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Preface

MCEER was originally established by the National Science Foundation in 1986 at the
University at Buffalo, The State University of New York, as the first National Center for
Earthquake Engineering Research (NCEER). In 1998, it became known as the
Multidisciplinary Center for Earthquake Engineering Research (MCEER), from which the
current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disciplines
and institutions throughout the United States, MCEER’s mission expanded in the early
2000s from its original focus on earthquake engineering to one which addresses the
technical and socioeconomic impacts of a variety of hazards, both natural and man-made,
on critical infrastructure, facilities, and society.

This report describes a pathway for an applicant to follow to develop, document and
qualify a seismic isolation system for a U.S. nuclear power plant. The report presents a
performance-based approach to implement a seismic isolation system and presents
sample calculations for several systems to illustrate the pathway. An archetype reactor
building, sited at Clinch River, East Tennessee, and ground motions derived using a
seismic hazard calculator developed by the U.S. Geological Survey are used to illustrate
the approach. Guidance is provided on the specification of seismic isolation systems and
their commercial grade dedication.

Revision 01: This revision updates the discussion on the derivation of fragility functions
(see Appendix C), moves the second approach for generating a seismic displacement
demand curve from Section 5 to Appendix D (new), and revises some of the testing
requirements in Section 6, with corresponding minor changes made elsewhere, including
tabulated and plotted results.
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ABSTRACT

Seismic isolation offers significant improvements to building and equipment performance where
earthquake shaking is a design consideration. It has been applied to non-nuclear, mission-critical
infrastructure in the United States for more than 40 years. A robust regulatory pathway can be useful for
applicants seeking US Nuclear Regulatory Commission approval to incorporate seismic isolation in
advanced nuclear power plants. This report, sponsored by the US Department of Energy under its Industry
Opportunities for Advanced Nuclear Technology Development (Industry FOA), has been developed to
present a pathway for review and consideration of endorsement by the NRC for an applicant to follow to
develop, document, and qualify a seismic isolation system. The report presents a performance-based
approach to implement a seismic isolation system for a reactor building and presents sample calculations
for several systems to illustrate the pathway. The report does not propose a risk target for an isolation system
but rather describes how a target value can be achieved. For demonstration purposes, an archetype reactor
building is sited at Clinch River, East Tennessee, and ground motions are derived using a seismic hazard
calculator developed by the US Geological Survey. Guidance is provided on the specification of seismic
isolation systems and their commercial grade dedication.
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SECTION 1
PURPOSE, SCOPE, ORGANIZATION, AND SUMMARY

11 Purpose and Scope

The purpose of this report is to document and provide the technical justification for a process to select,

analyze, design, and deploy a passive seismic isolation system beneath a reactor building.

Within the existing US Nuclear Regulatory Commission (NRC) nuclear power plant (NPP) licensing
framework (i.e., Parts 50 and 52 of Title 10 of the Code of Federal Regulations), a risk-informed,
performance-based (RIPB) methodology for identifying and evaluating licensing basis events, determining
the safety classification of SSCs, and evaluating the adequacy of defense-in-depth was endorsed by the
NRC in Regulatory Guide RG1.233 (USNRC 2020b). The process described in this report can be used in
concert with the guidance provided on the evaluation of external hazards and the definition of Design Basis
External Hazard Levels in NEI 18-04, Rev. 1 (NEI 2019), which is endorsed in RG1.233. Although a new
RIPB NPP licensing framework is currently under development by the NRC (i.e., Part 53 of Title 10 of the
Code of Federal Regulations), the proposed draft language for this rule (USNRC 2020a) currently indicates
that ASCE/SEI 43-19 and/or the use of fragility models would be acceptable methods for showing that
SSCs are able to withstand the effects of earthquakes. As such, the process documented in this report is one
way to meet applicable regulatory requirements under the current and proposed US domestic NPP licensing
frameworks. Alternate viable pathways to select, analyze, design, and deploy an isolation system that don’t
involve the performance (risk) calculations are not addressed, noting that for micro reactors classed as either
Seismic Design Category 1 or 2 per ANS 2.26 (ANS 2017) and ASCE/SEI 43-19 (ASCE 2021), an
applicant might propose to use ASCE/SEI 7-22 (ASCE 2022).

Recent experimental and numerical work (e.g., Mir et al. (2023b), Mir et al. (2023a), and Lal et al. (2023))
has demonstrated the viability of seismically isolating equipment. The process described in this report for
the seismic isolation of reactor buildings could be easily adapted for safety-related equipment installed
inside a reactor building, with additional steps needed to a) compute a seismic displacement demand curve
with explicit considerations of the earthquake response of the building and equipment supports, b) integrate
with ASME/IEEE standards, and c) address exposure to neutron and gamma radiation. The requirements
for qualification, prototype, and production testing of isolators and dampers (Section 6), specifications
(Section 7), with a treatment of neutron and photon fluence, as needed), and the process for commercial
grade dedication of isolators and dampers (Section 8) should be broadly applicable to the seismic isolation

of equipment.



Multiple seismic isolators and viscous damping devices (VDD) are addressed in the report, consistent with
hardware in use in non-nuclear sectors and described in published standards of practice, all in the United
States. No isolator or damper technology is preferred. Semi-active and active seismic isolation systems,
which require external power and/or sensors to function and have not been deployed in the United States,
are not included in the scope of this report.

Much of this report was prepared for submission to the NRC as a topical report for formal review and
issuance of a safety evaluation report (SER). The US Nuclear Regulatory Commission Office Instruction,
LIC-500, Topical report process power (USNRC 2018) defines a topical report as a stand-alone report
containing technical information about a nuclear plant safety topic. A topical report provides the technical

basis for a licensing action.

Topical reports are reviewed by the NRC staff with the intent of maximizing their scope of applicability
consistent with current standards for licensing actions, compliance with the applicable regulations, and
reasonable assurance that the health and safety of the public will not be adversely affected. Topical reports
improve the efficiency of the licensing process by allowing the staff to review proposed methodologies,
designs, operational requirements, or other subjects related to safety on a generic basis, so they may be
implemented by reference by multiple US licensees once determined to be acceptable for use and verified
by the NRC staff. By reviewing this information as a topical report, the NRC will reduce the review time
for the technical bases by allowing applicants to reference the topical report and associated safety

evaluation, rather than submitting it for review and approval on each application.

