation  is 
needed, such as maintenance and testing proce
dures. An LER may identify the component manu
facturer, but rarely reports the component model 
number. When coded into the SCSS data base, the 
order and interdependency o f occurrences inside an 
LER is clearer, while all the information is still 
retained in the source document.

The NPRDS is a utility-oriented data base managed 
by the Institute of Nuclear Power Operations (INPO). 
Data submission from nuclear plants is voluntary and 
relatively complete. While this data base does have 
some overlap with the LERs, there was still enough 
independent reporting to warrant use.

The NPRDS data base was started in 1974. Due 
to the voluntary nature o f  report submittals, the 
NPRDS data have only really begun to build up to a 
significant level since 1983. The NPRDS records 
have a component failure data section and a com 
ponent engineering section. The failure section 
docum ents the com ponent failure, system (s) 
affected, failure cause codes, failure narrative, time 
span o f the failure event, and corrective actions, as 
well as failure effect codes. The engineering section 
contains design parameters such as operating pres
sure, temperature, or shaft speed. The range o f  
ambient environmental conditions is also given. 
This section also has testing interval data, and the 
date the component was placed in service, as well as

the component model and manufacturer. Because 
o f the design o f the data base, the order o f event 
information is sparse, but generally the failure 
event initiator is encoded by NPRDS as the compo
nent failure.

2.4 Root Cause Fractions

Root cause fractions are used to define the ratio 
o f  a given root cause to all root causes within a 
given boundary. The boundary is generally taken to 
be a given component failing in a given failure 
mode for purposes o f incorporating the root causes 
into a probabilistic risk assessment (PRA) study. 
The numerator o f the root cause ratio, rj, is the 
number o f failures collected for a selected compo
nent that has failed in a particular failure mode, 
due to a particular root cause. The denominator is 
the total number o f root caused failures o f that 
component for that failure mode. This process is a 
normalization o f individual root cause counts to 
the total number o f root cause counts, both col
lected for a given component failure mode. There
fore, the root cause fractions within a given 
boundary will sum up to one.

The root cause fraction concept can be extended 
to encompass larger boundaries where information 
concerning system or even plant root causes o f  fail
ure is desirable. This inform ation, while not 
directly amenable to use in a PRA analysis, could 
be useful in identifying specific or generic problems 
causing failures. In other words, root cause infor
mation could be tied to plant or system effects 
(identifiable from the failure data) to establish the 
general root causes which are affecting unavailabil
ity. Examples o f  this information could be general 
test and maintenance problems, aging-related 
problems, or even management problems impact
ing unavailability.

2.5 Root Cause Importance

Root cause importance is a measure of the contribu
tion o f a given root cause to unavailability, core melt 
frequency, or risk. While root cause fractions define 
the relationship of a root cause to other root causes, 
there is no measure of the true impact of the root cause 
on the component or system under consideration. As 
an example, a given root cause may have a relatively 
high fractional value, but may be associated with a 
relatively unimportant component. Therefore, that 
particular root cause would not contribute signifi
cantly to the system unavailability. The measure of
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importance can only be calculated by tying the root 
cause fraction to the unavailability associated with the 
component in a PRA.

A static evaluation of the root cause importance can 
be calculated using PRA techniques by relating the 
root cause fraction to the component/failure mode 
unavailability contained in the PRA. The evaluation is 
a static one in that time-dependent effects of the root 
causes are not taken into account. For aging-related 
root causes, more dynamic or time-dependent evalua
tions will generally need to be performed to supple
ment these static evaluations. This static evaluation 
process is described in an example in Section 3 with the 
mathematical derivation given in this section. In 
essence, the root cause fractions are used as weighting 
values to the appropriate PRA cut set unavailabilities. 
In a practical sense, the calculation is performed by 
decomposing the appropriate PRA basic events into 
their respective root causes with the basic event unavail
ability shared proportionally among the root causes. 
The latter can be accomplished by either the weighting 
o f the cut sets after the PRA calculation has been per
formed or by decomposing the fault tree basic events 
into their root causes and quantifying the resulting tree. 
Decomposition o f the fault tree basic events is only 
practical on system-level calculations as the number of 
resulting cut sets can become extremely large.

Unlike root cause fractions, root cause impor
tance must remain tied to PRA basic events. How
ever, generic or specific inform ation may be 
obtained using importance calculations. In the 
generic sense, root cause importance can be exam
ined across a broad spectrum of systems or plants, 
or specific results can be obtained for specific sys
tems or plants as supported by the available specific 
data. It is important to note that when plant level 
information is obtained, the root cause importance 
is related to the contribution of the root cause to 
the core melt frequency resulting from accident 
sequence calculations.

The following is a derivation o f the calculation 
o f root cause importance using the root cause frac
tions. With root cause fractions, it is possible to 
determine the effect o f  a particular root cause on 
the occurrence o f  the fault tree top event. One 
method o f performing this is by using the Fussell- 
Vesely importance function, F''. This function^ is 
defined as

I = C£ Q * ) / Q ( 1)

where

m the number o f cut sets that contain the 
basic event o f  interest

Q -  the system total or top event unavaila
bility

Q* = cut set unavailability.

Equation (1) can be modified to yield a root 
cause importance. The numerator is redefined as a 
summation o f root cause weighted Q* values. Let

Bi = A r; (2)

where

A the Accident Sequence Evaluation 
Program hardware weighting factor. 
For example, the TDP FS value is 
(pump failures in the “Fails to start” 
m ode)/(total pump failures). If other 
system models are used, A = 1.0

rj =  the root cause ratio (see Section 2.4).

Then define the complement, as

B' = 1 - A r, (3)

Using Equation (3), an expression for the summa
tion o f all necessary root cause weighted values is 
obtained.

Num -  2  Q* (1 - n  B j) (4)

where

Q* = a cut set unavailability

n = the number o f cut sets that contain 
component basic events o f  interest

j = the number of basic events in a cut set 
o f interest.

The parenthetical term in Equation (4) is the proba
bility that at least one of the cut set components is 
failed due to root cause i. Equation (4) is the root 
cause contribution to the system unavailability. The 
normalized importance o f the root cause i over all 
root causes is

12



I i  = Num /  2  Num Each root cause cut set unavailability ,

Q* ( 1  - n  B j ), is simply the unavailability which

is caused by root cause i. The normalized root 
= y  Q* (1 - TT B - ) /  y  Num (5) cause importance, Ij, is the fraction o f system

3 „ unavailability due to a particular root cause.

13



3. ROOT CAUSE IMPORTANCE METHODOLOGY EXAMPLE

The following example is presented to give the 
reader an understanding o f how root cause impor
tances are calculated and how they can be applied. 
A  calculation o f root cause importance and results 
are presented here for an auxiliary feedwater system 
(AFW) model. This AFW  model is taken from the 
Accident Sequence Evaluation Program (ASEP). 
The root causes o f  failures for the turbine-driven 
pumps and motor-operated valves are treated in 
this example as a demonstration o f the mechanics 
o f applying root causes to existing PRAs.

are under development to include unclassifi
able entries in this type o f  analysis, and inclu
sion will be implemented in work for the 
NPAR program.

5. The accident sequence probabilities from ASEP 
were divided by the initiating event frequency 
(for transients that leave the power conversion 
system available). This yielded the conditional 
unavailabilities, Q*s (Appendix E, Tkble E-1). 
Cut sets with sequence probabilities lower than 
1 .OE-08 were not considered in this analysis.

3.1 Description of the System 
Model

The particular AFW  model chosen utilizes two 
turbine-driven pumps. The system schematic is 
shown in Figure 1. Only the two dominant pump 
failure modes. Fails to run/operate (FP) and Fails 
to start (FS), and the dominant motor-operated 
valve failure mode. Fails to open (FD), were exam
ined for their root cause importance. Failures o f  
other components in the AFW system were not 
decomposed into root cause contributions.

The pump and valve unavailabilities were decom
posed into failure mode contributions by the use o f  
a weighting factor to align the unavailabilities with 
failure mode specific root cause fractions. This 
allowed the determination o f root cause contribu
tions to specific failure modes.

There are several assumptions made for this 
example:

1. Pump unit failures were assumed to be the major 
contributor to the AFW hardware failure basic 
event probability. This resulted in slightly con
servative pump failure probabilities.

