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ABSTRACT Event Tree Augmentation

Recovery analysis is a method that considers aternative strategies for Additional events, epresenting various recovery aions, can be

preventing accidents in nuclear power plants during probabilistic risk added to event trees; this process generates accident sequences that

assessment (PRA). Consideration of possible recovery actions in PRAs directly address the success or failure of these recovery actions. A
has been controversial, and there seems to be a widely held belief typical recovery action addressed using event tree augmentation is
among PRA practitioners, utility staff, plant operators, and regulators primary feed-and-bleed in PWRs following the failure of all steam
that the results of recovery analysis should be skeptically viewed. This generator cooling; Figure shows the incorporation of this recovery in

paper provides a framework for discussing recovery strategies, thus the NREG- 1 150 analysis of Sequoyah'.

lending credibility to the process and ehancing regulatory acceptance
of PRA results and conclusions. Advantages of the event tree augmentation process include the

following:

INTRODUCTION

I Sequence-specific context and timing issues can be addressed at

In a nuclear power plant PRA, risk is estimated through the the time of event tree development.

development and quantification of accident sequences. An accident
sequence consists of an initiating event followed by a combination of 2. The recovery appears in the event tree structure, allowing

system failures and/or operator actions that lead to an undesired convenient examination and review.

condition (e.g., core uncovery, containment release, etc.). Accident
sequences may also include recovery actions, wich are those actions 3. Sequence quantification will automatically consider the recoveries

taken by the plant operators upon the failure of an expected plant embedded within sequences.

response (e.g., manual actuation of ECCS upon failure of the automatic
control systern, startup of a standby equipment train upon the failure'of Disadvantages of the event tree augmentation approach include:

the normally operating tain, etc.). 1 . Cannot treat many unique recovery strategies as the event tree

The specific plant systems, operator actions, and recovery actions structure would grow too large.

considered within the integrated plant logic model (combination of
event trees, fault trees, and data) constitute a compromise among (1) an 2. Recoveries may be too global to be reasonable (i.e., the general

accurate representation of plant behavior during severe accidents (e.g., recovery may not apply to a cut sets generated from a given

realistic thermal-bydraulic phenomena, system performance, event sequence).

timing, operator actions, etc.), and 2 practical limitations (e.g.,
schedule, budget, PRA software capabilities, etc.). Consequently, PRA 3. It is difficult to consider dependencies among various recovery

practitioners must decide either to include or omit certain recovery strategies.

actions from the integrated plant logic model; the inclusion or omission
of recovery actions from a PRA can greatly affect the estimated plant Fault Tree Augmentation

risk.
Various gates and basic events can be added to system-level fault

This paper examines the process of PRA recovery aalysis. tree models to represent recovery actions. A typical recovery modeled

Specific methods for incorporating recovery actions into the PRA by fault tree augmentation is the manual actuation of plant equipment

framework are identified, along with their strengths and weaknesses. upon failure of an automatic control system. Figure 2 illustrates the
use of this recovery analysis technique through an example from the

RECOVERY ANALYSIS METHODS NLJREG-1150 analysis of the Peach BottoM2 high pressure coolant
injection system.

Three basic methods have been used to consider recovery actions
in past PRAs: event tree augmentation, fault tree augmentation, and cut Advantages of the fault tree augmentation process include the

set augmentation. Each approach has its strengths and weaknesses, as following:

discussed in the following sections.
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Figure 1. Typical Use of Event Tree Augmentation for Recovery Analysis (Source: NUREGICR-4550, Vol. 5, Rev. 1, Part 1, Fig. 44-3).

SUPPORTFAILIFIE F�8.".";''4
(PS-12

IPS'9)
P.O. I
P.Q. 6

r-
FALURE OF 20 DC

BUS (20DI I)

I EP2508

FAILURE OF 15DC
BUS B ION FA S

I EP125B

0-

EVENT ADDED TO MODEL OPEMTOR FAPLS TO FAILURE PCI
MANUAL ACTUATION UPON WITAT AND ACTUATION DUE TO

TH ERHCC' LOCAL FAULTS ORE FAILURE OF AN AUTOMATIC SENSOR FAULTS
CONTROLSYSTEM

II 12

Figure 2 Typical Use -of Fault Tree Augmentation for Recovery Analysis (Source: NUREG/CR-4550, Vol. 4 Rev. 1, Part 2 p. 13- 155).
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1. Many specific recovery ations can be considered within the PRA. 1. Sequence cut set context and timing can be addressed in detail
during human reliability analysis efforts.