The review of the information provided in this topical report is intended to support reactor developers and

other stakeholders by:

e Providing early acceptance and resolution of technical information and foundational information
for industry to move forward with a degree of design and regulatory certainty

e Providing guidance on the numerical modeling of seismic isolators and VDDs

e Providing guidance on the benefits of alternate isolation systems, suitable for controlling

accelerations and displacements in safety-class equipment inside a reactor building

In consultation with industry stakeholders, the adjective “performance-based” is used in this report instead
of “risk-informed” or “risk-based”. Although the performance calculations and processes presented in this
report seek to explicitly achieve a user-specified risk target, the sole focus herein is the seismic isolation
system. The adjectives “risk-informed” and “risk-based” are generally applied to plant-level risk as
determined by a probabilistic risk assessment. Herein, and as described later, the risk target for a seismic

isolation system is defined as a target performance goal (TPG). The computed risk for the seismic isolation
2



system would be used as input to a plant-level seismic probabilistic risk assessment.

Although the scope of this document is focused on the use of seismic isolation of advanced reactor
buildings, the process described in this report is technology-inclusive and could be applied to a wide variety
of technologies and sizes of reactor, from large-light water reactors (LLWRs) at the GW scale to
microreactors. It is possible that a user could apply this method to a different technology; however, it would
be beneficial to engage in pre-application discussions with the NRC to provide information to the staff on

the intended implementation of seismic isolation and the approach in this report.

The guidelines presented hereafter assume that the reader has a working knowledge of seismic isolation,
isolators and dampers, and the prototype and production testing thereof, seismic hazard assessment and
earthquake ground motion, numerical modeling, nonlinear dynamic analysis, fragility analysis, and risk

assessment.

1.2 NRC Endorsement
The NRC staff was asked to endorse those sections of the report identified below:
¢ Isolation-system definitions per Section 1.4
e The role of seismic isolation solutions in ensuring adequate defense-in-depth per Section 1.5
o Earthquake shaking definitions for isolation-system design per Section 3.2
o Performance criteria for isolators and VDDs in a seismic isolation system per Section 3.3
e General requirements for isolation-system design per Section 3.4
¢ Requirements for seismic inputs to support performance calculations per Section 3.5
e Methods of dynamic analysis, and numerical models for isolators and VVDDs per Section 3.6
e Requirements for design of connections for isolators and VDDs; isolation-system substructure;
structures, systems, and components above the seismic isolation interface; systems and components
crossing the seismic isolation interface; and clearance around the isolated building; all per Section
3.7
e Performance-based design of a seismic isolation system per Sections 5.1 through 5.4
e Minimum requirements for qualification, prototype, and production testing of isolators and
dampers per Section 6
o Specifications for supply of isolators and VVDDs per Section 7
o Plan for commercial grade dedication of isolators and VVDDs per Section 8
o Process to establish a logarithmic standard deviation for the seismic fragility function of a seismic

isolation system per Section C.2, to support performance calculations



Derivation of a displacement demand curve spanning 4 decades of mean annual frequency of
exceedance (MAFE) in log space and use of 11 bins of ground motions for performance
calculations, equally spaced across the 4 decades, all per Section D.2

Adjustment to the seismic displacement demand curve to address variability in ground shaking

around the geometric mean and properties of the isolation system per Section D.3

The other parts of the report provide information and data to support those sections listed above.

1.3

Seismic Isolation Checklist

The checklist below applies to the analysis, design and delivery of seismic isolators and dampers for

application to nuclear reactor buildings:

14

Establish TPG for the seismic isolation system

Generate seismic hazard curves, uniform hazard response spectra, and ground motion time series
to establish an isolation-system-specific seismic displacement demand curve

Determine the median displacement capacity of the isolation system required to achieve the TPG
by convolution of the isolation-system fragility function and the seismic displacement demand
curve

Compute by dynamic analysis, for design basis (DB) and TPG shaking, displacements and forces
for prototype and production testing of isolators and dampers

Compute earthquake-induced demands on the basemat by the isolators and the VDDs, and design
per industry practice, with considerations of all appropriate load combinations

Compute earthquake-induced demands on the substructure supporting the isolators and the VDDs,
and design per industry practice, with considerations of all appropriate load combinations

Prepare specifications for supply of isolators and VDDs

Prepare specifications for prototype and production testing of isolators and dampers

Prepare a plan for commercial grade dedication of isolators and VDDs, if not previously approved

Prepare requirements for maintenance, operation, and testing of isolators and VDDs.

Definitions

The following definitions apply to this report:

Bearing: the flexible structural element of a seismic isolator; used interchangeably here and in the literature

with isolator.

Damper: the flexible structural element of a viscous or viscoelastic damping device that dissipates energy

4



caused by the relative motion between its ends.

Isolator: the complete assembly of isolator components, including the bearing and its mounting plates, if
separate from the bearing; used interchangeably here and in the literature with bearing.

Seismic protective devices: isolators and/or viscous damping devices.

Seismic isolation interface: the boundary between the isolated superstructure and the non-isolated

substructure and adjacent construction.

Seismic isolation system: the collection of structural elements, including all seismic isolators and viscous
damping devices, and all connections of seismic isolators and viscous damping devices to structure above

and below the isolation system.

Viscous damping device: a complete assembly of damper components, including the damper, its mounting

brackets, and pins.

15 Role of Seismic Isolation Solutions in Defense-in-Depth

Sources of information on defense-in-depth can be found in IAEA (1996; 2005), Moe and Afzali (2020)
and SECY-13-0132 (USNRC 2013).

Commission paper SECY-13-0132 describes the five facets of defense-in-depth (need, objective, approach
to achieve, criteria for implementation, and sufficiency) and these are used here to frame a discussion of

how seismic isolation interfaces with defense-in-depth.

Seismic isolation does not alter the need for defense-in-depth. Regardless of the use of seismic isolation as
part of a reactor design, adequate defense-in-depth is still required through the design and operation of the

facility to compensate for uncertainties and incompleteness inherent to the safety basis.

An evaluation of how seismic isolation supports the objective of defense-in-depth should include
consideration of the reduction of the potential for severe accidents and damage to the plant in the event of
severe earthquake shaking. In comparison to non-isolated designs, the implementation of seismic isolation
for a nuclear facility substantially reduces earthquake demands on the reactor building and its safety-related

equipment.

