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Outline of Talk

THIS TALK WILL ADDRESS 5 QUESTIONS:

• QUESTION #1:  What do we know about the seismic hazard at 
NPP sites?

• QUESTION #2:  How do we design NPPs today to resist 
earthquakes?

• QUESTION #3:  How do we use seismic PRA to analyze NPPs 
today to understand their resistance to earthquakes?

• QUESTION #4:  What do we know about seismic “risk” in terms 
of PRA-derived CDF (Core Damage Frequency) and LERF?

• QUESTION #5:  What key results and insights emerge from the 
seismic PRAs?  What safety decisions can be supported?



2

As a preview of the discussion of 
my Questions 3 and 4:

• How do we analyze NPPs today to understand their 
resistance to earthquakes?

- We use a combination of engineering analysis and 
seismic PRA methods.

• What do we know about seismic “risk” in terms of 
PRA-derived CDF (Core Damage Frequency) and 
LERF?

- We use seismic PRA methods.
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A brief explanation – Why PRA?

• 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 addresses the famous Garrick-Kaplan “risk triplet”:

◼ What can go wrong?

◼ How likely is it?

◼ What are the consequences?
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A brief explanation – Why PRA?

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.

- It is also true of “internal” initiated sequences, which can 

have very different frequencies, but for which a typical initiating 

event has a single “annual frequency,” not a continuous 

spectrum of frequencies.
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A brief history of seismic PRA

A few highlights in the U.S.

• Cornell PSHA paper (1968) IPEEE (1990-92)

• SSMRP (late 1970s) SSHAC process for PSHA (1997)

• Oyster Creek PRA (1983) ANS Seismic PRA standard (2003)

• IEEE Procedures Guide (1983) IEAE guidance on SPRA (various)

• IP, Zion (PRAs 1981-83) EPRI SPRA guidance (various)

• GI A-46 program (mid-1980s) SPID, post-Fukushima (2012)
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Structure of SPRA

• Hazard

• Fragilities

• Systems analysis

• Convolution
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Seismic “risk,” expressed as a frequency of 
seismic-caused failure, is a convolution of the 

HAZARD and the FRAGILITY curves
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Seismic Probabilistic Risk Assessment 
Methodology
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QUESTION #1: What do we know about 
the seismic hazard at NPP sites in the 

U.S.?

The best available knowledge comes from 

Probabilistic Seismic Hazard Analysis (PSHA) 
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Seismic Hazard

AT A GIVEN SITE:

• Identify seismic sources, near and far

• For each source, identify the sizes of 
earthquakes and their frequencies of occurrence as 
a function of “size”

• Work out how the vibratory ground motion
arising at a source travels and attenuates from the 
source to our site, and the characteristics of the 
earthquakes (duration, frequency content, etc.)

• Probabilistic convolution of source sizes
(frequencies) and attenuation to produce hazard 
curves
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Seismic Hazard (continued)

AT A GIVEN SITE, WHY IS THERE SO MUCH 
UNCERTAINTY?

◼ Even at the most well-characterized sites (with 
high seismic activity), the historical record is 
simply not sufficient.

◼ There is important uncertainty in our 
understanding of ground-motion attenuation 
effects because most sites are very 
heterogeneous.

◼ To characterize the site ground motion properly, 
one would need several different parameters, but 
we simplify it into a single parameter (such as 
PGA or spectral acceleration), introducing lots of 
variability.
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Typical Seismic Hazard Curve
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QUESTION #2: How do we design NPPs 
today to resist earthquakes?

1) Select 10-4/year EQ, and work out its spectral 
shape. 

NOTE: This is the so-called SSE or Design Basis 
Earthquake (DBE) motion. The procedure for 
determining the DBE comes from ASCE 43-05. Prior 
to 1997, the DBEs were derived using a deterministic 
process. The DBEs for all currently operating U.S. 
nuclear power plants used the deterministic process.

2) Use this as the design-basis input to the design 
of SSCs.

3) Use primarily the NRC Std. Review Plan, Reg 
Guides, and industry guidance for the response 
analysis.
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QUESTION #2: How do we design NPPs 
today to resist earthquakes?

(continued)

4) For each SSC, use standard industry design 
codes (ASCE, ACI, IEEE, ASME, AISC, etc.)

5) Each of these design codes embeds significant 
conservatisms to provide high assurance of achieving 
the desired performance.

NOTE: After the establishment of the DBE, the rest of the 
design process is deterministic. That is, no 
probabilistic considerations enter into the design.
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Outcome of the design process

• The Outcome:  A “typical SSC” will have enough 
strength that “OSID” (onset of significant inelastic 
deformation) begins to be a problem at a higher GM 
than the 10-4 design  --- specifically, at GM levels 
around 10-5 per year.

• This is approximate --- it varies from site to site.

• For each SSC, the outcome is that we have high 
confidence that the SSC will perform its safety 
function for an EQ with a size larger than  the DBE.



16

QUESTION #3:  How do we analyze NPPs 
today to understand their 

resistance to earthquakes?

• We can subject each SSC to the design-basis EQ and develop an 

understanding of its response (either experimentally of analytically).

[With conservatisms, this is the licensing calculation.  Even when 

done realistically, this is not very useful in understanding how and 

why and when an SSC will “fail.”]

AND

• We can use probabilistic risk analysis (PRA).

