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ABSTRACT 
 

As a response to the March 2011 accident at the Japanese Fukushima Daiichi reactors, the Nuclear Regulatory 
Commission established a near-term task force to review the insights from the event.  The NTTF provided a number 
of recommendations pertaining to reactor and spent fuel pool safety.  Some tasks such as a Spent Fuel Risk 
Assessment Study prompted in-depth human reliability analysis of human actions performed outside of the control 
room in potentially an adverse work environment.    This paper compares the insights from various HRA methods 
used to quantify actions needed to mitigate a spent fuel pool accident resulting from a beyond-design-basis seismic 
event.  The analysis was performed on a spent fuel pool of a boiling water reactor nuclear plant commonly found in 
the U.S. The initiator involves a seismic event that results in a moderate and small leak of the spent fuel pool. 
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1  INTRODUCTION 

Interest in spent fuel pool (SFP) risk has increased due to the Fukushima Daiichi accident 
and subsequent Nuclear Regulatory Commission’s Near-Term Task Force (NTTF) 
recommendations [1].  Past studies on SFPs have been conducted to analyze the potential 
radiological consequences resulting from a loss of cooling or inventory [2, 3, and 4].  This paper 
focuses on human reliability analysis (HRA) and evaluates the likelihood of successful 
mitigation to a SFP problem caused by a 0.5–1.0g (represented by a 0.7g earthquake) 
beyond-design-basis earthquake to a boiling water reactor (BWR) commonly found in the US.  A 
schematic of a BWR with the location of the SFP is illustrated in Figure 1.  A 0.7g earthquake 
could potentially cause issues in the reactor and other system, structures, and components (SSCs) 
but this analysis will only evaluate the human actions to mitigate a small and moderate leak of 
the SFP.  Assessment of the earthquake induced damage to SSCs is not the focus of this study.  
This analysis defines SFP mitigation success as prevention of radioactivity release from the fuel 
rods of the SFP fuel (or gap release).  The effective SFP mitigation strategies to prevent fuel 
overheat and radioactivity release from the damaged fuel rods is to either inject or spray water 
into the SFP.  This analysis assumes that the installed plant equipment is not available to mitigate 
the accident and therefore operators are required to perform actions outside of the control room 
(ex-control room) using portable pumps.   

 
The analysis applies several HRA methods and compares the results of those analyses.  The 
analysis insights are discussed.  The methods considered in this paper are the SPAR-H 
methodology [5], the Electric Power Research Institute (EPRI) Cause-Based Decision Tree 
(CBDT) method [6] and the Technique for Human Error Rate Prediction (THERP) [7] method.   
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Figure 1. BWR Schematic showing Spent Fuel Pool 
 

In addition, a variation of those methods will be developed as a sensitivity analysis which will 
use a combination of detail and screening approaches to estimate the human error probability. 

1.1 Analysis and Methodology 

In actual plant operations, the SFP may be in a number of configurations.  For example, 
during refueling the SFP and reactor cavity are hydraulically connected.  For this analysis, we 
will assume the earthquake occurs during at-power operations when the SFP and reactor cavity 
are hydraulically disconnected.   The size of the SFP leakage as a result of the earthquake is an 
important factor affecting the time available for plant staff to deploy SFP mitigation.   This is 
because the leak size affects the time the SFP fuel will be submerged under water.  When the 
SFP fuel is not under water the radiation level at the location where mitgative equipment is 
necessary will be too high for the plant staff.  This analysis uses two representative SFP leak 
sizes for the study:  (1) moderate leakage and (2) small leakage.    Figure 2 illustrates the 
approximate dose rate of elevation contours at the time the SFP fuel is uncovered given a loss of 
inventory to the SFP.  The SFP leakage size directly affects the SFP fuel uncovery time.  Table I 
shows the time available for deploying the mitigation used in this study.   
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Figure 2. Potential dose rates given loss of coolant to the Spent Fuel Pool (Sv/Hr [Rem/Hr]) 
 

 

Table I. Approximate Time of Fuel Uncovery 

Plant Operational State Moderate Leak Small Leak 
At-power 4 hours 16 hours 

 
 
Once the beyond-design-basis earthquake subsides, the operators will enter their emergency 

operating procedures and their off-normal procedures and conduct post-earthquake plant 
walkdowns to assess the plant damage when the situation allows.  During the walkdowns it is 
postulated that the operators will identify the leakage in the SFP.  As mentioned above, it is 
assumed the operators will not have any installed equipment to mitigate the SFP problem.  
Therefore, they will rely on portable pumps and hoses to either spray or inject water into the SFP 
before water level decreases to a point where the operators will not be able to enter the refueling 
floor due to the increase levels of radiation or temperature. 