Seismic isolation contributes to the overall approach to achieve defense-in-depth by a) superior quality in
design, construction, and operation of components of the isolation system, as described later in this report,
b) ensuring reliable and predictable performance of the isolated building under the abnormal conditions of

severe earthquake shaking, and c) the potential to supplement other layers of defense-in-depth (e.g.,



protective barriers) in the prevention of the initiation of certain incidents.

The implementation of seismic isolation systems does not affect the high-level criteria used to implement
the approach or strategy of defense-in-depth. Similar to the preceding discussion of how use of this
methodology contributes to the overall approach to achieve defense-in-depth, the rules for implementation
of seismic isolation systems, as described in this report and the referenced consensus standards ASCE/SEI
4-16 (ASCE 2017) and 43-19 (ASCE 2021), reflect consideration of the criteria for implementation of
defense-in-depth, by a) requiring physical testing of 100% of seismic isolators and dampers prior to
installation, guaranteeing quality, b) including provisions for periodic testing of isolators and dampers
exposed to the same environmental conditions as in-service devices, and ¢) being passive devices and not

requiring either sensors or external power to function.

As discussed in SECY-13-0132, risk insights can be used as part of the evaluation to determine whether
there is sufficient defense-in-depth. Herein, the capacity of the isolation system involves explicit
probabilistic risk calculations, enabling the use of risk insights above the isolation interface for certain
events (i.e., those events in which the approach for implementation of seismic isolation contributes to the
prevention and/or mitigation of the specific facility of interest) and providing essential input to the
comprehensive and systematic process used to ensure adequate defense-in-depth when considering the suite
of available plant-specific capabilities and programmatic elements for all events of interest to a given

design.

In summary, seismic base isolation offers an additional plant capability that will ultimately be evaluated in
the context of the full suite of other plant capabilities and programmatic elements to ensure adequate

defense-in-depth for a given nuclear plant design.

1.6 Report Organization
This report is organized into eight sections, a list of references, and seven appendices.

Section 2 introduces seismic isolation systems, which may include VVDDs. Applications of seismic isolation,
ranging from large mission-critical infrastructure to delicate, priceless sculpture are presented to
demonstrate the wide range of applicability of the technology. The seismic isolators and dampers
considered sufficiently mature to apply in the US nuclear industry are described. Codes, standards, and
guidelines, used to implement the technology in nuclear and non-nuclear sectors, including a brief history

of their development, are introduced.

Section 3 presents definitions of earthquake shaking for isolation-system design, performance expectations

for seismically isolated reactor buildings, general design requirements for the isolation system and its
6



supporting structure, including monitoring and ITAAC, seismic inputs for isolation-system analysis,
methods of nonlinear dynamic analysis, displacements and forces for design and testing of an isolation
system and its supporting structure, and the minimum required clearance around the perimeter of an isolated

reactor building.

To help demonstrate a process to implement a seismic isolation system, Section 4 introduces an archetype
reactor building and sample safety-related equipment, and locates the isolators and VDDs. The finite
element model of the isolated building and the two-degree-of-freedom model used in Section 5 for
performance calculations are presented. The seven isolation systems that are used in different sections of
this report are introduced and characterized, and numerical models for them are presented. A sample site
for the archetype building is identified, and its seismic hazard is characterized for two site classes
representing different near-surface geologies. Details of the hazard computations are presented in Appendix
A.

A performance-based process to establish the median displacement capacity of an isolation system,
sufficient to achieve a user-specified TPG is presented in Section 5, including the development of isolator-
specific seismic displacement demand curves and isolation-system fragility functions. The process is
demonstrated for two isolation systems. Calculations for the other isolation systems identified in Section 4
are presented in Appendix C.

Section 6 presents recommendations for qualification, prototype, and production testing of seismic isolators

and dampers. Acceptance criteria are presented.

Sample specifications and a plan for commercial grade dedication of isolators and VDDs are presented in

Section 7 and Section 8, respectively.

A list of the references cited in this report is presented in Section 9. For an exhaustive list of references on
seismic isolation published prior to 2019, see Whittaker et al. (2017) and Whittaker et al. (2018).

Appendix A presents seismic hazard data for the hypothetical site introduced in Section 4, together with
sets of ground motion triplets used for dynamic analysis in Section 5 and the appendices. The seismic hazard
computations use online data developed by the US Geological Survey (USGS 2018), which is not an NRC-

approved approach to characterize ground motion.

Two levels of earthquake shaking are used to design a seismic isolation system: 1) target performance goal
(TPG), and 2) design basis (DB). Consistent with the approach of Table 1-1 of ASCE/SEI 43-19 (ASCE
2021), given a seismic design category (SDC), the DB spectrum at a period is computed as the product of

a scale factor (SF) and the uniform hazard response spectrum with a mean annual frequency of exceedance
7



at the TPG. The SF is calculated for SDC 3, SDC 4, and SDC 5 and eight hypothetical sites for NPPs across
the US in Appendix B. This calculation process utilizes seismic hazard data per Appendix A. The near-
surface geology is assumed to be rock or stiff soil, represented by site classes BC and CD, respectively, per
ASCE/SEI Standard 7-22 (ASCE 2022). The appendix presents recommendations for the SF, suitable for
inclusion in the next revision of ASCE/SEI 43.

Appendix C presents a technical basis for the calculation of a logarithmic standard deviation for an
isolation-system fragility function. The appendix also presents performance calculations for seismic

isolation systems not considered in Section 5.

Appendix D provides information on the selection of ground motion intensities to support response-history
analysis and performance calculations, and the generation of a displacement demand curve for a specific

isolation system.

The purpose of Appendix E is to illustrate isolation-system options available to engineers and analysts, and
how a type of isolation system could be selected for a NPP. The finite element model of the archetype
reactor building and the numerical models of the isolators and dampers, all reported in Section 4, are
exercised for two levels of ground shaking. Results are reported for seven monitoring locations, including
the basemat, reactor head, and the points of attachment of the reactor cavity cooling system and the bridge
crane. The cost of the isolation system is not addressed.

Appendix F introduces considerations for inspections, tests, analyses, and acceptance criteria (ITAAC) for
seismic isolation devices and the seismic isolation system to support a combined license under 10 CFR Part
52.

Appendix G presents information of possible use in the preliminary selection of a TPG for a seismic

isolation system.