2. Recoveries appears in the fault tree structures, allowing convenient
examination and review. 2. Dependencies among various recovery options can be made

obvious.
3. Sequence quantification will automatically consider the recoveries

embedded within the various fault trees. 3. Human-related and equipment-related failures can be included
during recovery analysis.

There are, however, a number of significant disadvantages of the
fault tree augmentation approach: 4. The interplay among the plant emergency operating procedures an

be highlighted.

1. It is very likely that multiple recoveries will be automatically
applied to individual accident sequence cut sets during the The principal drawbacks of the cut set augmentation method involve
quantification process; if cut sets have been truncated on low the costs associated with the pactical implementation of the method:
frequency, it is not possible to determine if these multiple
recoveries are appropriate. Of primary concern is the treatment of 1. Each cut set must be reviewed by an engineer familiar with PRA
dependencies among the various human failure events considered modeling methods, uman reliability analysis ethods, plant
during recovery analysis; cut sets containing multiple equipment and systems, and emergency operating procedures.
human-related recoveries may have been truncated away during the
quantification process. 2. In general, the method is manually performed (e.g., cut sets are

manually manipulated by the analyst); note that some PRA
2. Recoveries embedded within system-level fault tree models tend software has been developed to facilitate the iplementation of

to ignore sequence-specific context and timing issues. this method (e.g., CAFTA+).

3. Changes to plant equipment or operating procedures will 3. The application of recovery actions to each cut set, including
necessitate a careful review of all system-level fault trees within citation of supporting plant procedures, must be thoroughly
the PRA to ensure that the changes do not invalidate the previous documented and justified to ensure credibility and acceptance of
recovery modeling. the analysis.

Cut Set Augmentation CUT SET AUGMENTATION PROCESS GUIDANCE

Another recovery analysis technique is to append recoveries to the It is iportant to ensure that a recovery analysis using the cut set
cut sets generated during the sequence quantification process. As augmentation method is traceable and reproducible; otherwise, the
shown in Figure 3 this method was used in the NUREG- 1 150 analysis entire validity and usefulness of the work can be called into question.
of Surry". Cut set augmentation considers recovery actions based on In fact, it is perceived that much of the existing skepticism voiced by
the specific failure scenario iplied by each accident sequence, cut set. PRA practitioners, utility staff, plant operators, and regulators towards
Thus, it is a general-purpose method which can be applied on a about accident sequence recovery analysis is due to lack of adequate
plant-wide basis (e.g., restoration of offsite power) or on a system basis explanation and documentation of the process used. The following
(e.g., use of cross-connections). sections describe a framework for conducting a recovery analysis using

the cut set augmentation process, with emphasis on those areas and
Some specific merits of the cut set augmentation method include assumptions that have traditionally generated questions.

the following:

280-SLOCA ( NITI 011FAI:
Tl,-W,-SL-HRS

TIS-7 Tl-/Q-/QS-/L-W2-/O-SL-NIIS REC-XIIE-FO-DGIIWS R..".ry f-m di ... I gnerator
hardware faults, applied to
.Ut set wth di.s.1 fail to
at. ,t 'd C .... IT caU:ediesel
fai lu". 3 our tim rame.

A RECOVERY ADDED TO
ONLY SPECIFIC CUT SETS

BURRY 7TAL CRE DAMAGE MODEL

CUT SET NUMBERS. CUT SET OnOEPS. CUT SET FREQUENCIES,
CUMULATIVE NORMALIZED CUT SET FREQUENCIES AND CUT SETS
FOR TOP EVENT SURRY-TOTAL WITH TOP EVENT FEQUENCY a 3GE-05

ITHE FIRST COLUMN NUMBERS IS THE LINE NUMBERS OR THE FILE 7EMACSETS.t)NF)

2 1805 10 I 17E-00 0.03537 BETA-300 IE-11 NOTL-SDOUIU2 NOTO

I NAAC-210. 10 OEP-DGN-FS 109-OBOI 'CP-LOCA-750-90M AEC.X"e-FO-OGHWS.