2. Only hardware failures were examined. Actu
ation failures, test and maintenance outages, 
electric power faults, and recovery actions 
were not considered.

3. The root cause data used in the example were 
taken from the Licensee Event Report a n d . 
Nuclear Plant Reliability Data System data 
bases. The values used in this analysis are 
given in Appendix D.

4. The root cause fractions do not include 
unclassifiable entries. Only valid Level 3 root 
causes (the most detailed causes) are evalu
ated here. See Appendix E for a sample eval
uation o f root cause importance. Techniques

3.2 Results

The example results are presented here in tabular 
and bar chart fashion. Table 2 shows the normal
ized root cause importances that were calculated. 
Examination o f Table 2 gives “Accidental mainte
nance action,” “Foreign materials intrusion,” and 
“ Initial design error” as the largest root cause con
tributors for turbine-driven pumps failing to start. 
Sim ilarly, “A ccidental m aintenance a c t io n ,” 
“Binding/out o f  adjustm ent,” and “ Improper 
lubrication” are the largest root cause contributors 
for turbine-driven pumps failing to run. This is 
more easily seen from the bar charts given in Fig
ures 2 and 3.

For motor-operated valves, “B inding/out o f  
adjustment,” “Corrosion,” and “Mechanical set 
point drift” gave the largest root cause contribu
tions in the failure to open mode. A bar chart for 
motor-operated valves is given in Figure 4.

Figures 2, 3 and 4 share the same scale for root 
cause importance. The magnitudes o f  the turbine- 
driven pump failure-to-start contributors are the 
largest o f  the root cause importances because the 
AFW pumps are standby equipment and the fails- 
to-start mode dominates the failure modes.

This example is meant to serve as an introduction 
to root cause applications. It is difficult to draw 
meaningful conclusions from this data since it is a 
tutorial example, and the analysis was restricted by 
data availability to only two components. However, 
from Figure 2 it appears that perhaps turbine- 
driven pump maintenance procedures and training 
should be examined. During walk down tours, 
turbine-driven pump cleanliness should be exam
ined, and the plant water chemistry should be 
checked. For motor-operated valves, stem binding 
and limit switch adjustment appear to be problems 
that should be resolved.

14
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Figure 1. Auxiliary feedwater system Model 8, schematic diagram.
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The method of applying root causes to existing 
PRAs is straightforward. The method’s simpUcity and 
the fact that existing PRA information is utilized pro
vide a cost-effective, advantageous means to evaluate 
root cause impacts. When the root cause impacts have 
been adequately identified, work on corrective

measures to eliminate or reduce the significant impacts 
can be performed. As more root cause data collection 
is performed, the root cause fractions will become bet
ter defined, and more components and their failure 
modes will be treated. This will give a foundation to 
perform more complete analyses.
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Table 2. Normalized root cause importance for TDPs and MOVs

Root Cause

Normalized Root Cause Importance

Root
Cause
Code

Turbine-Driven 
Pump, Fails 

to Start

Turbine-Driven 
Pump, Fails 

to Run

Motor-Operated 
Valve, Fails 

to Open

Initial design error DEI 9.93E-02 2.46E-03 3.75E-03
Manufacturing error DM 0 0 1.89E-03
Inadequate maintenance procedures SPM 0 1.23E-03 0
Inadequate operations procedures SPO 0 2.46E-03 0
Inadequate testing procedures SPT 3.50E-02 2.46E-03 0

Inadequate training in calibration STC 0 0 5.65E-03
Inadequate training in operations STO 0 0 3.50E-03
Inadequate training in testing STT 0 1.23E-03 0
Contractor error SC 3.50E-02 1.23E-03 0
Accidental maintenance action HAM 1.65E-01 6.15E-3 0

Accidental operations action HAO 3.50E-02 1.23E-03 0
Accidental testing action HAT 0 1.23E-03 0
Failure to follow maintenance procedures HPM 0 2.45E-03 0
Failure to follow operations procedures HPO 3.50E-02 0 0
Failure to follow testing procedures HPT 3.50E-02 2.46E-03 1.89E-03

Adverse atmospheric condition ENA 0 1.23E-03 0
Corrosion ECC 3.50E-02 1.23E-03 7.54E-03
Arcing ELA 3.50E-02 0 0
Insulation breakdown ELI 0 0 1.89E-03
Electrical set point drift ELD 3.50E-02 2.46E-03 0

Wear EBR 0 3.69E-03 1.89E-03
Binding/out o f  adjustment EDB 6.88E-02 6.15E-03 1.67E-02
Foreign materials intrusion EDI 1.34E-01 1.23E-03 1.88E-03
Improper lubrication EDU 3.50E-02 4.93E-03 3.75E-03
Mechanical overload EDO 3.50E-02 0 0

Mechanical set point drift EDS 3.50E-02 1.23E-03 7.51E-03
Water intrusion EMW 0 0 1.89E-03
Flow-induced vibration EVE 3.50E-02 0 0
Mechanical vibration EVM 0 1.23E-03 1.89E-03
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Figure 2. AFW  example o f  turbine-driven pumps, fails to start.
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Figure 3. AFW  example o f  turbine-driven pumps, fails to run.
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Figure 4. AFW example o f  motor-operated valves, fails to open.
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4. UTILIZATION OF ROOT CAUSE TECHNIQUES

Included in this section are discussions on cur
rent programs using root cause techniques and 
potential applications o f  root cause analysis.

4.1 Current Programs Using Root 
Cause Techniques

Since the Root Cause Categorization Scheme 
was compiled in 1984, several other failure data 
programs have adopted it for use.

4.1.1 Analysis of Safety  System  Unavailability 
P ro g ram . The A n a lysis  o f  Safety  System  
Unavailability Program scanned the 1984 Licensee 
Event Reports (LERs) for reports containing safety 
system faults. Once a report containing a safety 
system fault was found, the report was examined in 
detail to ascertain the root cause o f failure. The 
root cause categorization list was used as a basis to 
assign the root cause. This information has appli
cation to the activities o f  many groups, including 
regulators, inspectors, and com ponent aging 
researchers.

4.1.2 Trends and Patterns Analysis. The Trends 
and Patterns Analysis of Technical Specification Viola
tion LERs Program also uses Licensee Event Reports. 
After a computer sort, coders manually assign root 
cause codes to human or component faults that result 
in technical specification violations. As with the Safety 
System Unavailability Program, the root cause catego
rization list is used.

Initiation o f  several other Trends and Patterns 
programs is currently underway. These programs, 
which also utilize the root cause list, include: Engi
neered safety features (ESP) actuations, train 
unavailability, and component challenge frequency 
programs.

4.1.3 N u c lea r P la n t A ging R esea rch  
Program . The Nuclear Plant Aging Research 
Program is currently making extensive use o f root 
cause techniques to identify and quantify the sys
tem effects o f aging-related failures. There are two 
major efforts in progress. The first entails creation 
of a computer-generated data base that consists o f  
five major failure categories. These categories 
include “Aging and service wear,” “Testing and 
m a in ten a n ce ,” “ D esign  and in s ta lla t io n ,” 
“Human-related,” and “Other.” These failure cat

egories will be analyzed for system level importance 
using root cause importance techniques. The intent 
o f  this analysis is to establish which system / 
component combinations exhibit dominant aging- 
related failures. Once this has been established, 
then attention can be focused on these combina
tions to determine dominant root cause contribu
tors. This type o f root cause application allows 
relatively inexpensive broad category identification 
o f the important systems and unavailability effects. 
The affected systems and important categories can 
then be focused on and decomposed into root 
causes and their importance. Therefore, a full root 
cause analysis is performed only on those systems 
and categories that have been demonstrated to be 
important.

The second major effort consists o f  a detailed 
root cause and importance determination for three 
plant systems chosen because o f  their safety signifi
cance. The systems under examination are a PWR 
Class IE electrical power distribution, a PWR  
service water, and a BWR service water. The intent 
o f this effort is to determine root causes o f com po
nent failures for these systems with emphasis on  
aging degradation. An important consequence o f  
the collection effort is the acquisition o f  time- 
dependent failure data. This data will be utilized in 
conjunction  with tim e-dependent failure rate 
model developments. The outcome o f this effort 
will be an analytical process that will allow the 
examination o f component/system aging effects in 
a time-dependent manner. This will allow predic
tive techniques for estimating system unavailability 
due to aging effects to be utilized in assessing plant 
safety.