The topical report submitted to the NRC for formal review and issuance of a SER included eight sections,
a reference list, and five appendices. Table 1.1 presents a mapping of appendices in this report and the

topical report submitted to the NRC.



Table 1.1. Mapping of Appendices in this report and the topical report submitted

to the NRC
. L Corresponding appendix/section in the
Appendix/section in this report topical report submitted to the NRC
Appendix A Appendix A
Appendix B Not included in the topical report
Sections C.1 through C.4 and C.6 Appendix B
Appendix C
Section C.5 Not included in the topical report
Sections D.1 through D.3 and D.6 Appendix C
Appendix D
Sections D.4 and D.5 Not included in the topical report
Appendix E Appendix E
Appendix F Appendix D
Appendix G Not included in the topical report
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SECTION 2
SEISMIC ISOLATION SYSTEMS: TECHNOLOGY, USE, AND
GUIDELINES

2.1 Introduction

This section of the report presents introductory information on seismic isolation, implemented isolation
systems, available seismic isolator and damper technologies, and published US codes, standards, and

guidelines.

2.2 Seismic Isolation Systems

Seismic isolation systems are comprised of isolators (also termed bearings) and VDDs that are used to
substantially reduce accelerations and deformations that develop in structures, systems, and components
due to earthquake shaking. Figure 2.1, dating from the 1980s, characterizes the benefits of 2D (horizontal)
seismic isolation, namely, reductions in acceleration (i.e., forces) in Figure 2.1a, the corresponding increase
in displacements in Figure 2.1b, and how to mitigate the increase in displacement through added damping
in Figure 2.1c. There are four important notes to attach to Figure 2.1: 1) nuclear power plant buildings are
stiff structures, with a fundamental frequency in the range of 10 Hz; 2) adding a seismic isolation system
can reduce accelerations (and forces) in the building by a factor of 3 and greater; 3) nearly all of the
displacement in the isolated building occurs over the height of the isolators, which are physically tested to
demonstrate adequate performance; and 4) damping can be added internal to the isolator via friction or a
central lead core and/or external to the isolator via VDDs, as described later.

ACCELERATION DISPLACEMENT A FORCE
PERIOD SHIFT INCREASING DAMPING PLASTIC DEFORMATION

—

DISPLACEMENT

PERIOD PERIOD

a) acceleration spectrum b) displacement spectrum ¢) added damping

Figure 2.1. Two-dimensional, horizontal seismic isolation (courtesy of DIS)

Seismic isolation systems can be implemented to protect assets across a broad range of sizes, from buildings
and infrastructure, to large equipment such as reactor vessels, to small, priceless sculptures. Some sample

applications of seismic isolation are presented in Figure 2.2: San Francisco City Hall, isolated after the 1989
11



Loma Prieta earthquake; a gas platform off Sakhalin Island, Russia, isolated with 4 bearings, in the early
2000s; the Statue of Hermes at Mt. Olympus, Greece, isolated with 4 bearings, in the early 2000s; and the
new Apple Park, a $5B building for Apple Inc., in Cupertino, California. More than 10,000 buildings have
been isolated worldwide, with nearly all applications involving the placement of seismic protective devices
below the lowest occupied floor and above a foundation.

b) Sakhalin gas platform

c) Statue of Hermes d) Apple Park

Figure 2.2. Sample isolated structures and sculpture

Kammerer et al. (2019) and Whittaker et al. (2018) discuss applications of seismic base isolation to non-
nuclear and nuclear facilities through late 2017. Applications to operating nuclear facilities are limited to
the Cruas nuclear power plant in France (early 1980s), the Koeberg nuclear power plant in South Africa
(early 1980s), a spent fuel pool at Le Hague in France, and emergency operations buildings in some
Japanese nuclear power plants (e.g., Kashiwazaki-Kariwa, Fukushima Daiichi, Fukushima Daiini, and
Onagawa). The Jules Horowitz research fission reactor and the ITER fusion reactor, both under construction

at the time of this writing in Caderache, France, are seismically isolated.

2.3 Seismic Isolators and Dampers

Seismic isolation systems can be configured to function in the horizontal plane (2D) or in both the horizontal
and vertical planes (3D). Nearly all seismic isolation applications in the US have been 2D, achieved with

12



either elastomeric or spherical sliding (friction pendulum) isolators. Three-dimensional (3D) building
seismic isolation has been proposed in the US (Nielsen et al. 2020), but it has not yet been implemented.
There are applications of 3D isolation in Europe.

Early work on seismic isolation in the modern era can be traced to New Zealand in the early 1970s with
research beginning in earnest in the US in the mid-1970s. The focus of research and development on seismic
isolation systems, and the writing of companion guidelines and consensus standards, has been 2D
(horizontal) base isolation because, until recently, vertical shaking effects were assigned secondary
importance for earthquake-resistant design and construction of buildings. A more recent focus on the
seismic performance and protection of equipment, both ground-supported and inside buildings, is

promoting interest in 3D isolation because some equipment is susceptible to damage due to vertical shaking.

Figure 2.3 presents seismic isolators (bearings) and dampers that are commercially available in the US.
Figure 2.3a and Figure 2.3b are photographs of the single concave (SFP) and triple concave (TFP) friction

pendulum bearings, manufactured by Earthquake Protection Systems?, in Vallejo, California. These

spherical sliding bearings provide 2D isolation and have been widely used in the US and abroad for a broad
range of applications. Isolation is achieved by the articulated slider moving across the hemispherical sliding
surface. The sliding and rotating surfaces are a high-load, low-friction composite bearing on stainless steel.
Energy is dissipated by friction. The upper panel in Figure 2.3a is an assembled SFP bearing. The lower
right panel in Figure 2.3a shows the articulated slider and the spherical sliding surface. The lower left panel
in Figure 2.3a shows the housing plate for the slider in the lower right panel, which would be inverted for
assembly into a completed bearing. A cross section through an assembled SFP bearing is shown in Figure
2.4a. The composite material is bonded to the housing plate, within which the slider rotates, and to the
underside of the slider—see the thicker solid black lines in Figure 2.4a. The idealized 2D force-
displacement relationship of a SFP bearing is bilinear per Figure 2.4b, where the zero-displacement force
intercept, Q, is the product of the coefficient of sliding friction and the instantaneous normal (axial) load
on the bearing, and the second-slope stiffness, Kison, is inversely proportional to the radius of curvature of
the sliding surface. The coefficient of sliding friction can be varied by adjusting the contact pressure on the
SFP’s articulated slider. Typical coefficients of sliding friction are between 0.03 and 0.09. Typical sliding

(second slope) periods are 1.5 seconds to 4 seconds.

