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Outline

• Risk integral
• Topical report to USNRC, May 2025 

• Seismic base isolation of reactor buildings
• Isolation of equipment not explicitly addressed

• Agnostic to reactor type and size, and isolation system
• LLWRs, ARs, micros
• 2D and 3D isolation systems

• NRC audit underway
• Risk-informed performance-based design of an isolation system

• Calculating D50: an evolution
• Approach 1, Approach 3, Approach 4

• Sample calculations
• Closing remarks
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Risk integral: 1981, nuclear energy, Zion
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Risk integral: 2026, nuclear energy

AFE = 1E-04 (10,000 years)

AFE = 4E-05 (25,000 years)

AFE = 1E-05 (100,000 years)

Seismic hazard curves

Uniform hazard response spectra
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Topical report on seismic isolation

• Achieving a target performance goal, TPG, PF
• Mean annual frequency of unacceptable performance
• Isolation system (isolators + dampers) treated as an SSC
• Traditionally defined by a Seismic Design Category (SDC)

• SDC determined by seismic probabilistic risk assessment
• Consequence of SSC failure

• TPG delivered via prototype testing of devices for displacement D50
• Analysis, design, functional requirements

• Qualification, prototype, and production testing
• Specifications and commercial grade dedication

EPS

conditioned on DBE shaking, and a 10% or smaller annual
frequency of unacceptable performance conditioned on 150%
of DBE shaking.
For a given DBE shaking, the damage is greatest for Limit

State A and negligible for Limit State D (Table 1-2). Damage is
limited to allowable levels by applying inelastic energy absorp-
tion factors and/or deformation limits, as specified in Chapters 5
and 8. Design criteria are presented in Chapters 2 through 9.
Requirements for quality assurance (QA) and independent peer
review are described in Chapter 10.

1.4 INTEGRATION OF OTHER CODES AND
STANDARDS WITH ASCE 43

Consensus codes and standards, which follow procedures ap-
proved by ANSI and support the design process, are published by
a number of professional organizations including the American
Concrete Institute (ACI), American Institute of Steel Construc-
tion (AISC), American Nuclear Society (ANS), ASCE, Ameri-
can Society of Mechanical Engineers (ASME), and Institute of
Electrical and Electronics Engineers (IEEE).
ASCE publishes three standards related to the seismic design of

nuclear facilities: ASCE 1, Guideline for Design and Analysis of
Nuclear Safety-Related Earth Structures; ASCE 4, Seismic Analysis
of Safety-Related Nuclear Structures; and this standard, ASCE 43.
The American Concrete Institute publishes ACI 349, Code

Requirements for Nuclear Safety-Related Concrete Structures, to
be used for the design and detailing of reinforced concrete

nuclear structures. The American Institute of Steel Construction
publishes AISC N690, Specification for Safety-Related Steel
Structures for Nuclear Facilities. Some exceptions and additions
to ACI 349 and AISC N690 are required by this standard.
The American Nuclear Society Standards ANS 2.27 and ANS

2.29 describe the development of seismic hazard curves, which
define ground motion parameters as a function of return periods
or exceedance frequencies. ANS 2.26 establishes five SDCs,
introduced earlier in this chapter, which are defined using con-
sequences of failure as measured by unmitigated radiological
exposure to facility workers and the public. ANS 2.26 describes
four limit states for SSCs in all five SDCs.
The American Society of Mechanical Engineers and IEEE

publish standards that use ASCE-calculated seismic loads for
design and provide procedures to determine the effects of these
loads on SDC 1 through SDC 5 systems, components, and
acceptance criteria. Standards that are used for the seismic design
of mechanical and electrical systems and components include
those of the American Petroleum Institute (API), Sheet Metal
and Air Conditioning Contractors’ National Association
(SMACNA), American Water Works Association (AWWA),
Crane Manufacturers Association of America (CMAA), and
National Electrical Manufacturing Association (NEMA).

1.5 ALTERNATIVE METHODS TO MEET THE INTENT
OF THIS STANDARD

The intent of this standard is to achieve the performance goals of
Table 1-1 for the limit states defined in Table 1-2. Alternative
methods may be used to achieve a performance goal, but they must
justify (and properly incorporate into reliability calculations)
appropriate site-specific hazard curves, demands, and capacities,
with explicit consideration of uncertainty and variability. One
method to comply is to reasonably achieve both of the following:
(1) less than a 1% probability of unacceptable performance for
the DBE shaking defined in Chapter 2, and (2) less than a 10%
probability of unacceptable performance for 150% DBE shaking.
Acceptable alternate methods for achieving a target performance
goal, given capacities defined at different exceedance levels, are
presented in the nonmandatory Appendixes A and B. Designs or
evaluations based on alternative methods allowed in this section
shall be independently peer-reviewed.