4.2 Potential Applications of Root 
Cause Analysis

This section will discuss applications o f root 
cause analysis techniques pertinent to current and 
future NRC activities.

4.2.1 A pplications to  the  NRC Office of Nuclear 
Reactor Regulation and to  th e  Office of Inspec
tion and Enforcem ent. The various aspects o f  
root cause analysis have direct application to the 
activities conducted by the Office o f Nuclear Reac
tor Regulation (NRR) and by the Office o f Inspec
tion and Enforcement (IE). Root cause techniques
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can supply the motive force to focus regulatory and 
inspection efforts in a prioritized manner on those 
areas most needing attention. Data collection  
efforts could produce a root cause data base that 
would be capable o f  producing importance infor
mation relatable to general or specific issues. This 
information could then be utilized as indicated in 
the following discussion.

Identification o f the dominant root causes 
affecting core melt frequencies and public risk 
would allow NRR and IE to evaluate the effective
ness o f their programs in addressing these root 
causes. Depicted in Figure 5 is a schematic o f this 
process. This would allow regulatory or inspection 
decisions to be evaluated against the impact on 
quantifiable risk in a manner so as to prioritize 
activities and resources. This ability ensures that 
the most important root causes o f risk contributors 
are addressed effectively. For example, root causes 
can be related to Technical Specification (TS) func
tions. The dominant TS-related root causes will 
identify those TS areas which should be focused 
upon. Then causes o f failure from such activities as 
testing, maintenance, and repair can be identified 
and related to TS improvements which can be car
ried out. Additionally, identification o f root cause 
contributions to risk will allow more meaningful 
cost benefit evaluations to be performed, since the 
proposed modifications can be evaluated in terms 
o f their effectiveness in addressing and reducing 
specific root cause contributions.

The generality o f  a root cause can be identified 
by determining the number o f components, sys
tems, or plants which have this root cause as a dom
inant contributor. The root causes can then be 
categorized in terms o f regulations and the regula
tory activities whose function it is to control the 
risk from the root causes. The regulations and regu
latory activities can then be assessed as to how 
effective they are in controlling these root causes 
and assuring their risk contributions are accept
able.

The variations o f core melt frequency, public 
risk, and system unavailability which exist among 
different plants, as determined by PRAs, can be 
examined in terms o f root causes. This can give crit
ical information as to what underlying conditions 
and factors cause risk to be high or low. Whenever 
any core melt frequency or public risk is assessed to 
be higher than the safety goal, then the dominant 
root causes should be identified to focus efforts to 
reduce that frequency or risk.

4.2.2 A p p lica tio n  to  th e  NRC O ffice  of 
Research FRA Programs. Root cause analysis 
will support the Plant Risk Status Information 
Management System (PRISIM) Program currently 
being conducted by the Office o f Research. The 
PRISIM Program is developing plant specific soft
ware that will allow NRC resident inspectors to 
monitor a given plant’s risk on the basis o f  present 
operational and equipment status conditions. This 
software will use PRA-based plant specific infor
mation to quantify risks and risk contributors on 
the basis o f  a given “as built” operational condi
tion. Root cause information is used in the context 
of supplying probable causes of failure for the vari
ous components. In this sense, root causes o f fail
ures are related to system and component failures. 
Therefore, in the PRISIM systems, this use o f root 
cause data is for informational use only, as it is not 
used in the quantification process. Significant data 
gathering efforts will be required to support the 
PRISIM efforts and supply the detailed informa
tion concerning root causes o f component failures 
for the various plants.

4.2.3 A p p lica tio n  to  th e  NRC O ffice  of 
Research: Nuclear P lant Aging Research Pro
gram. Current applications o f root cause analysis 
to the Nuclear Plant Aging Research Program were 
discussed in Section 4.1. The intent o f  this section 
is to expand upon the possible applications where 
root cause techniques could be o f benefit in accom
plishing the program goals. The program goals, in 
essence, are to evaluate aging effects and causes, 
and to identify regulatory and research issues asso
ciated with nuclear power plant aging. Addressing 
aging-related problems then allows plant life exten
sion to become feasible. In order to accomplish this 
task, PRA techniques utilizing root cause analysis 
are necessary ingredients in the execution o f the 
program.

The risk importance o f  aging-related failures can 
be identified by grouping all aging-related failure 
causes under a broad aging category. Additional 
categories can be constructed for other general 
modes o f  failure. This is essentially what is being 
done for selected Light Water Reactor (LWR) sys
tems in the current support for the aging program. 
The contribution o f aging-related root causes to 
core melt frequency, public risk, and safety system 
unavailability can then be determined by quantify
ing the relative contribution o f the general aging 
root cause category to the various risk measures. 
Results from this type o f  importance determination 
effort are indicative of systems or areas where aging
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is an important risk contributor and thus defines 
where regulatory and research efforts should be 
focused.

Where it has been determined that aging is an 
important risk contributor, the broad aging category 
can then be decomposed into specific aging root causes 
to identify their specific contributions. The root cause 
list and the importance calculation methods developed 
in the Root Cause Program are particularly amenable 
to this type of hierarchical analysis procedure. Further
more, the evaluation of the aging-related root cause 
contributions can also identify whether the importance 
of aging is due to local effects or is due to broad generic 
effects impacting multiple components. The specific 
components which are most affected can also be identi
fied. It must be pointed out that in order to accomplish 
an importance analysis o f this nature, significant data 
acquisition efforts must be performed.

An additional aspect o f  the Root Cause Program 
with significant applicability to the Nuclear Plant 
Aging Research Program is the ability to determine 
the time-dependency o f aging effects associated 
with specific aging root causes. This allows aging 
effects to be related to in-service time, thus develop
ing a time-dependent failure data base. From this 
data base, time-dependent failure rates can be 
obtained. The methods for this type o f  analysis are 
still being developed with the initial models and 
applications presented in Reference 5. The follow
ing discussion addresses the applicability o f these 
capabilities to the aging program.

Time-dependent evaluations o f aging effects 
determ ine the absolute effects o f  aging on  
component/system unavailability, core melt fre
quency, and public health risk. The time-dependent 
models can not only identify the overall effects o f  
aging but can quantify the more specific effects of 
particular aging mechanisms. This is accomplished 
through the determination of the time-dependent 
root causes that pertain to specific aging mecha
nisms. The time-dependent aging analysis couples 
with the root cause analysis since the tim e- 
dependent analysis will focus on those areas where 
the root cause analysis identifies aging as an impor
tant relative contributor. The results produced by 
the time-dependent models give unavailability or 
risk as a function o f plant age. This allows the 
determination o f aging effects on a system or com 
ponent that are insidious causes o f failure but not 
usually identified in the failure reports. As an 
example, the reports identify a failure that upon 
examination reveals itself to be attributable to an 
aging mechanism. Once this type o f data is col
lected, the time-dependent models can predict the

system unavailability due to the accumulated aging 
effects on the system. It should be pointed out that 
this information is not available in a PRA calcula
tion where the data is treated as static and the con
tinuous effects o f  the aging mechanism are not 
represented. In this sense, PRA analysis can signifi
cantly underestimate the effects o f  aging.

In summary, the analysis techniques discussed 
above allow regulatory and research attention to be 
focused on aspects o f safety that are not currently 
being addressed. The modeling o f aging-related 
effects in a time-dependent manner allows aging 
effects to be examined and evaluated in a more 
explicit manner, thereby more efficiently address
ing plant safety and possible problem areas that 
would be encountered in plant life extension.

4.2.4 A pplications to  PRA. The link o f root 
cause analysis to PRA is an obvious step necessary 
to support the applications discussed in the above 
sections. In general, root cause can be viewed as an 
additional level o f  resolution o f the basic events 
found in PRA analysis. Root causes can be evalu
ated on a component-specific or on a generic level. 
In fact, a regulator or researcher may not be inter
ested in root cause or aging effects on  
component A . Rather, he may be interested in the 
effects on all similar components in the system in 
order to make decisions concerning root cause fail
ures at a system or plant level. This is a rather dif
ferent analytica l q u estion  than  basic event 
decomposition into root causes.