Figure 3 Typical Example of Cut Set Augmentation for Recovery Analysis (Source: NUREG/CR-4550, VoL 3 Rev. 1, Part 1, p 410-29
and Part 2 p. E-22).
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Cut Set Review It is also possible to contemplate the addition of two (or more)
nonrecovery events to a single cut set. The dependencies between the

Cut set review consists of (1) integrated plant logic model various nonrecovery events must be carefully considered (primarily
verification, and 2) the identification of potential recovery options. from a human reliability viewpoint) to prevent taking more credit for
Integrated plant logic model verification includes confirmation that these recoveries than is wan-anted. Some of the issues involved are:
appropriate basic event probabilities have been used, that sequence
success paths have been correctly considered, and other similar checks. 1. Diagnosis: Will the operators be able to determine the need for
During the cut set review effort, various recovery options should be multiple recoveries?
listed (e.g., manual operation of system cross-connects, manual startup
of a standby system or equipment train, etc.). 2. Timing: Is there adequate time for the operators to identify

and implement a second recovery?
Definition of Nonrecovery Events

3. Workload: Are there enough operators to perform all the
A nonrecovery event is a basic event appended to an accident required actions?

sequence cut set that represents failure of a recovery action. When
defining nonrecovery events, sequence context and timing, In some PRAs (e.g., the NUREG- 1 150 series), credit has been
human-related event dependencies, relevant plant procedures, and given for repair of failed equipment. A typical example is the repair
relevant plant equipment should be noted. of emergency diesel generators during station blackout (SBO)

sequences. Of concern here is the lack of credible data available 
It is sometimes possible to identify more than one nonrecovery estimate repair time distributions; note that data collected during routine

event applicable to a given cut set; in such cases, a prioritization maintenance activities may not be valid for accident conditions.
scheme for possible recovery actions should be established and
rigorously followed to ensure consistency and credibility of results. Human Failure Event Quantification
One possible scheme is based on the realization that the various failure
events in a cut set occur sequentially and, thus, it is reasonable to There are several existing human failure event quantification
assume that the plant operators would attempt to recover the methods that are suitable for recovery analysis work, which can
recoverable first failure when it occurred. In general, the headings in generally be categorized as either multi-factored", "decompositional",
an event tree are ordered chronologically (e.g., from initiator occurrence or "time correlations. Each of these methods has been used in past
to the onset of core damage, etc.), although this is not a strict rule of recovery analyses, and it is not uncommon to find a combination of
event tree construction. During the cut set review process, it is usually methods employed. Regardless of the method selected, it is important
possible to associate the various failure events in a cut set to their that (1) all relevant iformation (e.g., plant procedures, etc.) used to
parent event tree headings, thereby identifying the first recoverable determine the human failure event probability be recorded, and 2) the
failed event and allowing the nonrecovery event prioritization scheme nonrecovery event probabilities are self-consistent as well as consistent
to be used. Figure 4 sows a typical nonrecovery event prioritization with other basic event likelihoods.
scheme for a BWR.
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Figure 4 Typical Nonrecovery Event Prioritization Scheme for a BWR.
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Multi-factored approaches describe each human failure event solely performing a recovery analysis are (1) the need for a detailed cut set
in terms of its performance shaping factors (PSFs) or influences. review by knowledgeable analysis, and 2 the development of
Typically, quantification is accomplished using a linear or documentation that explains the work to a level of detail that it may be
multiplicative frmulation that leads to an index. 'Ibis index is then independently reproduced. A well-executed recovery analysis can be
assumed to be proportional to the human failure probability. An readily understood, defended, and utilized.
important drawback of these methods is that at least one and usually
two events must have a known probability in order to apply the scale REFERENCES
of indices developed. Examples of multi-factored approaches includes
D. mbrey' (SLIM), J. Williams' (HEART), L. Phillips� (STAHR), and 1 . R. C. BERTUCIO AND S. R. BROWN, Analysis of Core Damage
D. ey� (FLIM). Frequency: Sequoyah, Unit I Internal Events, NUREG/CR-4550,

Vol. 5, Rev. 1, April 1990.
Decompositional approaches use the human factors technique of

task analysis to develop a recovery task into its subtasks and 2. A. M. KOLACZKOWSKI, et. al., Analysis of Core Damage
performance shaping factors (PSFs). The PSFs are handled by Frequency: Peach Bottom, Unit 2 Internal Events,
multiplying a "nominal" human error probability (HEP) with a NUREG/CR-4550, Vol. 4 Rev. 1, August 1989.
multi-factored index. The major drawback of these methods is that by
reducing each task into reliability subunits, the holistic characteristic of 3. R. C. BERTUCIO AND J. A. JULIUS, Analysis of Core Damage
human performance which is important to reliability is lost. These Frequency: Surry, Unit I Internal Events, NUREG/CR-4550,
methods are also compromised by the lack of available data for Vol. 3 Rev. 1, April 1990.
nominal HEPs. Examples of decompositional approaches include A.
Swain' (TTIERP), G. Heslinga9 (THESIS), and J. WilliairS5 (HEART). 4. D. E. EMBREY, he Use of Performance Shaping Factors and

