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Overall philosophy

• PRA is fundamentally sequence-based:
– Identify accident sequences

– Analyze each of them: how they begin, how they 
proceed, what is the end state

• PRA is fundamentally a realistic analysis.

• PRA is probabilistic because that is the only 
way to characterize accident sequences.
- This is especially true of initiators like earthquakes 
with a spectrum of “sizes” and other features.
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Overview of SPRA Systems 

Analysis Steps

• Start with the “internal events” PRA model

• Add additional SSCs that earthquakes can affect

• Develop the “Seismic Equipment list” (SEL)

• Quantify model --- hazard curves, fragilities

• Uncertainty and sensitivity analyses
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Overview of Systems 

Presentation

• Special issue:  Correlations – Dependencies

• Special issue:  Relay Chatter

• Special issue: human reliability analysis

• Special issue: seismic-induced fires and 
floods
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Systems Analyst Interface with 

Fragilities Analyst

Agreement must be reached between fragilities 

analysts structural and systems analysts
– What constitutes failure?

– What are the consequences of failure?

• Failure mode must be properly defined in the 

model
– Failure = failure to perform the safety function

– Pressure boundary failure

– Functional failure
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Systems Analyst Interface with 

Fragilities Analyst (cont.)

• Model must include spatial interactions.

– Block wall impact on essential component

– Falling of false ceilings, light fixtures, 

space heaters, etc.

– Sliding of unanchored equipment

– Impact from deflection of adjacent pipe.
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Overview of the Seismic 

Equipment List 

• The Challenge:  We want to select the 

correct list of SSCs, but not too many

SSCs.

• Determine the potential “PRA initiating 

events” that could occur due to the 

earthquake:
• Directly due to the earthquake

• Made more likely as a consequential event
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Safety Functions

a.Reactivity control

b.Reactor coolant system pressure 

control

c.Reactor coolant system inventory 

control (early and late)

d.Decay heat removal (early and late)

e.Containment isolation and integrity
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Special Considerations of the 

SEL

• “Passive” items that have generically high 

capacity (manual valves, manual dampers, 

check valves, and backdraft dampers) need not 

be listed on the SEL.  However, they should be 

spot-checked during the walkdown.

• Unique plant features, such as the overhead 

cranes, the control room ceiling, and plant 

stacks that could fall on safety equipment.
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Special Considerations of the 

SEL

• Identify sources of potential seismic-fire interactions.
• Searching for what would be a fire initiating event in a fire 

PRA.
– Electrical fires including starting in cables
– Liquid or gaseous combustibles need to be considered
– Earthquakes can fail fire suppression systems
– Fires can block access for operator actions

• Flooding/spraying can occur from pipe failures, or inadvertent 
actuation of fire protection equipment (especially wet-pipe 
systems).  Deluge valves may be vulnerable to earthquakes.

• Usually these types of interactions are modified (fixed!) after 
they have been identified so they are not a problem, rather 
than included in the SPRA model.
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Screening of Equipment by 

Calculations

• Set minimum capacity for screening.

– Screening level depends on:
• Seismic hazard level

• relative capacity of dominant components

– pf < 10-7/yr has been used, but there is no 

consensus.

– Both CDF and LERF are important when 

selecting screening criteria.
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The Correlation Issue

• The Issue
– Earthquakes can damage several items at the 

same time.  This damage is obviously 

correlated.

• The Problem
– Understanding these correlations is always 

difficult, and analyzing the partial dependency 

numerically can be uncertain.
• Actual earthquake correlation data are very limited.

• Shake-table data with multiple samples of the same 

component are limited and difficult to interpret.
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The Correlation Issue

• Assumptions are usually made:

– Response of identical, co-located (same building 
and elevation) equipment is usually assumed to be 
100% correlated.

– Other response correlations are assigned zero
correlation.

• Full correlation is not always conservative. 

• Sensitivity studies MUST be made to determine 
impacts of these assumptions.
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The Correlation Issue

Recent NRC-sponsored research project:

NUREG/CR-7237
“Correlation of Seismic Performance in Similar Structures, Systems, 

and Components,” R.J. Budnitz, G.S. Hardy, D.L. Moore, and M.K. 

Ravindra (2017)

o This report provides a methodology, with several 

example calculations, for calculating the (partial) 

correlations when seismic motion strikes more than 

one SSC.  This is intended to provide a refinement 

over current more approximate methods.
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Dependent Failures -- Assumptions

– Building failure assumed to fail all 

equipment in building

– Human error dependencies included (with a 

sensitivity study for some postulated 

dependencies)
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Relay Chatter
• The Problem

– Contacts in relays, contactors, and some types of switches can 
“chatter” in an earthquake

– This can occur at relatively low ground motion

• Key Issues
– Thousands of relays in vital circuits

– Amplification in structures and cabinets

– Orientation of relay (vertical or horizontal)

– Duration of chatter 

– Relay operating mode:

• normally open vs. normally closed

• energized vs. de-energized

• Testing
– Testing is essentially the only way to understand relay 

behavior in large earthquakes.
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Developing the Seismic Event 

Tree

• After the non-screened equipment and 
structural failures are known, and 
correlations established, the seismic 
event tree can be finalized.