The TFP bearing is a derivative of the SFP bearing, with multiple sliding surfaces. The upper panel in

Figure 2.3b is an assembled TFP bearing. Figure 2.5a is a cross section through an assembled TFP bearing,

L https://www.earthquakeprotection.com/
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identifying the top and bottom concave plates, the inner slide plates, and the central slider. The thicker solid
black lines identify the four sliding surfaces. The lower two panels of Figure 2.3b show the internal
construction of the TFP bearing. An idealized 2D force-displacement relationship for the TFP bearing is
shown in Figure 2.5b, with five possible regimes of response that are a function of the coefficients of sliding
friction on the four sliding surfaces and their radii of curvature.

Information on SFP and TFP bearings can be found in Constantinou et al. (1990; 1993; 2007; 2011), Fenz
et al. (2008a; 2008b; 2008c¢; 2008d), Kumar et al. (2015a; 2015d; 2019b), Mokha et al. (1988; 1990; 1991a;
1991b), Morgan and Mahin (2010; 2011), Mosqueda et al. (2004), Sarlis and Constantinou (2016), Tsopelas
and Constantinou (1994), and Zayas et al. (1987; 1989; 1990). The TFP bearing is more compact than the
SFP bearing for a given displacement capacity because sliding occurs (primarily) on the two outer concave

surfaces.

Figure 2.3c is a cut-away view of a lead-rubber (LR) isolator, composed of mounting plates and a bearing,
where the bearing is comprised of alternating layers of low damping natural rubber bonded to carbon steel

shims and a central cylindrical lead core. The lead-rubber bearing is manufactured by Dynamic Isolation

Systems? of Sparks, Nevada. Isolation is achieved by shear deformation of the elastomer. Energy is
dissipated primarily by yielding of the confined lead core, and secondarily by the elastomer. The idealized
2D force-displacement relationship of a LR bearing is bilinear per Figure 2.1c and Figure 2.4b, where the
zero-displacement force intercept, Q, is a function of the area and dynamic yield stress of the lead core, and

the second-slope stiffness, K, is a function of the bonded area of the elastomer, the shear modulus of the

elastomer, and the total thickness of elastomer in the bearing. The low-damping rubber (LDR) bearing is
identical to LR bearing except there is no central lead core. Information on LR and LDR bearings can be
found in Constantinou et al. (2007; 2011), Eidinger and Kelly (1978), Ishida et al. (1991a; 1991b),
Kalpakidis et al. (2010), Kelly et al. (1980), Kelly (1991a; 1991b; 1993), Kumar et al. (2014; 2015b; 2015c;
2018; 2019a), and Tajirian et al. (1989). The diameter of the lead core varies between 1/6 and 1/3 of the
bonded diameter of the bearing. The force Q in a LR bearing is generally between 0.06W and 0.09W, where
W is the supported weight. Typical isolated periods are between 1.5 seconds and 3 seconds.

2 http://www.dis-inc.com/
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a) SFP isolator

b) TFP isolator

Figure 2.3. Seismic isolators and dampers suitable for nuclear applications
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d) coil-spring isolator

e) machined springs for vertical isolation

f) 1D fluid viscous damper g) 3D viscoelastic damper

Figure 2.3. Seismic isolators and dampers suitable for nuclear applications (cont.)
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h) 3D hybrid isolator (Nielsen et al. 2020)

Figure 2.3. Seismic isolators and dampers suitable for nuclear applications (cont.)
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Figure 2.4. SFP bearing
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Figure 2.5. TFP bearing
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The spring isolator of Figure 2.3d offers vertical isolation, and if horizontal motion is not restricted, 3D
isolation. Manufactured by GERB?®, Germany, this linear isolator is installed together with the 3D
viscoelastic damper of Figure 2.3g. (LISEGA?, also based in Germany, manufactures coil-spring isolators

and 3D viscoelastic dampers, with applications to piping systems.) Isolation is achieved by the vertical and
horizontal flexibility of the coil springs in the nested assembly. Typical horizontal and vertical isolation
periods reported by GERB are 1.1 second and 0.4 second, respectively. No damping is assigned to the coil-
spring assembly. The 3D damper is viscoelastic, with damping to complement the undamped coil-spring
isolators. The damper fluids are highly viscous. Damping ratios in the horizontal and vertical directions,
reported by GERB, are approximately 25% and 8% of critical, respectively, but these values are dependent
on loading frequency. Information on the GERB isolators and dampers can be found in Nawrotzki (2009)
and Nawrotzki et al. (2019). Makris and Constantinou (1990; 1992) provide information on dynamic testing

of GERB hardware, together with recommendations for numerical modeling for dynamic analysis.

An alternative to the coil springs of Figure 2.3d is machined springs, such as those presented in Figure 2.3e,
from Taylor Devices®, North Tonawanda, New York. Such linear springs, used for US defense, aerospace,
and civilian applications offer design flexibility not possible with coil springs, including materials other
than carbon and alloy steels, enhanced corrosion resistance, package envelope size, and weight. Because
isolator sizing is not addressed in this report, machined springs are not discussed further.

The uniaxial fluid viscous damper of Figure 2.3f from Taylor Devices has its roots in US defense and
aerospace applications dating to the 1950s. Typically configured as a nonlinear damper, with a velocity
exponent of approximately 0.3 to maximize energy dissipation and to enable capacity protection of
connection hardware and support framing, these dampers have been applied to 750 buildings and bridges
worldwide and included in 35 seismic isolation systems to complement the hysteretic isolation systems
introduced previously, and reduce horizontal displacements. Dampers with force ratings of 3,000 kN and
strokes of £1,000 mm have been deployed in seismic isolation systems. The damper end-fixtures are
equipped with spherical bearings to accommodate off-axis movements. Information on fluid viscous
dampers can be found in Black and Makris (2007), Chang et al. (2002), Constantinou and Symans (1992),
HITEC (1990), Makris (1998), Makris et al. (1998), and Nielsen et al. (2020).