Problems arise when basic event decomposition  
is performed. There must be a unique identifier 
for each specific com ponent/cause combination. 
This vastly increases the com putational time 
needed to reduce the expanded fault trees. Should 
this calculation be performed, the importance o f  a 
specific com ponent/cause combination is readily 
obtainable. However, should importance on all 
similar components for a given cause be desired, 
the aggregation  o f  the various sp ec ific  
com ponent/cause importances for a given cause 
would significantly overestimate the cause impor
tance. This overestimation results from multiple 
counting o f  cut set values where multiple similar 
components exist. Gathering the cut set values 
where any com ponent/cause exists and ignoring 
the fact that some o f the cut sets contain multiple 
components o f  interest would give an accurate 
estimate o f  the cause importance. The analyst is 
still faced with the expense o f  the calculation and 
a manual examination o f  the cut sets or the use o f  
a postprocessor on the cut sets. Methods are
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currently being developed in the Root Cause Pro- An additional application o f root cause to PRA
gram that will postproeess PRA cut sets contain- analysis lies in the coupling o f PRA results to the
ing basic events that have not been decomposed time-dependency information obtainable on a root
into their root cause contributors. These tech- cause basis. The primary area o f application is in
niques will accurately calculate root cause impor- the assessment o f aging effects as discussed above
tance and will not impose the cost o f  a detailed in connection with the Nuclear Plant Aging
PRA calculation when it is not necessary. Research Program.
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5. CONCLUSIONS

The Root Causes o f Component Failures Pro
gram has developed a structured methodology for 
determining and categorizing causes o f  failures 
reported in the nuclear industry’s operational event 
data bases. The prime attribute o f  root cause analy
sis lies in its ability to identify why components 
have failed. Thus, the usefulness o f  the reported 
data is improved from primarily yielding failure 
rate information to providing guidance in the area 
o f improving operational performance. Root cause 
analysis is intended to extend the failure resolution 
capabilities o f  PRA and produce measures o f the 
contribution o f various root causes to component 
and/or system unavailabilities. Most importantly, 
the approaches developed could be utilized to pro
duce a data base that would be useful to the NRC 
and to industry in focusing attention on important 
causes o f  system and plant unavailability.

Root cause analysis techniques are currently used 
in several data analysis applications. The major 
application area lies in the Nuclear Plant Aging 
Research Program being conducted at the INEL. In 
this application, root cause analysis is used to sup
port identification and importance quantification 
o f aging-related causes o f component failures.

It is evident that correct and cost-effective deci
sions must have a firm foundation in historical 
operational experience and must reflect current 
safety and operational trends. In order to support 
the needs o f  the NRC and in view o f the proposed 
applications presented in Section 4.2, a data collec
tion effort is necessary to gain more detailed infor
mation on selected systems o f safety significance. 
The systems selected for the detailed root cause 
analysis would be chosen on the basis o f prioritized 
importance ranking for risk contributors affecting 
safety.

An examination o f the various nuclear plant 
component failure data bases (Appendix C) and 
experience gained during the Root Cause Program 
demonstrate that inadequacies exist in the form 
and content o f  existing data bases. Because o f the 
form o f the current operational data bases, the 
gathering o f information needed to carry out the 
applications presented in this report are labor- 
intensive. The LER and the NPRDS data bases 
have been found to be the most useful sources of

root cause and aging-related failure data. While the 
NPRDS reports contain most o f the information 
required for root cause analysis, they are part o f a 
voluntary commercial undertaking. The LERs are 
the official NRC event reporting scheme and are 
required by law for events concerning plant opera
tional events or transients. While the root cause o f  
a failure is required in the reporting by current law, 
several inadequacies remain concerning the LERs. 
The most significant inadequacy lies in the event 
nature o f  the data base. The reports are written 
only if an event or transient occurs. Therefore, 
many com ponent/system  failures remain unre
ported. Such failures would be extremely useful in 
generating a viable data base from which statisti
cally significant information could be obtained. 
Another significant inadequacy o f the LER report
ing system is that the component involved in the 
event or causing the transient is not, in general, 
clearly described with detailed component engi
neering data. This situation is clearly inadequate 
for the foreseeable applications discussed in this 
report, and much better data is needed for future 
support o f the NRC decision-making process.

Therefore, it is suggested that the required 
reporting schem e be m odified  to include  
engineering-, aging-, and testing and maintenance- 
related information. The reporting o f information 
of this nature would allow the creation of a data 
base o f operational experience that would be 
responsive to the increasingly detailed needs of the 
NRC activities. A  data base o f this nature would 
have an additional attribute: the ability to be 
manipulated by data base techniques so as to per
mit cost-effective data retrieval for future activities, 
but without the necessity o f  manually reviewing the 
reports to extract the root cause, aging, and compo
nent engineering data as is currently done. These 
data collection efforts could focus on the safety 
and support systems or components important to 
risk. These data include related engineering and 
root cause information. This information should 
be solicited whether an event or transient has 
occurred or not. The informational content and 
form o f  the N PR D S reporting scheme, with 
expanded cause codes to delineate root causes o f  
component failure, could act as a model for the 
modification o f  the required reporting scheme.
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APPENDIX A

THE ROOT CAUSE CATEGORIZATION SCHEME 
DESCRIPTION AND DEFINITIONS

The descriptions and definitions for the cause 
codes for the Root Cause Categorization Scheme 
(or list) are presented in this appendix. The follow
ing presents the definitions for each o f the entries in 
the Root Cause Categorization Scheme:

D Design /  manufacturing /  construction /
quality assurance inadequacy

This is the general group o f causes associated 
with decisions or events that generally take 
place before the plant is operational. This 
group o f causes is generally outside the pur
view o f operations personnel.

DC Construction error or inadequacy

This code is applied when the construc
tors do not follow instructions, abuse 
equipment, or use poor practices in 
matters normally left to the judgment 
o f the installers.

DCI Initial construction activity

OCR Retrofit construction activity

DE Design error or inadequacy

This code is applied where the designer 
uses a wrong table or equation, errs in 
making a calculation, allows inade
quate margin, misapplies equipment, 
or fails to provide error-free drawings 
and specifications to manufacturing.

DEI Initial design activity

DER Retrofit design activity

DM Manufacturing error or inadequacy

This code is applied when manufactur
ing personnel do not follow the design
er’s instructions, allow manufacturing 
processes to go out o f  control, or allow

damage to occur to the manufactured 
items while in storage.

DQ Quality assurance error or inade
quacy

This code is applied when design, con
struction, or manufacturing personnel 
do not properly perform quality assur
ance on this work.

DQI Initial construction quality 
assurance activity

DQR Retrofit construction qual
ity assurance activity

DQD Initial design quality assur
ance activity

DQE R etrofit design  quality  
assurance activity

DQM Manufacturer quality assur
ance activity

DR Riant definition requirem ents 
inadequacy

This is the most basic design-related 
inadequacy—the failure to invoke the 
proper set o f  design requirements on the 
component. For example, the design 
requirements call for an ambient tem
perature o f  100°F, whereas the actual 
temperature frequently exceeds 115°F.

DRI Initial definition activity

DRR Retrofit definition activity

Supervision/management inadequacy

This group o f causes is directed to utility man
agement and includes failure areas of supervi
sion or management. Management is considered 
responsible for nonplant personnel working
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within the plant. It is considered an error in 
supervision to send personnel into a hazardous 
enviroiunent without proper protective clothing. 
Inadequate procedures arise from improper 
managerial control. This is also true o f inade
quate training programs.

SC Contractor/other personnel activtty

This cause code applies to contractors 
or other nonplant personnel who are 
working in the plant area, but are not 
plant employees. This code is used for 
errors such as a contractor inadver
tently tripping a circuit breaker in the 
work location or incorrectly performing 
his function so as to cause a component 
to fail.

SH Inadequate human environment

This cause code is applied when the 
working environment is hazardous or 
extreme, containing such factors as high 
heat, excess noise, steam leakages, or 
high radiation.