• Note that different methods are 
available, but initiating events are 
usually incorporated into the seismic 
event tree.
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Assumption on Seismic Loss of 

Offsite Power

• Assumption
– Commonly assumed that unless Seismic LOSP (Loss of 

Offsite Power) occurs, the sequence will be mild, and need 
not be included in the SPRA

• Rationale
– In U.S. plants, ceramic insulators are generally the 

weakest component in earthquakes
– Median insulator capacity is about  0.30 g

(PGA)
– Essentially all other components are stronger

• LOSP always considered non-recoverable
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Assumption on Loss of Offsite 

Power (con’t)

• Consequence of this assumption

– Smaller earthquakes that do not fail offsite power 
can be excluded

– Effectively sets a lower bound to the analysis, and 
excludes low magnitude earthquakes (and their 
higher frequency)
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Assumption on Small Line 

Breaks
• Assumption

– It is difficult to rule out that an earthquake will cause 

a break in a very small (less than 2-3 cm.) pipe or 

line somewhere in the primary system boundary.

• Rationale

– There are too many small lines, especially around 

the primary system --- including impulse lines.  A 

walkdown to assure their integrity during 

earthquakes could lead to excessive dose.

– Therefore, it is often useful to assume that one of 

these lines will break --- producing a “small, small 

LOCA”.
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Assumption on Small Line 

Breaks (con’t)

• Consequence of this assumption

– After an earthquake, it is necessary to 

analyze with the assumption that a small-

small LOCA has occurred, and that high-

pressure injection makeup is required.
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Instrumentation, Control and 

Human Factors Issues

• The Problem
– Earthquakes can

• cause interruption of control functions
• produce spurious control and actuation signals
• damage sensors, transducers, read-outs
• damage control-room equipment
• cause electrical transients in circuitry

– Earthquakes can
• confuse the operators
• impede access to vital areas
• damage lighting

– Earthquakes can
• increase human error rates
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Instrumentation Control and

Human Factors Issues (con’t)

• Analysis Assumption

– Usually, human error multipliers are used to 

increase the failure of operator actions

– Often based on the time after the earthquake, and 

the location of the action

– Sometimes based on the magnitude of the 

earthquake
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Typical HEP Multipliers

SEISMIC HRA MULTIPLIERS

Location of 
action and EQ 
accel. level

Time after Earthquake

Short 
(<20 min)

Medium 
(20 min to 1 

hr)

Long 
(1 hour or 

more)

In Control 
Room
- PGA < 0.8g
- PGA > 0.8g

3
10

2
5

1
1

Ex Control 
Room
- PGA < 0.8g
- PGA > 0.8g

10
30

3
10

2
5
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Quantification

1.  Using the seismic event tree and fault 
trees, develop nodal equations (Boolean 
sets) for the event tree branches

• Include success events (varies with EQ level)

2. Combine hazard curve, fragilities, and 
nodal equations to quantify Seismic 
Damage State (SDS) frequencies

3. For each SDS, calculate conditional core 
damage probability (CCDP)

4. Perform sensitivity, importance, and 
uncertainty assessments
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Sensitivity, Importance, and 

Uncertainty

• Sensitivity analysis for “what if” 

assessments

– Assumptions

– Conservatisms

– Human interactions

– Plant modifications

– Procedure changes

– Correlations



27

Sensitivity, Importance, and 

Uncertainty

• Importance analysis calculates the impact if a 

component or event is better or worse than 

the value used in the assessment

– Risk reduction (unavailability = 0)

– Risk achievement (unavailability = 1)

• Uncertainty analysis calculates statistical 

bounds – mean, median, 5%, 95%

– Hazard curve uncertainty

– Fragilities uncertainty

– Random and human error uncertainty
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Outputs of SPRA

• Seismic fragilities (and HCLPF) of components, 
structures, accident sequences, and plant

• Seismic accident sequence frequencies, plant 
seismic CDF and LERF, and uncertainty 
distributions

• Impact of non-seismic unavailabilities and human 
errors on seismic risk

• Identification of dominant risk contributors

• Distribution on range of accelerations
contributing to seismic risk

• Risk reduction as a function of seismic upgrading
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Plant Fragility Curves
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CDF Contribution by 

Acceleration Range
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