The 3D hybrid isolator of Figure 2.3h (Nielsen et al. 2020) achieves horizontal isolation using the spherical

3 https://www.gerb.com/
4 https://www.lisega.de/en/
5 https://www.taylordevices.com/
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sliding bearing of Figure 2.3a installed atop an assembly of spring isolators of Figure 2.3d. The spring
isolators are guided by low-friction pins, not seen in the image, to ensure the springs track vertically. (The
elastomeric bearing of Figure 2.3c could be substituted for spherical sliding bearing in this hybrid isolator.)
Horizontal isolation is achieved using the spherical sliding bearing to achieve a lower horizontal isolated
frequency than is possible with a spring isolator. Hysteretic damping is achieved in the horizontal direction
via friction in the spherical bearing. Viscous damping is achieved in the horizontal direction via the long-
stroke, nonlinear fluid viscous dampers (see Figure 2.3f). Damping in the vertical direction is viscous,

provided by short-stroke, nonlinear fluid viscous dampers.

The seismic isolators and 3D viscoelastic damper introduced above are axisymmetric devices in the
horizontal plane and not planar (e.g., a reinforced concrete shear wall or moment-resisting frame). The
maximum horizontal displacement response of these devices will be affected by both horizontal
components (e.g., H1 and H2) of a ground motion triplet (e.g., H1, H2, and V), with peak response along
an axis aligned with neither H1 nor H2 that is typically greater than the maximum responses along H1 and
H2. This outcome is explicitly addressed in the calculations of displacement response in Section 5. The 1D

fluid viscous damper of Figure 2.3f is a unidirectional device.

2.4 Codes, Standards, and Guidance

Guidance for the implementation of seismic isolation in buildings was first published in the US in 1986
(SEAONC 1986) and for damping devices in 1993 (Whittaker et al. 1993). Mandatory language and
commentary for implementing seismic isolation was further developed in the late 1980s, with the Uniform
Building Code (ICBO 1991) adopting guidance developed by the Structural Engineers Association of
California (SEAQOC) in late 1990. The 1994 NEHRP Recommended Provisions for Seismic Regulations for
New Buildings (FEMA 1995) adopted the SEAOC/UBC seismic isolation provisions of late 1993, in
Section 2.6, with guidance provided on analysis, design, and testing of seismic isolation systems and
isolators. An appendix to Chapter 2 of the 1994 NEHRP provisions introduced passive energy dissipation
(or damping) systems. The ASCE standard Minimum Design Loads for Buildings and Other Structures,
ASCE/SEI 7, adopted provisions for seismic isolation in 2002 (ASCE 2002), drawing from the NEHRP
provisions. Standard ASCE/SEI 7, which is re-issued every 5 to 6 years, is the primary pathway for
introducing new information on seismic isolation (Chapter 17) and damping systems (Chapter 18);
ASCE/SEI 7-22 (ASCE 2022) is the current version of this consensus standard.

The American Association of State Highway and Transportation Officials (AASHTO) published a guide
specification for the seismic isolation design of highway bridges in 1990. This guide specification was

updated in 1999 and 2010, and the latest and fourth edition was published in 2014 (AASHTO 2014).
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Guidance for implementing seismic isolation in LLWRs was submitted to the USNRC in the early 2010s
and published as NUREG/CR-7253 in 2019 (Kammerer et al. 2019). The technical considerations for
seismic isolation presented in the Contractor Report represented the state of practice in the buildings sector
in the late 2000s and addressed issues unique to the nuclear industry, including maintenance and inspection.
The seismic-isolation provisions and commentary of ASCE/SEI 7-10 were a primary resource for this
NUREG/CR. Two companion Contractor Reports, NUREG/CR-7254 and NUREG/CR-7255, were
published in 2019, both state-of-the-art, with one focused on the behavior and modeling of spherical sliding
bearings per Figure 2.3a (Kumar et al. 2019b), and the other addressing behavior and modeling of
elastomeric bearings per Figure 2.3¢c (Kumar et al. 2019a). Both Kumar et al. reports developed numerical

tools for modeling seismic isolators under extreme seismic loading environments.

25 Seismic Isolation Bibliography

Whittaker et al. (2017; 2018) includes an exhaustive list of references on seismic isolation of nuclear and
non-nuclear facilities. A subset of those references is presented in Section 9 of this report. The 2017
bibliography lists seminal contributions to seismic isolation in the modern era, including work in the 1980s
and 1990s that investigated the application of seismic isolation to both large light water and advanced

reactors.
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SECTION 3
EARTHQUAKE SHAKING DEFINITIONS, PERFORMANCE
EXPECTATIONS, AND OTHER REQUIREMENTS

3.1 Introduction

This section of the report provides earthquake-shaking definitions for isolation-system design (Section 3.2),
performance expectations for seismically isolated reactor buildings (Section 3.3), general design
requirements for the isolation system and supporting structure (Section 3.4), and descriptions of seismic
inputs for analysis of an isolated building (Section 3.5). Section 3.6 provides guidance on dynamic analysis
of seismically isolated reactor buildings. Section 3.7 identifies displacements and forces for design of the
isolation system and the SSCs, and the minimum required clearance between the isolated building and

adjacent construction.

3.2 Earthquake Shaking Definitions for Design of a Seismic Isolation System

Dynamic analysis of a 3D numerical model of the isolated reactor building is performed for DB and TPG
earthquake shaking to design a seismic isolation system and test components of the isolation system.
Geomean horizontal and vertical uniform hazard response spectra are generated for a return period equal to
the reciprocal of the TPG (e.g., if TPG = 10, return period = 10,000 years). Consistent with the approach
of Table 1-1 of ASCE/SEI 43-19 (ASCE 2021), a DB spectrum is generated as the product of the TPG
spectrum and period-dependent scale factors, SF. (The value of SF is approximately equal to 0.5: see
Appendix B or Yu and Whittaker (2024) for details.) Seed motions are spectrally matched to the DB and

TPG spectra for dynamic analysis, consistent with US nuclear industry practice.

Fragility analysis is performed to determine the median horizontal displacement capacity of the isolation

system required to achieve the TPG (= D,,), as described in Section 5.

3.3 Performance Criteria for Isolators and Dampers in a Seismic Isolation System

Table 3.1 lists performance criteria for isolators and dampers in a seismic isolation system.