Table 1-1. Summary of Earthquake Design Provisions.

Seismic Design Category

2 3 4 5

Target performance goal, PF 4 × 10−4 1 × 10−4 4 × 10−5 1 × 10−5

DBE response spectrum or acceleration time series SF × UHRS; Chapter 2 in this standard
Damping for structural evaluation Section 3.3.3
Analysis methods for structures ASCE 4 and Chapter 3 in this standard
Analysis methods for systems and components In-structure response spectra; ASCE 4 and Chapter 8 in this standard
Load factor 1.0
Inelastic energy absorption factors Table 5-1 and/or Table 8-1 in this standard
Material strength Minimum specified value
Component design strength Design strength according to materials standards unless exceptions are

made in this standard
QA program Chapter 10 in this standard
Independent peer review Chapter 10 in this standard

Table 1-2. Deformation and Damage by Limit State.

Limit
State Expected Deformation Expected Damage

A Large permanent distortion,
short of collapse

Significant

B Moderate permanent distortion Generally repairable
C Limited permanent distortion Minimal
D Essentially elastic behavior Negligible

Source: Adapted from ANS 2.26 (ANS 2017).

4 STANDARD ASCE/SEI 43-19
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Achieving a TPG for an isolation system

• Unacceptable performance is what?
• Insufficient unrestricted horizontal displacement capacity of the isolation system

• Impact on adjacent construction is unacceptable

• Target performance goal is user specified, from an SPRA
• Fragility function demand parameter is horizontal displacement

• Seismic hazard curves              displacement demand curve
• Approaches 1 and 3: numerically integrate to compute risk, iterate on D50 to achieve TPG

EPS

Displacement 
demand 

curve

Fragility 
function
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Treatment of uncertainty and variability

• Considered
• Ground motion record-to-record (RTR)

• Variability in displacement response for spectrally matched ground motions
• Ground motion directionality: termed maximum direction in ASCE/SEI 7
• Isolation system mechanical properties, βi = 0.05
• Mass distribution in the isolated nuclear power plant, βm = 0.05
• Model fidelity, βf = 0.05
• Isolation system capacity, βc = 0.05

• Approach 1: industry standard approach, EPRI 2018
• Displacement correction for effects of directionality
• Uncertainty and variability addressed via the fragility function

• Approach 3
• Ground motion RTR and directionality variability addressed via the demand curve
• Other variabilities addressed via the fragility function

EPS
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Generating a displacement demand curve: Approaches 1 and 3

• Seismic hazard curves from PSHA
• Nonlinear dynamic analysis of 2DOF model

• 2DOF model sufficient to compute horizontal displacement
• 2DOF model unique to chosen isolation system

• Vertical ground shaking? Not needed per Mosqueda et al. (2002)

• Displacement demand curve unique to site, soil, and isolation system
EPS

TPG?+
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A minor, but relevant diversion 

EPS

β = 0.25
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Achieving a TPG for an isolation system: Approach 1

• Displacement demand curve (DDC)
• 11 bins spanning 4 decades in MAFE

• Midpoint geomean UHRS in each bin
• 11 pairs of matched motions per bin

• Mean maximum displacement per bin
• DDC generated using

• 11 mean maximum displacements
• Increased by 1.2 for directionality

• Fragility function to compute D50
• Defined by D50 and a composite dispersion

• Composite dispersion = SRSS of demand and capacity dispersion
• Default = 0.35 for all isolation systems (smaller for linear systems)
• Ground motion (RTR and directionality) dispersion dominates

EPS
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Exercising the process

• Clinch River Site, ORNL
• Seismic hazard data per the USGS
• Site classes: BC (Vs30=760 m/s) and CD (Vs30=365 m/s)
• Eleven bins of earthquake shaking, spanning 4 decades
• Thirty pairs of 2D ground motion time series per bin

• Spectrally matched
• 30 seed motions from the PEER database

EPS RP = 25,000 years
C/D

5% damping
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Exercising the process