SHC Calibration activity

SHM Maintenance activity

SHO Operations activity

SHQ Quaiity assurance activity

SHT Testing/surveillance activity

SP Procedures inadequacy (ambigu
ous, incomplete, erroneous)

This is the group o f causes associated 
with procedures, written or not, that are 
the prescribed way o f operating and 
maintaining the equipment. An ambig
uous procedure is one that lacks clarity, 
or one that can easily be misinterpreted. 
An incomplete procedure is one that 
omits an important detail or assumes 
the operator knows more than is nor
mally expected. An erroneous proce
dure is one that, if followed exactly, 
would lead to an undesirable result.

SPC Defective calibration proce
dures

This code applies to procedures 
on when and how to check for 
calibration error, and how to 
recalibrate.

SPM Defective maintenance pro
cedures

This code applies to procedures 
on when and how to maintain 
the p lant equ ipm ent. It 
includes schedules and proce
dures for preventative mainte
nance as well as procedures for 
repairing failed equipment.

SPO Defective operational pro
cedures

This code applies to procedures 
on how to operate the plant, as 
well as procedures that tell 
operators when and how to 
start, stop and make operating 
adjustments in equipment.

SPQ Defective quaiity assurance 
procedures

This code applies to procedures 
on how to check and ensure the 
quality o f  plant equipment.

SPT Defective testing/surveiiiance 
procedures

This code applies to procedures 
on when and how to test plant 
equipment and follow surveil
lance instructions.

ST Training inadequacy

This cause code is used to describe per
sonnel who fail because o f  poor or 
improper training, or because o f unfa
miliarity with the power plant.

STC Calibration activity

STM Maintenance activity
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STO Operations activity

STQ Quaiity assurance activity

STT Testing/surveillance activity

H Human actions

These are human errors o f  omission and com 
mission and accidental human actions com 
m itted during plant operation  and  
maintenance. (“Design inadequacies” and 
“ Procedure inadequacies” are o f human ori
gin also, but are remote from the on-line deci
sions that must be made by a plant operator.)

HA Accidental action

This cause is used when the human 
action is purely accidental. For exam
ple, the plant operator is correctly fol
low ing the appropriate calibration  
procedure, but the screwdriver slips and 
short-circuits the signal line.

HAC Calibration activity

HAM Maintenance activity

HAO Operations activity

HAQ Quality assurance activity

HAT Testing/surveillance activity

HC Communication problem

This cause is used when personnel 
encounter a communication discrep
ancy or problem, either written (such as 
plant orders or memos) or oral (such as 
poor telephone connections or noise). 
This code is not used for difficulties 
with procedures.

HCC Calibration activity

HCM Maintenance activity

HCO Operations activity

HCQ Quality assurance activity

HCT Testing/surveillance activity

HP Failure to follow procedures

This cause is used when the procedures 
are correct, but plant personnel fail to 
follow the procedures.

HPC Calibration activity

HPM  Maintenance activity

HPO Operations activity

HPQ Quaiity assurance activity

HPT Testing/surveillance activity

HM Misdiagnosis (followed wrong pro
cedures)

This cause code applies when plant per
sonnel, through misdiagnosis, choose 
the wrong procedure to follow.

HMC Calibration activity 

HMM Maintenance activity 

HMO Operations activity 

HMQ Quality assurance activity 

HMT Testing/surveillance activity 

HE Human error

This cause is used when personnel per
petrate an error o f  com m ission by 
exceeding an appropriate procedure. 
An example is an operator overtorquing 
a valve when directed to close it. These 
types o f  errors are usually termed 
“good practice” errors.

HEC Calibration activity

HEM Maintenance activity

HEO Operations activity

HEQ Quality assurance activity

HET Testing/surveillance activity
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Environmental stress EAE Animat encroachment

These cause codes apply to environmental 
stresses that may be either the sole cause or 
one o f two or more causes that together are 
the cause o f  a component failure. Generally, 
an abnormal stress may be a sole cause, 
whereas an ambient stress usually acts in con
junction with another cause. With the excep
tion o f  the “Acts o f nature” and “Human 
caused events,” the stresses are considered to 
be induced by the plant environment.

EN Acts of nature

This cause code applies selectively to 
those causes that are in no way induced 
by the plant itself. Examples are earth
quakes, tornadoes, floods, lightning, 
and precipitation.

ENA Atmospheric conditions

This code is used for condi
tions that are more or less sta
ble and originate due to climate 
or other location-dependent 
conditions. This includes high 
or low barometric pressure, 
high or low atmospheric tem
perature, and saline a tm o
sphere.

ENG G eo io g ica i /  g e o g ra p h ic
conditions

T his includes avalanche, 
landslide/mudslide, and seis
mic activity.

ENM Meteorological conditions

This includes weather condi
tions such as electrical storm, 
high wind, hurricane, light
ning, tornado, tsunami, rain or 
freezing rain, hail, and snow.

EA Animate causes

This cause code relates to failures 
involving nonhuman animate causes.

This includes such animals as 
rats, field mice, and birds.

EAG Aquatic organisms

This includes such aquatic  
organisms as fish and snails.

EAB Metai sheathed bacteria

This includes bacteria that 
attack pipe walls.

EC Chemicai reactions

This cause code applies to chemical 
reactions between the component and 
chemicals in the process or in the envi
ronment that cause corrosion, foaming, 
or electrolysis.

ECC Corrosion

This cause has several forms: 
corrosive agent exposure, gal
vanic corrosion, oxidation cor
rosion , stress co rro sio n /-  
intergranular stress corrosion 
cracking (IGSCC).

ECE Electroiysis

This is the decomposition o f a 
substance by electric current.

EOF Foaming

This is a frothing that is caused 
by chemical impurities.

ECS Stratification

This is a condition where a for
m erly m ixed chem ical sub
stance separates and forms 
layers o f  constituent elements.

EL Eiectricai faiiure

This cause code is used for electrical 
items where more detailed information 
is not obtainable. These causes interfere
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with the function of electrical com po
nents. Defective circuits are coded as 
EL failures. For example, blown fuses 
are recorded here if no better informa
tion about the case exists.

ELA Arcing

This is a condition of electric 
current breaking down air and 
spanning a gap between open 
contacts.

EEC Over/under current

This is a condition o f too high 
or too low current.

ELE Electrical overload

This refers to more power 
demanded or delivered than 
the component is designed for.

ELR Erroneous/spurious signal

This is a signal that is unwanted 
or unneeded, sometimes gener
ated by electrical noise.

ELI insulation breakdown

This is a degraded condition of  
electrical insulation that allows 
current to seek a path through 
the insulation.

ELD Set point drift

This refers to equipment vary
ing from a fixed setting for 
starting a process, stopping a 
process, or modifying a proc
ess. Generally, drift means that 
the process stream will be inter
rupted.

ELT Out of calibration

This refers to a component fall
ing out of calibration and not 
performing as required. Send

ing or receiving a signal at an 
incorrect voltage is an example 
of out o f calibration.

ELY Over/under voltage

This is a condition o f too high 
or too low voltage.

EE Electromagnetic interference

This cause code applies to all electro
magnetic interferences generated by 
equipment in or around the plant. It 
does not include lightning, an “Act of 
nature” .

EEI Inadvertent electrical energy 
exposure

This includes static charge 
buildup.

EEM Magnetic field exposure

This includes magnetization of 
ferritic components.

EEN Noise

This is generation o f random 
electrical im pulses that are 
transmitted with signals.

EF Fire/smoke

This cause code applies to fire or any 
form o f combustion. This stress may be 
due to heat or the fumes o f combustion. 
This could be inside or outside the 
plant.

EH Human caused event

Human caused events are actions that 
are outside normal operation o f the 
plant (i.e., the personnel involved, if 
they are plant employees, cause a failure 
doing something other than the per
formance o f their jobs). Nonplant per
sonnel may be antagonistic and cause 
acts of violence.

A - l



EHD Deliberate acts EBE Erosion

This includes malicious mis
chief.

EHU Unintentional acts

This includes transportation  
accidents and industrial acci
dents.

El Impact loads

This cause code applies to impact loads 
imposed on a component. Examples are 
component damage by a falling body or 
distortion o f a check valve caused by a 
water hammer. These could affect the 
component either internally or exter
nally.

EB Materials interaction

This category includes causes arising 
from the interaction or interfacing o f  
materials in components, between com
ponents, or between solids and liquids.