Results of dynamic analysis of the 3D numerical model for DB shaking, including isolator and damper

displacements, and axial forces in isolators, are used for production testing per Section 6.

Results of dynamic analysis of the 3D numerical model for TPG shaking, including axial forces in isolators,

are used for prototype testing per Section 6. The horizontal displacement used for prototype testing of

21



isolators and dampers, D,,, is obtained from fragility analysis per Section 5.

Table 3.1. Performance criteria for isolators and dampers in a seismic isolation system

displacement

DB shaking @TPG
U Production testing of isolators and Prototype testing of isolators and
se
dampers dampers
Isolator and damper
DDB DSO

Acceptance criteria

Production testing of each isolator
with tests and acceptance criteria

per Section 6.5

Prototype testing of three isolators of
each type and size with tests and

acceptance criteria per Section 6.4

Production testing of each damper
with tests and acceptance criteria

per Section 6.5

Prototype testing of three dampers of
each type and size with tests and

acceptance criteria per Section 6.4

No damage to isolators

Damage to isolators is acceptable but
load-carrying capacity for gravity

loading is maintained

No damage to dampers

Damage to dampers is acceptable

34 General Requirements

3.4.1 Isolation system

3.4.1.1 General

The design of a seismic isolation system shall account for the effects of gravity loads, loadings induced by
earthquake shaking and extreme winds, and other effects as appropriate, including operating temperature,

humidity, and radiation. Sufficient shielding for neutron and gamma radiation is assumed, with the isolators

and dampers installed below a reinforced concrete basemat.

The seismic isolation system shall be adequately protected from the effects of wildfire, flooding, wind-
borne missiles, and other natural hazards. Depending on site and/or design-specific characteristics, different
hazards may need to be addressed. References for identifying initiating events, including external hazards,
include the ASME/ANS non-LWR PRA Standard, ASME/ANS RA-S-1.4-2021 (ASME 2021), as
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endorsed by RG1.247 (USNRC 2022a) and Appendix A of NRC Draft Regulatory Guide (DG)-1413,
Technology-Inclusive Identification of Licensing Events for Commercial Nuclear Plants (USNRC 2022b).

3.4.1.2 Plan distribution of seismic isolators and dampers

The effects of natural torsion shall be minimized using an appropriate plan distribution of seismic isolators
and dampers. For DB shaking, the average maximum displacement of any isolator shall be no greater than
1.15 times the average maximum displacement at the center of rigidity. Eleven sets of ground motions,
generated per Section 3.5, shall be used for analysis of the 3D model of the isolated building to compute

these displacements.

Accidental eccentricity, which was introduced into seismic design standards for conventional, non-nuclear
building construction to penalize torsionally flexible and/or weak lateral force-resisting systems, need not
be addressed for seismically isolated nuclear power plants because a) the distribution of dead load and
equipment loads are well defined and explicitly addressed in the numerical model, and b) the isolators are

distributed across the footprint of the building.

3.4.1.3 Vertical load resistance

Each isolator in the isolation system shall be designed to suffer no permanent damage under loads and
displacements associated with DB shaking.

Each isolator in the isolation system shall be designed to resist mean maximum and minimum loads

associated with TPG shaking at a horizontal displacement equal to D, .

3.4.1.4 Minimum lateral restoring force

The aggregated horizontal force-displacement relationship of the isolators in the isolation system shall be

such that the force at D, , is at least 0.025W greater than the force at displacement 0.5D,, where W is

the building weight supported by the isolation system, similar to the requirement for non-nuclear buildings
per ASCE/SEI 7 (ASCE 2022).

3.4.1.5 Wind loads

A seismically isolated nuclear power plant shall resist the effects of design wind loading in accordance with
requirements for non-isolated plants. Design wind loads shall not damage either the isolators or the VVDDs.
3.4.1.6 Operating conditions

The space containing the isolation system, referred to by some as the seismic vault, shall be enclosed and
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maintained at a temperature between 5°C and 30°C at low humidity. A greater range for operating
temperature is acceptable if it can be shown that the mechanical properties of the isolators and dampers in
the isolation system do not vary by more than £20% from the values used for analysis and design, for the
expected lifetime of the isolation system.

3.4.1.7 Inspection, device replacement, and monitoring

The design shall provide access for inspection and replacement of all isolators and VVDDs in the isolation

system.

A program for monitoring the isolation system and inspection of all isolators and VDDs shall be prepared
and implemented. Two spare isolators and VDDs of each type used in the isolation system shall be stored
next to installed devices. Prototype isolators and VDDs, if not damaged by testing, may be used for this
purpose. These spare isolators and VDDs shall be retested, at an interval not to exceed 10 years, with the
same or a similar test machine and protocol used for the production tests described in Section 6. The
requirement for storage and re-testing of spare devices may be tailored to specific technologies based on
the availability of relevant, long-term performance data. For example, storage and periodic re-testing of
elastomeric isolators, spherical sliding isolators, and fluid viscous dampers may not be necessary based on
prior US experience by certain suppliers to non-nuclear sectors. If the requirement for storage and re-testing
of spare devices is tailored or waived, a justification shall be documented that identifies the rationale and

the data used in the decision-making process.

A program for inspection and maintenance of a) all systems and components crossing the isolation interface,
and b) the clearance between the isolated building and horizontally adjacent construction, shall be prepared
and implemented to ensure the unrestricted movement of the isolation system in the event of earthquake
shaking.

3.4.1.8 Basemat and foundation designs

The basemat and the foundation shall be sufficiently stiff to engage all isolators and VDDs in resisting
earthquake-induced loadings, ensuring horizontal diaphragm action above and below the isolation plane.

3.4.1.9 Systems and components crossing the isolation interface

All systems and components that cross the isolation interface shall be designed and detailed to provide

negligible resistance to the horizontal and vertical seismic response of the isolated building.
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3.4.1.10 Seismic monitoring

Three-component digital seismic monitoring equipment shall be placed at a minimum of 3 locations around
the perimeter of the basemat to capture the acceleration response of the isolated superstructure.
Instrumentation in the free field, on the foundation, and over the height of the isolated superstructure shall
conform with Regulatory Guide 1.12 (USNRC 2017a). If a user selects an alternate approach to implement

seismic instrumentation, the user shall justify the applicability of that approach.
3.4.2 Isolators and viscous damping devices

3.4.2.1 Mechanical properties

The mechanical properties of the isolators and VDDs shall not vary over the lifespan of the isolation system
by more than +20% from the values used for analysis and design, for the expected lifetime of the isolation
system, accounting for variations in material properties at the time of device construction, changes in
material properties with time (if any), operating temperature, and exposure to radiation. A greater expected
percentage change in the mechanical properties of the isolation system must be supported by bounding

analysis of the isolation system and the isolated SSCs to support design and risk calculations.