 
The mitigative response consists of the operators recognizing the SFP is leaking and 

subsequently dispatching a team to mobilize the portable equipment, stage and install the hosing, 
stage and install the spray nozzles, and start the portable pump to inject or spray water into the 
SFP.  

 

1.2 Human Reliability Analysis 

The analysis calculates the human error probability (HEP) for the two SFP leak sizes.  Each 
size the moderate leak and small leak has a corresponding human failure event (HFE).   SPAR-H 
[5], CBDT [6] and THERP [7] methods are used to develop the HEPs.  The information to 
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inform the analysis was gathered through operator interviews, reviews conducted on appropriate 
procedures, and thermal hydraulics calculations [8] used to develop the accident progression for 
each leak size.  The information developed the bases for the context for each HFE and was used 
to quantify the HEPs.  Each method utilized the same information and was performed by the 
same analyst.  Specifically, SPAR-H was used to calculate both the diagnosis and action portions 
of the HFE while the CBDT and THERP methods were used to develop the diagnosis and action 
portions of the HFE, respectively.  To eliminate variability from the analysis, the time windows 
and other factors for the diagnosis and action were addressed similarly throughout the analyses. 
 

In this study, the total time required for deployment of the SFP makeup is the sum of the 
following three time segments: 
 
 

Delay Time:  In an earthquake scenario, the control room operator’s primary focus is on 
reactor safety.  Although the SFP trouble alarm is triggered soon after the earthquake, a time 
delay occurs for starting a diagnosis process to investigate an SFP problem.  The cue for 
starting to investigate the SFP is the earthquake procedure.  The procedure instructs the 
operators to check the SFP, SFP cooling system, and fuel floor blowout panels.  Based on 
operator interviews for the reference plant, the delay time varies between 30 minutes to 1 
hour.  This analysis uses 30 minutes.  

 
Diagnosis Time:  Diagnosis time is the time between when non-licensed operators (NLO) 
are deployed to inspect the SFP and when they report SFP leakage back to the control room 
operators.  Based on the leakage rate (both small leakage and moderate leakage) and leakage 
locations, detecting SFP leakage is not a challenging task.  Based on the same interview with 
plant staff and a plant walkdown of the path that the auxiliary operators would normally take 
to inspect the SFP, the diagnosis time was determined to be 15 minutes. 
 
Action Time:  Given the fire system may not be available, drafting water from the 
alternative water sources would require additional time than drafting water from fire 
hydrants.  The time to perform the action is 3 hours. 

 
 

Based on operator interviews, plant walkdowns, and procedural reviews the analysts 
determined that the operators are familiar with the mitigation equipment available on site to 
mitigate the SFP problem.  However, the procedures are not written for this exact scenario and 
some confusion and delay may result in staging and connecting the equipment to inject or spray 
into the SFP.  Lastly, given the earthquake, the plant staff’s stress levels are expected to be high. 
 

SPAR-H method uses performance shaping factors (PSF) to inform the diagnosis and 
action portions of the HFE.  The eight PSFs are time, stress, complexity, experience/training, 
procedures, ergonomics/human-machine interface, fitness for duty, and work processes.  Based 
on the contextual and timing information discussed above Tables II and III delineate the factors 
used to calculate the HEPs for the moderate and small leak sizes respectively based on SPAR-H 
worksheets for at-power operation. 
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 Table II. SPAR-H Calculation for Moderate Leak Size 

  Diagnosis Action 

PSFs PSF Levels 
HEP* 

Multiplier 
PSF Levels 

HEP 
Multiplier  

Available Time Nominal time 1 Nominal time 1 
Stress High 2 High 2 
Complexity Nominal 1 Moderately complex 2 
Experience/Training Nominal 1 Nominal 1 
Procedures Nominal 1 Available, but poor 5 
Ergonomics/HMI Nominal 1 Nominal 1 

Fitness for Duty Nominal 1 Nominal 1 

Work Processes Nominal 1 Nominal 1 

*HEP: Human Error Probability.  In this study, it refers to mitigation failure probability.  