EBC Cavitation

This is a hydraulic phenome
non o f a liquid changing into a 
gaseous phase in a region o f  
low liquid pressure. The vapor 
bubbles can later co llapse, 
causing shock waves and dam
age to chamber walls.

EBF Cyciic fatigue

This is a failure cause in metals 
and som e p lastics where 
repeated or cyclic  load in g  
yields cracking or fracture.

EBB Embrittiement

This is a materials problem  
brought about by the environ
ment a component is in, such 
as high-level radiation expo
sure. Embrittlement may lead 
to cracking.

This refers to processes where 
the surfaces o f  a component 
are gradually d im in ished . 
These processes are caused by a 
flowing medium such as a liq
uid, gas, or slurry impinging 
on the component.

EBM Materiais defect

This cause includes pores and 
voids.

EBR Wear

This refers to the process o f  rel
ative movement between parts 
o f  a component gradually dete
riorating the contact surfaces. 
This cause includes abrasion, 
galling, and fretting.

EBS Steam impingement

This cause refers to high tem
perature and high humidity 
events.

EBW Weid-reiated fiaw

This includes any materials 
problems, such as cracking, 
that occur in welds or in the 
heat-affected zone.

ED Mechanical failure

This cause category applies to all fail
ures found in mechanisms, machines, 
and mechanical devices. This includes 
valve operators and circuit breaker 
mechanisms.

EDB Binding/out of adjustment

This applies mainly to shafts, 
but can be used for other fail
ures as well. It should not be 
used for a component that is 
out o f calibration.
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EDI Foreign materials intrusion

This includes b lo ck a g e / 
obstruction, dirt, and particu
late contamination.

EOF Friction

This cause is mainly intended 
to describe the process where 
heat is produced by excessive 
contact o f moving parts, but it 
can have other applications, 
such as flow friction.

EDW improper flow

This cause includes high/low  
flow, no flow, and pulsating 
flow.

EDL improper level

This cause includes high/low  
level and fluctuating level.

ECU improper lubrication

This cause is applied for loss of 
lubrication incidents. Other 
lubrication problems should be 
covered by personnel codes.

EDO Mechanical overload

This cause refers to more force 
or stress either demanded or 
received from a machine or 
mechanism.

EDS Set point drift

This cause refers to mechanical

only be used \\hen no better 
information is available. An 
example o f the use o f this code 
is a strip-chart recorder whose 
cable drive slips so the pen does 
not mark at the true indication. 
“Zero adjustment” faults are 
also included here.

EM Moisture

This cause code is applied to all water 
\apor in any form in the environment 
that causes a component failure. Spray 
and flood are two examples.

EMH High humidity

This refers to high humidity 
inside the power plant.

EML Low humidity

This refers to lower than nor
mal humidity inside the power 
plant.

EMI icing

This cause code refers to icing 
inside the plant, such as in ice 
condenser units.

EMW Water intrusion

This code is used for water 
entering the plant from outside 
or for water intruding from 
area to area inside the plant.

EP Pressure

This code is applied to liquid and gas 
system pressure problems. It does not

EDT

set points that change over include barometric pressure.
time, such as spring tension in
relief valves. EPF Fluctuating pressure

Out of calibration EPH High pressure

This cause refers to mechanical EPI improper differential pres
items that fall out of calibra sure
tion and do not perform as
required. This code should FPL Low pressure
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ER Radiation UEB Burned out

This cause code applies to damage due 
to radiation (i.e., alpha, beta, gamma, 
neutrons, or combinations thereof).

ERH High-ievei radiation

ERL Low-level radiation

ET Temperature

This cause code applies to the stress 
caused by abnorm al tem peratures 
within the plant.

ETF Fluctuating temperature

ETH High temperature

ETI improper differential tem 
perature

ETL Low temperature

EV Vibration loads

This cause code applies to vibration- 
induced loads imposed on a component 
from sources within the plant. For 
exam ple, v ibration from  rotating  
m achinery causes the loosening o f  
screws within a circuit breaker.

EVF Flow-induced vibration

EVM Mechanical vibration

U Unclassifiabie cause

This code should be used only as a last resort. 
This cause code is used when the cause is sim
ply not stated within the failure report. Often 
the effect is stated, so the third level was 
added to show the effect displayed by the 
component.

UA Unclassifiabie aging 

U N  No effect displayed 

UE Effects displayed

This code is used to indicate a 
loss o f function due to adverse 
electrical energy exposure.

UEC Closed

UEE Bent

UEK Broken

UEL Leakage

This code is used for between- 
systems leakage (internal) and 
for o u t-o f-system  leakage  
(external).

UES Loose

UEM Missing/misplaced

UEO Open

UEP Open circuit

This is a con d ition  o f  an 
incomplete circuit or an actual 
physical opening in a circuit or 
component that stops current 
flow.

UER Short circuit

This means that the current 
finds a path with less resistance 
than the one it was designed to 
follow.

UET Tight

UEF Computer malfunction

This code covers computer- 
oriented problems whose nature is 
not well explained. Resolution 
down to hardware or software 
faults should be covered with the 
other cause categories. Hardware 
faults would be coded using the 
Enviromnental stress (E) codes, 
and software faults would be 
coded using Design inade
quacy (D) or Supervisor/ 
management inadequacy (S) 
codes.
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ROOT CAUSE CODING MANUAL

This appendix can be found on microfiche 
in the pocket inside the back cover.
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APPENDIX C

SOURCE DATA FOR ROOT CAUSE WORK

Several component failure data bases were exam
ined for use by the Root Causes o f  Component 
Failures Program during FY 1984-1985. These data 
bases were the Central Reliability Data Organiza
tion (CREDO), the Generating Availability Data 
System (GADS), the Gray Books {Licensed Operat
ing Reactors Status Summary Reports, NUREG- 
0020), the Institute o f  Electrical and Electronics 
E ngineers S tan dard  500 R e lia b ility  D ata  
H andbook (IEEE 500), the In-Plant Reliability 
Data System (IPRDS), Licensee Event Reports as 
used in the Sequence C oding and Search  
System (LER/SCSS), Nuclear Power Experience, 
Inc. (NPE), and the Nuclear Plant Reliability Data 
System (NPRDS). A  brief description o f  each 
examined data base is presented follow ed by 
detailed descriptions o f  the chosen data bases.

The CREDO data base is a compilation o f  relia
bility data managed by the Oak Ridge National 
Laboratory (ORNL) for advanced reactor systems, 
generally the liquid metal reactors. Some compo
nents are found in both designs, but several o f  the 
CREDO-tracked components are only utilized in 
fast reactors. The CREDO data base was not 
acceptable since some o f the components were not 
o f  interest for use in identifying failures o f  light 
water reactor components.

The GADS data base contains inform ation  
about component failures that lead to outages for 
fossil-fueled, hydro, and nuclear power plants. 
GADS is administered by the National Electric 
Reliability Council. Review o f the 1984 GADS 
summary showed that it does document the outages 
well, but the resolution o f the failure cause was low. 
Therefore, the GADS data base was not chosen for 
scrutiny by the Root Cause Program.

Gray Books document the monthly operation of 
nuclear power plants. This information is pub
lished by the Nuclear Regulatory Commission’s 
(NRC) Office o f  Resource Management. While 
these reports are excellent for estimating the effi
ciency o f  nuclear plants, there is little information 
that could be utilized by the Root Cause Program. 
Therefore, Gray Books were not considered for use 
by the Root Cause Program.

IEEE 500 is a handbook o f failure rate informa
tion compiled by the Institute o f Electrical and 
Electronics Engineers. This handbook presents 
data for many types o f  power plant components.

The failure events that make up the failure rates are 
not specifically delineated, so the handbook is not 
considered for examination by the Root Cause Pro
gram. The handbook did provide guidance in 
selecting root cause coding rules.

The remaining data bases (NPE, IPRDS, SCSS, 
and NPRDS) were considered more carefully, since 
each o f these are made up o f individual failure 
reports. The collection o f  root cause data is best 
approached by the processing o f  single failure 
reports.