• Archetype reactor building
• Early version of the Kairos Power molten salt reactor
• Selected safety-related SSCs included in the SAP2000 model
• 17 isolators, locations not optimized; 1D FV dampers

EPS

xy
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Exercising the process

• Isolation systems
• 2D: 2s linear isolators, 2s linear isolators + nonlinear dampers, 2s single spherical 

sliding (bilinear) isolators, 2s bilinear isolators + 1D nonlinear fluid viscous dampers, 3s 
bilinear isolators

• 3D: spring isolators (1.1 s H, 0.4 s V) + 3D viscoelastic dampers, hybrid isolation system 
(2 s H, 0.4 s V) + 1D fluid viscous dampers

• Linear and nonlinear dynamic analysis of 2DOF model using SAP2000
EPS
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Exercising the process: Approach 1

• Displacement demand curve
• Nonlinear analysis, 11 shaking bins across 4 decades, 11 motions per bin, 121 analyses
• 11 values of mean maximum displacement
• Increase displacements by a factor of 1.2 to account for directionality: MCEER report

• Fragility function
• β=0.35 for all sources of uncertainty and variability
• Increment D50 to achieve the TPG

EPS

1. 2-s linear system
2. 2-s linear system with 

nonlinear dampers 
3. 2-s sliding system
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Exercising the process: Approach 1, constant TPG

• Calculate D50
• Basis for prototype testing

• Fragility function
• Composite β= 0.35 dominated by ground motion; non-ground-motion β = 0.10

• Three isolation systems, TPG=E-4 (SDC 3), β = 0.35, CD soil

• 2s linear isolators: D50 = 295 mm
• 2s linear isolators + nonlinear dampers: D50 = 150 mm
• 2s bilinear isolators: D50 = 140 mm

EPS

1. 2-s linear system
2. 2-s linear system with 

nonlinear dampers 
3. 2-s bilinear system
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Exercising the process: Approach 1, one isolation system

• Calculate D50
• Basis for prototype testing

• Fragility function
• Composite β dominated by ground motion; capacity βc = 0.05

• Three TPGs, 2-second linear isolation system, β = 0.35, CD soil

• D50 = 295 mm for TPG = E-4 (SDC 3)
• D50 = 425 mm for TPG = 4E-5 (SDC 4)
• D50 = 540 mm for TPG = E-5 (SDC 5)

EPS
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Approach 3

• Developed to benchmark Approach 1
• Compare risk numbers and D50 for the two approaches

• Approach 1
• Methodology consistent with EPRI 2018 

(https://www.epri.com/research/products/000000003002012994) 

• Directionality addressed via factor of 1.2 on DDC determined using matched motions
• Fragility function β addresses both demand (ground motion) and capacity

• Approach 3

• Ground motion variability and directionality included in the demand curve
• Dispersions: βi = 0.05, βm = 0.05, βf = 0.05, βc = 0.05

• Composite β = 0.10 via SRSS of individual β*

EPS

https://www.epri.com/research/products/000000003002012994
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Approach 3

• Max-min motions for variability and directionality

• Median = 1.3, log standard deviation = 0.13 (Huang et al. 2008)
• Based on recorded ground motion time series

• Thirty sets of motions per bin, 11 bins spanning 4 decades
• Spectrally matched motions in a pair scaled by Fh and 1/Fh

• Recovers the geomean UHRS in the bin

• DDC constructed using 330 values of maximum displacement, each associated with AFE

EPS
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DDCs using Approaches 1 and 3, Clinch River, CD soil

EPS

• DDCs from Approaches 1 and 3 are 
functionally identical
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D50 calculated using Approaches 1 and 3, Clinch River, CD soil

EPS

4 

Table 4. Median displacement capacity, D50, units of mm, to achieve different TPGs, 
Clinch River, BC soil, Approach 1: 0.35, Approach 3: 0.1 

Target performance goal 
Isolation system 1E-4 4E-5 2E-5 

1 2-sec linear
Approach 1 170 242 310 
Approach 3 150 210 260 

2 2-sec nonlinear
Approach 1 54 94 140 
Approach 3 50 88 132 

3 2-sec linear isolation + nonlinear
FVDs 

Approach 1 68 110 152 
Approach 3 68 104 142 

4 2-sec nonlinear + nonlinear FVDs 
Approach 1 36 62 94 
Approach 3 34 62 88 

5 3-sec nonlinear
Approach 1 62 112 168 
Approach 3 56 106 150 

6 3D linear system, 1.1 s Approach 1 50 70 90 
Approach 3 44 60 76 

Table 5. Median displacement capacity, D50, units of mm, to achieve different TPGs, 
Clinch River, CD soil, Approach 1: 0.35, Approach 3: 0.1 