 

Table III. SPAR-H Calculation for Small Leak Size 

  Diagnosis Action 

PSFs PSF Levels 
HEP 

Multiplier 
PSF Levels 

HEP 
Multiplier 

Available Time 
Expansive time  0.01 Time available >= 5x 

the time required 
0.1 

Stress High 2 High 2 
Complexity Nominal 1 Moderately complex 2 
Experience/Training Nominal 1 Nominal 1 
Procedures Nominal 1 Available, but poor 5 
Ergonomics/HMI Nominal 1 Nominal 1 

Fitness for Duty Nominal 1 Nominal 1 

Work Processes Nominal 1 Nominal 1 

 
The CBDT method uses a set of eight decision trees to calculate the failure probability of 

eight failure mechanisms.  The total cognitive failure probability (Pc) is the sum of the eight 
failure probabilities.  These eight failure mechanisms are grouped into two high level failure 
modes: plant information-operator interface failure and operator-procedure interface failure.  
Each failure modes contains four decision trees.  In addition, CBDT allows you to credit 
cognitive recovery based on additional crew, self-review, the availability of a shift technical 
advisor, a shift change, and, if available, the emergency response facility (ERF).  The THERP 
method identifies the critical steps that if carried out incorrectly would fail all or part of the 
function specified in the human failure event.  For each critical step the error recovery 
opportunities are identified.  The critical step and the error recovery options are represented by a 
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human reliability tree to calculate the final HEP.   Table IV describes key inputs for use in 
developing the CBDT HEPs. 
 

Table IV. Key Inputs for CBDT Method 

SFP Leak 
Size 

Time 
Available 

Potential Cues Recovery 
Cue 

Moderate 4 Hours The NLO sees water drained to a reactor building 
floor from the SFP during a plant walkdown  
Refuel floor area radiation monitor alarm when level 
reduces approx. 10 feet above spent fuel 
NLO visual inspection of SFP tell-tale leak-off 
drains 

N/A 

Small 16 Hours The NLO sees water drained to a reactor building 
floor  from the SFP during a plant walkdown 
Refuel floor area radiation monitor alarm when level 
reduces approx. 10 feet above spent fuel 
NLO visual inspection of SFP tell-tale leak-off 
drains 

NLO, ERF 

 
 For the moderate leak, the applicable failure mechanisms results from the failure in the 
Operator-Procedure Interface specifically skipping a step in a procedure (Figure 3) (i.e., the main 
control room operators did not request a plant walkdown).  No recovery was given for the 
diagnosis given the short time available to diagnose and perform the mitigating actions.   To 
calculate the THERP action probabilities the critical steps needed to mitigate the SFP problem 
were identified individually for the analysis.  They encompass staging the alternate mitigation 
pump and hose, connecting the hose, starting the pump and verifying the pump started to inject 
or spray water into the SFP.  Tables V and VI describe the critical actions and applicable 
recoveries respectively developed from the THERP Method for the moderate leak scenario. 

 
Figure 3. CBDT Decision Tree for Moderate Leak Size (dotted line delineates path) 
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Table V. THERP Critical Steps to Mitigate Moderate Leak Size 
Procedure: Alternate 

Mitigating Guidelines 
Comment 

Stress 
Factor  Step 

No. 
Instruction/Comment 

Error 
Type 

THERP 
HEP 

Table Item 

1 
Stage AMS Equipment   

5   
Location: SFP EOM 20-7b 1 4.3E-04 

Total Step HEP 2.2E-03 

2 

Stage Hose and Install 
Hose 

  
5   

Location: SFP EOM 20-7b 1 4.3E-04 
  EOC 20-13 4 1.0E-02 

Total Step HEP 5.2E-02 

3 
Start AMS pump   

5   
Location: SFP EOM 20-7b 1 4.3E-04 

Total Step HEP 2.2E-03 

4 

Verify Pump   
5   

Location: SFP EOM 20-7b 1 4.3E-04 

Total Step HEP 2.2E-03 

 
 

Table VI. THERP Critical Steps to Mitigate Moderate Leak Size with Recovery 

Critical 
Step No. 

Recovery 
Step No. 