The NPE data base, which is managed by the
S.M . Stoller Corporation, is a collection o f  failure 
data from nuclear power plants in the United States 
and abroad. This data base is set up in a paragraph 
style format, describing the event at the power facil
ity, and is easily understood. These explanations 
are useful to both operators and licensers. LERs are 
largely used as source data for these reports. It was 
decided that the use o f  the actual source reports 
(LERs) would be more beneficial than the use o f  a 
report that had already been interpreted once. 
Therefore, the NPE data base was not chosen for 
study by the Root Cause Program.

The IPRDS data base was initiated in 1974 and is 
managed by ORNL. It focuses on the plant mainte
nance logs from selected nuclear power plants. This 
data base is restricted to key components such as 
pumps, valves, and diesel generators. Generally, 
the time-related information is good: maintenance 
intervals and component outage times can be easily 
found. Furthermore, the information is believed to 
be complete due to the source material used. Com
ponent vendor information is included, but model 
numbers generally are not. This data base was cho
sen for study since it met the requirements o f  inde
pendent reporting, availability, and applicability to 
the Root Cause Program. A lso, this data base was 
deemed to be probably the most complete with 
regard to the component operating history. How
ever, often the exact sequence o f  events is not clear 
due to the restricted field size o f  the narrative.

SCSS is a data base o f  LERs that have been 
encoded with regard to the chronological order o f  
the failures and events at the plant. The LERs are 
mandatory submittal documents for all licensed 
nuclear plants. SCSS is maintained by the NRC 
Office for Analysis and Evaluation o f Operational 
Data (AEOD). This data base aids in sorting the
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LERs since it is arranged in a computer searchable 
format. The LERs are a mainstay in reliability and 
failure rate analysis work. They were chosen for 
examination after it was ascertained that they met 
the three requirements o f  independent reporting, 
availability, and applicability to the Root Cause 
Program.

The LER data base is the oldest o f  the three cho
sen data bases, with data back to 1964. These 
reports deal with operational events violations at all 
U.S. nuclear power plants. This generally includes 
safety and safety-support failures and also incipi
ent failures in these systems. The LER is a utility- 
prepared narrative o f  the failure event and its 
results, with several code characters assigned for 
significant event recognition and key component 
search capability. Timing-related inform ation, 
such as the time a component is failed (before dis
covery and/or the total downtime), the frequeney 
o f maintenance or testing, and the operable time 
since the last failure are generally not given, 
although in some instances these can be inferred. 
Often supplemental information is needed, such as 
maintenance and testing procedures. An LER may 
identify the component manufacturer, but infre
quently reports the com ponent model number. 
When coded into the SCSS data base, the order and 
interdependency o f occurrences inside an LER is 
clearer, while all the information is still retained in 
the source document.

The NPRDS is a utility-oriented data base man
aged by the Institute o f  Nuclear Power Operations. 
Data submission from nuclear plants is voluntary. 
The data submitted appeared to be complete and 
worth further evaluation. This data base does have 
some overlap with the LERs, however, there was 
still enough independent reporting to warrant con
sideration. It was determined that the NPRDS data 
base met the three requirements listed above for the 
Root Cause Program.

The NPRDS data base was started in 1974. Due 
to the voluntary nature o f  report submittal, the 
data has only really begun to build up to a signifi
cant level since 1983. The NPRDS records have a 
component failure data section and a component 
engineering section. The failure section documents

the component failure, system(s) affected, failure 
cause codes, failure narrative, time span o f the fail
ure event, and corrective action, as well as failure 
effect codes. The engineering section contains 
design parameters such as operating pressure, tem
perature, or shaft speed, for example. The range o f  
ambient environmental conditions is also given. 
This section also has testing interval data, and the 
date the component was placed in service, as well as 
the component model and manufacturer. The order 
of event information is sparse, due to the design o f  
the data base, but generally the failure event initia
tor is the component failure that NPRDS encodes.

The IPRDS, SCSS and NPRDS data bases were 
assessed by the Root Cause (RC) Program in 
FY 1985. This assessment was the only comparison 
of the three data bases that has been done by the 
RC Program. Randomly selected reports for given 
components, up to 50 per component, were eoded 
and the numbers o f Levels 1, 2, 3 and Unclassifi- 
able RC reports (see Appendix A for RC list 
details) were tallied. Percentages for LERs and 
NPRDS reports are shown in Table C-1. The 
IPRDS values are not presented in Table C-I 
because a close comparison o f LER and NPRDS  
values to the IPRDS results was considered unfair. 
The larger narrative fields in LERs and NPRDS  
reports result in greater root cause resolution, in 
turn giving much higher percentages at Levels 2 
and 3.

A  scan o f Table C-1 shows that the NPRDS data 
generally shows high percentages in Level 3 codes 
(column 7) and low percentages in Unclassifiable 
codes (column 8). LERs have a higher percentage 
o f U codes and more spread in Level I and 2 
codes. The reader is reminded that these results, 
while the best available from the RC Program, are 
based on only a small number o f reports and may 
not reflect trends o f entire data bases. One differ
ence that could impact these results is the change in 
the LER form at, im plem ented in 1984. This 
change resulted in larger, paragraph style report 
forms that give the root cause technical processors 
more information to work with. The new ruling 
also states that the root cause o f  the event must be 
d o c u m e n t e d . T h i s  report style does, however, 
tend to slow the coding process.
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Table C-1. R oo t c a u s e  level p e r c e n ta g e s

Percentages for E ach R oot C ause Level

C om pon en t
D ata
B ase

N um ber
o f

Reports
N um ber o f  
Sequences Level 1 Level 2 Level 3

U nclassifi 
Cause Tc

Turbine-driven auxiliary feedwater pum ps LER 52 54 1.9 9.3 59.3 29.5
N P R D S 22 26 0 3 .8 69 .3 26.9

Em ergency diesel generators LER 56 81 6 .2 5 .0 4 4 .4 44.4
N P R D S 42 56 3.6 0 64.3 32.1

S a fety /re lie f valves LER 21 63 1.6 15.9 25 .4 57.1
N P R D S 16 35 0 0 94 .3 5.7

C ode safety valves LER 28 131 2.3 0 59.5 38.2
N P R D S 18 68 0 2 .9 97.1 0

Pow er-operated relief valves LER 17 22 9.1 4.5 54 .6 31.8
N P R D S 7 7 0 0 85 .7 14.3

C ircuit breakers LER 30 35 5.7 14.3 51 .4 28.6
N P R D S 28 33 0 0 5 4 .6 45.4

P ip es, tubes, un ions, and junctions LER 27 3649 0 .0 2 0.11 2 8 .9 70.9
N P R D S 21 95 0 1.0 9 9 .0 0

Welds LER 26 64 0 9 .4 71 .9 18.7
N P R D S 5 5 0 2 0 .0 80 .0 0
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APPENDIX D

ROOT CAUSE DATA FOR THE AUXILIARY 
FEEDWATER SYSTEM EXAMPLE

This appendix presents the tallies of root-caused 
failures for motor-operated valves (MOVs) and 
turbine-driven pumps (TDPs) in pressurized water 
reactor auxiliary/emergency feedwater systems. 
The root cause fractions for MOVs failing to open 
and to close, and for TDPs failing to start and to 
run, are also presented. These values were used for 
the auxiliary feedwater system example presented 
in the main body o f this report.

Tables D -l and D-2 give the counts and fractions 
for MOVs and TDPs. The root cause codes are 
defined in Appendix A. Note that Level 2 codes 
(two character codes) shown here are assumed to be 
effective Level 3 codes, since no development

beyond Level 2 has been carried out. An example 
of this is the code DM (Manufacturing error). This 
code has not been expanded to Level 3 since it was 
deemed unnecessary to include timing (such as ret
rofit or initial construction) or any other finer dis
tinctions. Table D -l is easily read: Consider the 
first cause code, DEI (Initial design activity error). 
For MOVs that fail to open on demand, there are 
two recorded failures caused by DEL This gives a 
failure mode specific root cause fraction o f 0.061.

This data was collected as part o f  the root cause 
identification session that concentrated primarily 
on auxiliary feedwater system components from 
the LER data source.