Target performance goal 
Isolation system 1E-4 4E-5 2E-5 

1 2-sec linear system
Approach 1 294 424 542 
Approach 3 258 360 454 

2 2-sec nonlinear system
Approach 1 140 248 360 
Approach 3 134 242 328 

3 2-sec linear isolation system +
nonlinear FVDs 

Approach 1 152 244 334 
Approach 3 156 226 304 

4 2-sec nonlinear system + nonlinear
FVDs  

Approach 1 90 162 240 
Approach 3 92 162 234 

5 3-sec nonlinear system 
Approach 1 160 284 416 
Approach 3 160 278 400 

6 3D linear system, 1.1 s Approach 1 92 132 170 
Approach 3 80 112 140 

! ! ! !

!!"# $% !

! ! ! !

!!"# $% !

• Use of computationally more expensive Approach 3 yields identical or lower D50 or 
MAFE of unacceptable performance
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Approach 4: hot off the press

• Given the observations
• Ordinates of DDC per Approach 1 >= Approach 3 for a given MAFE

• β = 0.10 for SRSS of non-ground-motion dispersions
• For β <= 0.15, nearly all the risk accrues in the decade below the TPG 
• DDC can be linearized in log space for a 10-fold change in MAFE: DR

• Appendix A of ASCE/SEI 43-19 (RPK), replacing hazard curves by DDC

 

Page 2 of 12 
 

spectrum, denoted UHRS, at the exceedance frequency associated with the TPG, HP. The factor of safety, 
denoted F50%, is a function of a) a parameter AR, which is a function of the slope on the seismic hazard 
curve at the TPG, and b) the log standard deviation of the capacity.  

Herein, seismic hazard is defined using the DDC, which is specific to a site, soil, and isolation system; the 
slope parameter, denoted DR, which is computed from the DDC, as presented below; and the log standard 
deviation of the capacity of the isolation system is denoted  .  

The factor F50% that is used to multiply the ordinate of the DDC at the TPG, namely, D(@TPG), is 
computed as follows: 

 

 
 

(1) 
 

  (2) 
 

  (3) 
 

 D(TPG) = D(@TPG)  F50% (4) 

The remainder of this memorandum documents the calculations made to support the implementation of 
the simplified procedure. The DDCs presented in Southern (2025) and per Approach 1 in Mir et al. 
(2025) were used for the calculations, noting that the differences in the DDCs presented in Mir et al. 
(2025) for Approaches 1 and 3 are insignificant. 

Table 1 presents values of DDC(@TPG) in mm for six isolation systems, four TPGs, and two soil types. 

Table 2 presents values of DR computed per equation (3) for the Clinch River site, two site classes, and 
four TPGs. Values of DR decrease with decreasing TPG for all isolation systems, all TPGs, and both soil 
types. As an example, DR = 3.1 for 1E-4 and = 2.2 for 1E-5, for the 2-second linear isolation system and 
BC soil. The value of DR ranges between 2.2 and 8.8 for all the analysis cases considered herein. 

Table 3 presents values for F50% as a function of DR and . Values are presented for a range of DR 
between 1.5 and 10: a much wider range than 2.2 to 8.8 per Table 2. 

Tables 4 through 17 enable a comparison of the horizontal displacement required to achieve the TPG 
computed by 1) integrating the fragility function over the DDC per Southern (2025), and 2) per equations 
(1) through (4). Data are presented for a) a wide range of  for completeness, noting that the dispersion 
on isolation-system capacity is of the order of 0.05, as presented in Southern (2025), b) six isolation 

APPENDIX A

ALTERNATE METHOD TO MEET ASCE 43 PERFORMANCE GOALS WHEN SEISMIC
CAPABILITIES ARE DEFINED AT THE 50% PROBABILITY OF FAILURE LEVEL

A1. INTRODUCTION

For some seismically induced failure modes (primarily soil
failure modes), it is common engineering practice to define the
seismic capability at the 50% probability of failure level (called
herein median capacity, C50%) and to apply an appropriate factor
of safety. This appendix defines an acceptable method to meet the
ASCE 43 performance goals, PF, when the seismic capability is
defined at the median capacity level, C50%.