[This is necessary to understand accident sequences for 

earthquakes beyond the design basis, because these are the 

earthquakes that can cause damage.]



17

How do we analyze a single SSC today 
to understand its 

resistance to earthquakes?

• We do (realistic) probabilistic fragility analysis.

• Sometimes, we do so-called “HCLPF” analysis (see 
below).
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Information about seismic capacities 
of SSCs

• Testing (shake-tables)

• Experience in real earthquakes

• ANALYSIS  -- now quite sophisticated (for structures 
and some equipment, such as piping, tanks)
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An unrealistically steep fragility 
curve
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A more realistic fragility curve
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The “threshold” approach

•The “threshold” approach uses the “HCLPF capacity” 
as the figure-of-merit.

[“HCLPF” capacity means the “High Confidence of 
Low Probability of Failure” capacity]
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Why is there so much uncertainty 
in fragility curves?

1) we characterize the EQ with a single parameter

2) variability of SSCs (one to the next)

3)  lots of variability in the test data base

4)  analysis sometimes isn’t accurate enough.

• For many SSCs, “OSID” (onset of significant 

inelastic deformation”) is better understood than the 

full fragility curve.
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Limitations of SPRA today

Strengths:

• We know how to analyze the seismic hazard.

• We know how to develop the fragilities.

• We have robust PRA systems-analysis methods.

• We have learned how to characterize the uncertainties 
realistically.

Limitations:

• Correlations among failures

• Post-EQ human error probabilities

• Uncertainties:

- in the hazard

- in the fragility curves
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QUESTION #4: What do we know about 
seismic “risk” 

in terms of PRA-derived CDF 
(Core Damage Frequency)?

Existing US Nuclear Power Plants

many have seismic CDF ≈ few x 10-5/year

a few around 10-4/year

a few < 10-5/year
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What do we know?

Existing LWR Plants, Dominant SSCs

ALWAYS:  Loss of Offsite Power 

1. Structural: interior walls, masonry walls

2. Electrical: motor control centers, relays, DC buses

3. Large tanks

4. Small tanks (e.g., DG fuel oil day tanks)

5. Heat exchangers

6. Pumps:   long shafted SW pumps, horizontal

AFW pumps (motor and turbine driven)

7. Batteries and racks

8.    Cable trays
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What do we know?

New Plants, Dominant SSCs

ALWAYS:  Loss of Offsite Power 

If designed using current approaches (for example, ASCE 43-19):

1) Individual SSCs should have OSID around 10-5 /year

2) Median failures will be lower by a factor of 2 or so,
sometimes more

3) Core Damage requires 2 or more SSCs

4) CDF should be ≈ few 10-6 /year

Today, we can design out a lot of yesterday’s vulnerabilities:
o  Relay chatter o  Heat exchanges
o  Motor control center issues o  Batteries
o  Diesel peripherals o  DC buses
o Tanks
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What do we know?

Crucially, from a seismic PRA we can identify which 

SSCs, and which post-earthquake human actions, 

and which other issues are unimportant during and 

after a large earthquake, and why.
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What safety decisions can SPRA 
support?

Decisions depending on CDF and LERF

• Decisions depending on plant-wide HCLPF-type 

“margins”

• Decisions related to one SSC or one accident sequence

• Decisions concerning defense-in-depth

• Decisions related to the significance of an event

• Decisions depending on Level-2-type or Level-3-type
insights

• Decisions affecting the design process
◼ for an individual SSC

◼ for more complex aspects of the design

◼ for understanding the relationships among the “parts” or when 
human actions are important too
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Broader (higher-level) impacts of SPRA

• Should we do design differently?
◼ the design codes

◼ regulation of the design process

• Should we modify how we operate the plant?

• Should we modify any of the regulations?
◼ “realistic” regulatory analysis?

◼ informing “special treatment”?

◼ informing tech specs?

◼ attention to accident sequences in the regulations?

• High-level “safe-enough” decision-making

• Use of PRA insights to decrease costs
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Recent NPP experience with 
earthquakes

• Kashiwazaki-Kariwa (2007)

• Fukushima Daiichi & Daini and Onagawa (March 
2011)

• North Anna (August 2011)
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What’s going on now concerning 
seismic PRA?

o In March 2012, the NRC issued a 10CFR 50.54(f) letter.

[follow-on to a major NRC Fukushima Task Force recommendation]

o Each operating U.S. NPP was required to:

- do a seismic walkdown, to look for issues. (completed in 2013)

- re-examine their seismic hazard. (completed in 2014)

- if the hazard is “larger,” do a Seismic PRA

(Several SPRAs began in 2016, all others
are under way, all to be completed by late 2019.)

o A few U.S. plants have identified upgrades to a few SSCs. 
(essentially all completed by now.)

O A major effort, the LMP (Licensing Modernization Project) is now 

developing a modern approach for licensing of new advanced 

reactors.



32

What’s going on now concerning 
seismic PRA?

o The ASME-ANS PRA standard issued a new revised SPRA 
section in 2018, and a further revision is under way now.

o After the Fukushima accident, the EU sponsored “stress test” 
analyses. Some upgrades were identified that have mostly been 
accomplished by now.

o IAEA --- Several important new reports have been issued that 
provide guidance on various aspects of SPRA. 
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The Power Point file for this talk has a long list of 

citations that I can make available to anyone 

who asks me.
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