Action 
HEP 
(Crit) 

HEP 
(Recovery) 

Dep. 
Cond. 
HEP 

(Recovery)

Total for 
Step 

3   Start AMS pump 2.2E-03       1.1E-03 

  4 Verify Pump   2.2E-03 HD 5.0E-01   

1   
Stage AMS 
Equipment 

2.2E-03       2.2E-03 

2   
Stage Hose and 
Install Hose 

5.2E-02       5.2E-02 

Total Unrecovered: 5.60E-02 Total Recovered: 5.50E-02 

 
 For the small leak, the applicable failure mechanisms results from the failure in the 
Operator-Procedure Interface specifically skipping a step in a procedure similar to the moderate 
leak.  However, given this scenario unfolds over 16 hours, recovery was given for the diagnosis 
from the extra crew and availability of the emergency response facility.   Table VII describes the 
credit given and the resultant HEP.  To calculate the THERP action probabilities the critical steps  
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Table VII. CBDT Decision Tree with Recovery Small Leak Size 
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needed to mitigate the SFP issue were identified individually for the analysis.  They encompass 
staging the alternate mitigation pump and hose, connecting the hose, starting the pump and 
verifying the pump started as a recovery action.  An additional recovery of verifying the correct 
hose and connections was added given the additional time available.  Tables VIII and IX 
describe the critical actions and applicable recoveries respectively developed from the THERP 
Method for the small leak scenario. 
 

Table VIII. THERP Critical Steps to Mitigate Small Leak Size 
Procedure: Alternate 

Mitigating Guidelines 
Comment 

Stress 
Factor  Step 

No. 
Instruction/Comment 

Error 
Type 

THERP 
HEP 

Table Item 

1 
Stage AMS Equipment   

5   
Location: SFP EOM 20-7b 1 4.3E-04 

Total Step HEP 2.2E-03 

2 

Stage Hose and Install 
Hose 

  
5   Location: SFP EOM 20-7b 1 4.3E-04 

  EOC 20-13 4 1.0E-02 
Total Step HEP 5.2E-02 

2.5 

Verify Correct Hose 
Connections 

 
5  

Location: SFP EOM 20-7b 1 4.3E-04 
Total Step HEP 2.2E-03

3 
Start AMS pump   

5   
Location: SFP EOM 20-7b 1 4.3E-04 

Total Step HEP 2.2E-03 

4 

Verify Pump   
5   

Location: SFP EOM 20-7b 1 4.3E-04 

Total Step HEP 2.2E-03 
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Table IX. THERP Critical Steps to Mitigate Small Leak Size with Recovery 
Critical 
Step 
No. 

Recovery 
Step No. 

Action 
HEP 
(Crit) 

HEP 
(Recovery)

Dependency 
Cond. 
HEP 

(Recovery) 

Total for 
Step 

2   
Stage Hose 
and Install 
Hose 

5.2E-02       1.1E-04 

  2.5 
Verify Correct 
Hose 
Connections 

  2.2E-03 ZD 2.2E-03   

3   
Start AMS 
pump 

2.2E-03       4.8E-06 

  4 Verify Pump   2.2E-03 ZD 2.2E-03   

1  
Stage AMS 
Equipment 

2.2E-03    2.2E-03 

Total Unrecovered: 5.6E-02 Total Recovered: 2.3E-03 

1.3 Results 

Based on the above analysis, the resultant HEPs were calculated for the SPAR-H and 
CBDT/THERP methods and are delineated in Table X. 
 

Table X. Human Reliability Analysis Results for the Spent Fuel Pool Moderate and Small Leak Sizes 

Leak Size Description 
Time 

Available 

SPAR-H 
Mean 

Diagnosis 
HEP 

SPAR-
H Mean 
Action 
HEP 

SPAR-
H Total 
Mean 
HEP 

CBDT 
Mean 

Diagnosis 
HEP 

THERP 
Mean 
Action 
HEP 

CBDT / 
THERP 

Total 
Mean 
HEP 

Moderate 

Operators fail 
to mitigate a 
moderate spent 
fuel pool leak 
using alternate 
mitigating 
equipment 

4 hours 2.0E-02 2.0E-02 4.0E-02 6.0E-03 5.5E-02 6.1E-02 

Small 

Operators fail 
to mitigate a 
small spent fuel 
pool leak using 
alternate 
mitigating 
equipment 