Table D-1. R oot c a u s e  ta llie s  a n d  f ra c tio n s  fo r m o to r-o p e ra ted  v a lv es

Root Cause Code

MOV 
Fails to Open 

(Counts/Fractions)

MOV 
Fails to Close 

(Counts/Fractions)

DEI 2/0.061 —

DM 1/0.030 1/0.032
STC 3/0.091 —

STO 2/0.061 —

HPT 1/0.030 1/0.032

FCC 4/0.121 1/0.032
ELI 1/0.030 —

EBR 1/0.030 —

EDB 9/0.273 8/0.258
EDI 1/0.030 7/0.226

EDU 2/0.061 2/0.065
EDO — 2/0.065
EDS 4/0.121 7/0.226
EMW 1/0.030 1/0.032
EVM 1/0.030 1/0.032

Totals 33/1.00 31/1.00
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Table D-2. Root cause tallies and fractions for turbine-driven pumps

MOV MOV
Fails to Open Fails to Close

Root Cause Code (Counts/Fractions) (Counts/Fractions)

DEI 3/0.115 2/0.051
SPM — 1/0.026
SPO — 2/0.051
SPT 1/0.039 2/0.051
STT — 1/0.026

SC 1/0.038 1/0.026
HAM 5/0.192 5/0.128
HAO 1/0.039 1/0.026
HAT — 1/0.026
HPM — 2/0.051

HPO 1/0.038 _
HPT 1/0.039 2/0.051
ENA — 1/0.026
ECC 1/0.038 1/0.026
ELA 1/0.039 —

ELD 1/0.038 2/0.051
EBR — 3/0.077
EDB 2/0.077 5/0.128
EDI 4/0 .154 1/0.026
EDU 1/0.039 4/0.103

EDO 1/0.038 _
EDS 1/0.039 1/0.026
EVF 1/0.038 —

EVM — 1/0.026

Totals 26/1.00 39/1.00
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APPENDIX E

PRA DATA AND A SAMPLE CALCULATION FOR 
THE AUXILIARY FEEDWATER SYSTEM EXAMPLE

This appendix contains the assumptions used by 
Accident Sequence Evaluation Program (ASEP) to 
generate the cut sets o f the AFW, a list o f  those cut 
sets, hardware weighting factors, and a sample cal
culation o f root cause importance for turbine- 
driven pumps.

The assumptions used to construct the ASEP 
AFW model are listed below:

1. For system success, water is required for one 
out o f the two steam generators.

2. Differences in the configuration o f the steam 
side are not considered significant.

3. The system is actuated automatically. Any 
manual initiation is considered an operator 
recovery action.

4. This system is totally independent o f  AC 
power.

5. No credit is given for the normally closed 
manual valves in the train 1 to train 2 cross- 
connect line (see Figure 1 in the text).

6. It is assumed that no tests or maintenance will 
he performed on manual valves.

7. The water supply for this system comes from 
condensate storage tank 1 (CSTl). Conden
sate storage tank 2 (CST2) is assumed to be 
for recovery purposes only.

Table E-l gives the ASEP cut sets and their 
unavailabilities. Table E-2 shows the weighted 
basie events and the A  values.

Two example calculations are performed to dem
onstrate the use o f the root cause importance equa
tions. For cut set 1 (two pump failures), in the fail 
to start mode, cause DEI

Q d e i.fs  =  QT [1-(1 - Bl)(l - ^ ) ]  (E - l )

= I.0E-04{1-[1 -0.95(0.115)]

[1 - 0.95(0.115)]}

= 2.07E-05 

and cut set 2

Q d e i . f s  ~  Q *  (^  ■ E | )  (E-2)

= 4.95E-05 {1-[1-0.95(0.115)]}

= 5.40E-06

Section 2.5 contains the root cause importance der
ivation and definition o f  variables. Equation (E-I) 
has two B terms since there are 2 pumps considered. 
Equation (E-2) has only 1 pump considered. The 
summation o f these two values with all other 
turbine-driven pump failure to start values would 
be the numerator, or Num , in Equation (4), 
Section 2.5, for TDP fails to start (FS), caused by 
initial design error (DEI). All Num values for all 
root causes and failure modes o f interest must be 
calculated before the normalized root cause impor
tance [Equation (5), Section 2.5] can be calcu
lated.

Table E-3 lists all the DEI-related turbine-driven 
pump failures to start weighted in set unavailabili
ties. The total is 3.I5E-05. For the entire example, 
the summation o f Num values is 3.171E-04, giving 
a root cause importance o f  9.93E-02 to turbine- 
driven pumps that fail to start due to initial design 
errors.

The Ijjgj value o f  9.93E-02 is found in Table 1 o f  
the main body. The other calculations follow the 
same format as shown in Equations (E-I) and 
(E-2). The process is tedious by hand, but can be 
adapted to a computer.
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Table E-1. ASEP cut se ts  and unavailabilities

Cut Set ASEP Conditional
Number Cut Set Unavailability, Q*

1 M2 * Recovery * Train 1 HW  * Train 2 HW l.OOE-04
2 M2 * Recovery * Train 1 HW * Train 2 T&M 4.95E-05
3 M2 * Recovery * Train 2 HW  ♦ Train 1 T&M 4.95E-05
4 M2 * Recovery ♦ Train 1 and 2 CE 1.18E-05
5 M2 * Train 2 HW  ♦ Recovery * Train 1 INJ 1.55E-06

6 M2 * Train 1 HW  * Recovery ♦ Train 2 INJ 1.55E-06
7 M2 * Recovery * Train 1 INJ ♦ Train 2 INJ 1.35E-06
8 M2 * Train 1 T&M * Recovery * Train 2 INJ 7.69E-07
9 M2 * Train 2 T&M * Recovery * Train 1 INJ 7.69E-07

10 M2 * Train 2 HW  * Recovery * Train 1 INJ T&M 6.66E-07

11 M2 * Train 1 HW  * Recovery ♦ Train 2 INJ T&M 6.66E-07
12 M2 * Train 2 HW  * Recovery * Train 1 ACT 6.66E-07
13 M2 * Train 1 HW  * Recovery * Train 2 ACT 6.66E-07
14 M2 * Recovery * Train 1 INJ * Train 2 INJ T&M 5.80E-07
15 M2 * Recovery * Train 2 INJ * Train 1 INJ T&M 5.80E-07

16 Train 1 HW * Recovery * Electric Power Fault 8.18E-08
17 Train 2 HW  * Recovery * Electric Power Fault 8.18E-08
18 M2 * Train 2 INJ * Recovery * Train 1 ACT 7.72E-08
19 M2 * Train 1 INJ * Recovery * Train 2 ACT 7.72E-08
20 Train 2 INJ * Recovery * Electric Power Fault 9.50E-09
21 Train 1 INJ ♦ Recovery * Electric Power Fault 9.50E-09

L E G E N D

M 2 Loss o f  P ow er C onversion  System .

R ecovery A n  operator recovery a c tio n  fails or th e system  recovery action  fa ils.

Train 1 H W Train 1 p u m p hardware failure
T&M Train 1 ou tage  for testing  a n d /o r  m ain tenance
C E C om m on  e lem en t to  b o th  trains fails
INJ Train 1 in jec tio n  valve hardware failure
IN J T&M Train 1 in jec tion  valve ou tage  for testing a n d /o r  m ain tenance
A C T Train 1 a c tu a tio n  signal fau lt.

N O T E: T he entire sequence co n d itio n a l unavailability  (for 31 cut sets) is 3 .4 2  x  lO"^.
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Table E-2. W e ig h te d  A SEP b a s ic  e v e n ts  a n d  h a rd w a re  w e ig h tin g  f a c to rs

Hardware Weighting Factors, A

Basic Event Fails to Start Fails to Operate Fails to Open

Train 1 HW 0.95 0.05 —

Train 2 HW 0.95 0.05 —

Train 1 and 2
CE — — 0.97

Train 1 INJ — — 0.97

Train 2 INJ — — 0.97

Table E-3. R oo t c a u s e  w e ig h te d  c u t  s e t  u n av a ilib ilitie s  fo r tu rb in e -d riv en
p u m p s  fa iling  to  s ta r t  d u e  to  in itial d e s ig n  e rro rs

Cut Set Weighted Cut Set
Number Unavailability, Qgg, pg

I 2.07E-05
2 5.40E-06
3 5.40E-06
5 1.69E-09

6 1.69E-09
10 7.28E-08
11 7.28E-08
12 7.28E-08
13 7.28E-08

16 8.94E-09
17 8.94E-09

Total 3.15E-05
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