Quantified Expert Judgement in the Evaluation of Human
The time reliability correlation (TRQ methods assume that the Reliability: An Initial Appraisal, NUREG/CR-2986, 1983.

time available for operators to perform their recovery activities (i.e., the
pace, or rate of event passage, of the scenario leading to the need for 5. J. C. WILLIAMS, "A Data-Based Method for Assessing and
recovery) is an independent variable with respect to reliability, rather Reducing Human Error to Improve Operational Performance,"
than a simple influence. Ile major drawback to these methods is that Conference Recordfor 1988 IEEE Fourth Conference on Human
a TRC has no intrinsic lower bound, inconsistent with the general Factors and Power Plants, 88CH2576-7, June 59, 1988, pp.
opinion that there is a lower limit to credible human failure 436-450.
probabilities. Also, time tends to overly dominate the reliability
estimates obtained with these methods. Examples of TRC methods 6. L. D. PHU-LIPS, et. al., A Pressurized Thermal Shock Evaluation
include W. Hannaman'o-" (AIPA TRC & HCR), J. Wreathall" OAT), of the Calvert Cliffs Unit Nuclear Power Plant,
A. Swain8-" (THERP & ASEP), E. Ugherty14 (SAIC TRC), D. NUREG/CR-4183, Appendix C, September 1985.
Whitehead" (RMIEP), and A. Spurgin" (ORE).

7. S. H. CHIEN, et. al., 'Quantification of Human Effor Rates Using
Consideration of Hardware Contributions a SLIM-Based Approach," Conference Record for 1988 IEEE

Fourth Conference on Human Factors and Power Plants,
All nonrecovery events consist of contributions from human error 88CH2576-7, June 59, 1988, pp. 297-302.

and hardware failure. (For "ample, consider a recovery action
involving the startup of a standby pump: either the operator can fail 8. A. D. SWAIN AND H. E. GUTTMANN, Handbook of Human
to take action or the pump can fail to operate.) Both of these Reliability Analysis with Emphasis on Nuclear Power Plant
contributions can be represented using fault trees; however, in certain Applications, NUREG/CR-1278, August 1983.
instances, it may be possible to ignore the hardware contributions. The
following list of generic rcovery actions generally do not require 9. G. HESLINGA, Technique for Human Error Sequence
consideration of ardware contributions: Identification and Signification (THESIS), PhD Thesis, Technische

Universiteit Delft, December 1988.
1 . Offsite power restoration,

10. K. N. FLEMING, F. A. SILADY, AND G. W. HANNAMAN,
2. Recoveries where the only hardware contribution involves failure "Treatment of Operator Actions in the HGTR Risk Assessment,"

of control circuits, Transactions of the ANS 1979 Winter Meeting, November 1979.

3. Events which do not require additional equipment to be used (e.g., 11. G. W. HANNAMAN, A. J. SPURGIN, AND Y. D. LUKIC,
manual operation of a valve upon failure of the valve's automatic Human Cognitive Reliability Model, NUS-4531, NUS Corportation,
actuation), December 1984.

4. Events where multiple redundant equipment is available to 12. J. WREATHALL, 'Operator Action Tree (OAT)," in R. E. Hall,
implement the recovery action, and et. a Post-Event Human Decision Erors: Operator Action

Treesffime Reliability Correlation, NUREG/CR-3010, November
5. Multiple (dependent) recovery actions. 1982.

CONCLUSIONS 13. A. D. SWAIN, Accident Sequence Evaluation Program (ASEP)

It is possible to perform a credible and useful recovery analysis on Human Reliability Analysis Procedure, NUREG/CR-4772,

probabilistic accident sequences by using any combination of the three February 1987.
methods outlined above. In practice, the major difficulties in
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14. E. M. DOUGHERTY AND J. R. FRAGOLA, Human Reliability
Analysis: A Systems Engineering Approach With Nuclear Power
Plant Applications, NY: John Wiley Sons, 1988.

15. D. W. WHITEHEAD, Recovery Actions in PA for the Risk
Methods Integration and Evaluation Program (RMIEP) Vl. 2,
Application of the Data-Based Method, NUREG/CR-4834,
December 1987.

16. A. SPURGIN, et. al., A Human Reliability Analysis Approach
Using Measurements for Individual Plant Examiniation,
NP-6650-L (EPRf Proprietary), December 1989.
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