16 Hours 2.0E-04 2.0E-03 2.2E-03 3.0E-04 2.3E-03 2.6E-03 
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 Using the SPAR-H method and the CBDT/THERP methodology produces comparable 
results for the HEPs.  However, both methods have limitations when calculating ex-control room 
actions.  The methods were developed for procedure driven operator actions.  In addition, the 
action portion for the SPAR-H method was derived from the THERP methodology.  One can 
argue that the cognitive portions of the HFEs are dominated by the operator’s recognition that 
some action must be taken to mitigate the issue; in our case the SFP leak.  Therefore, once the 
decision is made, the operators will dispatch the team to perform the action and the resultant 
HEP is driven by a greater extent from the external limiting circumstances than the failure to 
execute HEPs calculated by the methods discussed above.    

1.4 Human Reliability Analysis Sensitivity 

Continuing with the logic discussed above, the analyst should evaluate the feasibility of 
performing the operator action based on the evaluation of equipment availability, environment 
factors, and time available.  Once it is determined that the action can be performed, a cognitive 
HEP can be calculated using any available HRA methods that the analyst deemed appropriate.  
For this analysis, we will continue to use SPAR-H and CBDT.  Using this information, a simple 
event tree is developed using the similar action HEPs calculated in NUREG-1921 “EPRI/NRC-
RES Fire Human Reliability Analysis Guidelines – Final Report” [9] as shown in Figure 4. 

 

 
 

Figure 4. HRA Simplified Event Tree for Ex-Control Room Actions 
 
 Applying this analysis to our previous HFEs produces similar action HEPs as previously 
calculated using SPAR-H and THERP for the moderate leak size.  However, for the small leak 
size the method does not account for the expansive time available to perform the action resulting 
in higher values for those HEPs.  Table XI and XII illustrates the results of the sensitivity 
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analysis for the SPAR-H and CBDT respectively.  In addition, some may argue the HEP factor 
method does not evaluate the cognitive aspects of the ex-control room action.  A counter 
argument for excluding the cognitive aspects is the operators will self-recover once feedback is 
provided such as a pump failing to start or incorrect valve and hose connections. 
 

Table XI. SPAR-H Sensitivity Results  

Leak Size 
Time Available 

for Action 

SPAR-H 
Mean 

Diagnosis 
HEP 

HEP 
Factor

SPAR-H 
Sensitivity 

Mean 
HEP 

SPAR-H Total 
Mean HEP 

Moderate 100% (4 - .75) 2.0E-02    0.05 7.0E-02 4.0E-02 
Small > 200% 2.0E-04    0.01 1.0E-02 2.20E-03 

      

Table XII. CBDT Sensitivity Results 

Leak Size 
Time Available 

for Action 

CBDT 
Mean 

Diagnosis 
HEP 

HEP 
Factor

CBDT / 
THERP 

Sensitivity 
Mean 
HEP 

CBDT / 
THERP Total 

Mean HEP 

Moderate 100% (4 - .75) 6.0E-03    0.05 5.6E-02 6.1E-02 
Small > 200% 3.0E-04    0.01 1.0E-02 2.6E-03 

 

2 CONCLUSIONS  

Utilizing current HRA methods is exercised to calculate the ex-control room actions; 
however, the analyst needs to be aware of the limitations of these methods.  Furthermore, the use 
of screening factors to adjust HEP values may be sufficient to quickly develop HEPs for various 
ex-control actions but further analysis would be necessary if the results are overly conservative 
or are not supported by operating experience and operator data. 

 Another insight gained by performing the analysis using the CBDT/THERP methods was 
the importance of reviewing the procedurals cues and steps that would drive the operators to 
perform the required diagnosis and subsequent action.  The methods drive the analyst to be 
aware of the actual progression of the accident and the operators as they follow the plant 
procedures.  The SPAR-H methodology is much coarser and is most often used to evaluate the 
overall HFE considered in the analysis.  It also relies heavily on time available to inform both the 
action and diagnosis portion of the HEP.  On the other hand, CBDT/THERP method uses time 
more to inform the availability and dependence of operator recovery. 

This analysis re-emphasizes the importance of performing plant walkdowns and operator 
interviews.  That information provided the contextual basis for developing the HEPs for both 
methodologies.  Furthermore, having a clear understanding of the accident progression 
completes the picture of how the operators and plant should respond given this scenario occurs. 
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