A2. SPECIFICATION OF THE DESIGN RESPONSE
SPECTRUM

The design response spectrum (DRS) DRSA, for use with median
capacities is defined by

DRSA =F50% × UHRSHP
(A-1)

where UHRSHP
is the uniform hazard response spectrum defined

at the mean annual frequency of exceedance HP = PF.

A3. SPECIFICATION OF MINIMUM FACTOR OF
SAFETY TO BE APPLIED TO MEDIAN
PROBABILITY OF FAILURE CAPABILITY

The minimum required factor of safety, F50%, to be applied to the
median capacity, C50%, is defined by

F50% = exp
!
1
2
KHβ2

"
(A-2)

where β defines the natural logarithmic standard deviation of the
capacity, and

KH =
1

log AR
(A-3)

where AR is defined in Section 2.2 of the standard. Because F50%
is particularly sensitive to β, either a realistic or conservative
estimate of β shall be made.

Seismic Design Criteria for Structures, Systems, and Components in Nuclear Facilities 31
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Approach 4: hot off the press

• D50 = DDC(@TPG)*F50%
• F50% = f (β, DR)

• For 1.5 < DR < 10, β <= 0.10, F50% < 1.03 ≈ 1.0

• Compute D50: DDC replaced by a demand point
• 11 sets of motions matched to UHRS at MAFE = TPG (derivative of Approach 1)
• Increase mean of 11 max displacements by 1.20 (directionality = 1.2 with F50% = 1.0)
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Closing remarks

• Topical report to support the implementation of base isolation
• Process demonstrated to achieve a TPG for an isolation system

• Performance calculation: fragility function + displacement demand (curve/point) 
• Displacement demand curve: isolation-system, site/geology specific
• Fragility functions: median capacity and β
• Determine minimum median displacement capacity, D50 = D(TPG)

• Evolution: Approach 1 through Approach 4
• Results benchmarked
• D50 used for prototype testing to confirm TPG will be achieved

EPS
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knowledge (as represented by subclasses of an individual patent). Third, Balland and
Rigby20 and Ivanova et al.21 adapted the economic complexity index developed by
Hidalgo and Hausmann22 to develop an index of technological complexity. Specif-
ically, they used patent data to calculate the geographic distribution of patenting ac-
tivity, assuming that complex knowledge is not ubiquitous and co-concentrates with
other kinds of complex knowledge. Fourth, Broekel23 proposed to use network anal-
ysis methods and patent data to calculate the diversity of (sub-) network topologies
in patent networks, which is a proxy for technological complexity. Finally, Chapman
and Hyland24 used expert elicitation methods to develop ex-ante estimates of
design complexity of emerging technologies.

In agreement with the theoretical predictions of McNerney et al.16 and Fink and
Reeves,17 low-carbon energy technologies with relatively low design complexity,
such as solar PV modules and LEDs, have benefited massively from price reductions,
primarily through learning-by-producing and economies of scale in mass
manufacturing.25 Knowledge related to such technologies is embedded in the
manufacturing equipment. Although the manufacturing equipment itself can be
complex, it is jointly developed and operated by manufacturers and manufacturing
equipment suppliers in highly controlled and closed environments internal to the
firm. Thus, the knowledge embodied in manufacturing equipment is relatively
easy to acquire, replicate, and implement globally. Thus, investments in
manufacturing equipment represent an extremely important driver for knowledge
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Figure 1. Schematic Characterization of Different Energy Technologies Based on Their Design

Complexity and Need for Customization

Note that the axes represent a continuum along each of these two dimensions and that the

locations of technologies within this framework are relative to each other. Based on this

characterization, the technologies are grouped into three types, each requiring different roles of

national and international innovation and deployment policy. For Type 1 technologies (no

shading), access to large and increasing global markets induces innovation. Type 2 technologies

(blue) provide opportunities for national green industrial policies fostering local industry,

technological adaptation, and participation in global value chains. Type 3 technologies (red)

require a combination of national green industrial policies and measures to promote international

coordination for inter-project and inter-context learning at a regional or global scale. The need for

international coordination increases as one moves towards the top-right of the figure.
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