3.4.2.2 Quality control and quality assurance

Quality control and assurance for the testing and construction of isolators and VDDs shall be realized via
either commercial grade dedication per Section 8 or by conforming with the most recent version of 1SO
9001 (ISO 2015) or approved equivalent.

35 Seismic Inputs

3.5.1 Introduction

The isolation system shall be analyzed and designed using a minimum of 11 sets of three-component ground
motions. The three components of translational motion, two horizontal and one vertical, shall be input at
the boundaries of the mathematical model of the isolated building. The horizontal translational components

of motion shall align with the principal horizontal axes of the building.

The sets of motions shall be matched to target vertical and geomean horizontal spectra for a) calculations
per Section 3.7, including displacements and forces for prototype and production testing of isolators and
dampers, b) performance (risk-type) calculations per Section 5 to determine the required horizontal median
displacement capacity of the isolation system, D,,, and displacements for prototype testing, and c) design

calculations for SSCs in the isolated superstructure assigned to Seismic Design Categories with target
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performance goals different from that assigned to the isolation system.

3.5.2  Sets of ground motions for dynamic analysis

The minimum number of 11 sets of ground motions is based on requirements for nonlinear dynamic analysis
of commercial buildings in ASCE/SEI Standard 7-22 (ASCE 2022) and FEMA P-58-1 (FEMA 2012), based
on the theory presented in Appendix C of Huang et al. (2008). Fewer than 11 sets of motions can be used
if justified per the theory of Huang et al. The procedure used to account for variability in the two horizontal
components of ground motion around the geometric mean, used for the performance calculations of Section

5, is documented in Huang et al. (2009) and Huang et al. (2013), and is summarized in Appendix A.4.
3.6 Dynamic Analysis

3.6.1 General

Section 12.4.1 of ASCE/SEI 4-16 (ASCE 2017) presents three methods for analysis of seismically isolated
nuclear structures, namely 1) time domain, 2) frequency domain, and 3) multistep. This report exclusively

implements time-domain.

Soil-structure-interaction analysis is not addressed in this report. Such interaction may be important for the
response of structures, systems, and components, if the building structure is both very stiff and massive or
it is embedded. The introduction of a flexible isolation system beneath a stiff building will reduce the
negative impacts (e.g., increased in-structure acceleration demand) of soil-structure interaction, if any. Lal
et al. (2024) presents data that shows soil-structure-interaction analysis is insignificant for base-isolated

reactor buildings and equipment supported therein.
3.6.2 Time-domain analysis

3.6.2.1 Introduction

Time-domain analysis of three-dimensional finite element models for DB and TPG shaking shall utilize
three translational components of ground motion (i.e., one ground motion set) applied simultaneously. (A
2DOF model is used for the performance-based calculations of Section 5.) Commercial finite element
software such as SAP2000°, LS-DYNA, and ABAQUS? enable nonlinear dynamic analysis of seismic

6 https://www.csiamerica.com/products/sap2000
7 https://www.ansys.com/en-in/products/structures/ansys-Is-dyna

8 https://www.3ds.com/products/simulia/abaqus
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isolation systems and SSCs.

3.6.2.2 Finite element modelling

The modeling of the isolated building, basemat, and foundation, including element choices and mesh sizes,
shall conform to current practice for non-isolated nuclear power plants. The in-plane and out-of-plane
flexibility of the basemat and the foundation shall be modeled.

Seismic isolators and VDDs shall be explicitly modeled for analysis of the isolated building for DB and
TPG shaking. Three dimensional models shall be used for seismic isolators and 3D VDDs. Uni-directional
models shall be used for 1D fluid viscous dampers. Mathematical models of seismic isolators and dampers
shall follow Section 3.6.3.

3.6.3 Mathematical modeling of isolators and dampers

Numerical models of isolators and VVDDs are available in most commercial finite element codes (see above)
and some open-source codes, including MASTODON? (Veeraraghavan et al. 2020). Such models should
be verified using theory and validated using data from high-speed dynamic testing of prototype devices.
Examples of verification and validation are presented in Kumar et al. (2019b) for spherical sliding (e.g.,
SFP) isolators and Kumar et al. (2019a) for LDR and LR bearings. Guidance on commercial grade
dedication of seismic isolators and 1D fluid viscous damper elements can be found in Doulgerakis et al.
(2021).

Nonlinear models should be used for analysis of seismic isolators and VDDs unless device response is
linear elastic for the forces and displacements calculated for the imposed intensity of shaking. A model of
a seismic isolator shall include axial force-displacement relationships in compression (and tension if
developed) and a coupled bilinear horizontal force-displacement relationship, and must address coupling
of vertical and horizontal force-displacement responses. Examples for SFP and elastomeric bearings can be

found in Kumar et al. (2019b) and Kumar et al. (2019a), respectively.

A model of a 1D fluid viscous damper of Figure 2.3f and 2.3h shall include force-velocity-displacement
relationships along its axis of action, and the effect, if any, of proximity to the device end-of-travel. For the
3D viscoelastic damper of Figure 2.3g, force-velocity-displacement relationships shall be provided along
each axis of action, and shall address the frequency dependence of response, coupling of vertical and

horizontal responses, and the effect, if any, of proximity to the device end-of-travel.

9 https://mooseframework.inl.gov/mastodon/
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3.7 Displacements and Forces for Design

3.7.1 General

This section of the report discusses the calculation of forces for design of connections of isolators and VDDs
to the superstructure and the substructure. The design and detailing of SSCs in the isolated structure and of
systems and components crossing the isolation interface shall conform with industry requirements for non-
isolated structures, as noted in Section 3.7.4. The required horizontal clearance to adjacent construction is
identified in Section 3.7.5.

3.7.2  Seismic isolators and dampers

3.7.2.1 DB shaking

Dynamic analysis of a 3D finite element of the isolated building shall be performed for DB shaking using

11 sets of ground motion triplets per Section 3.5.

For each type and size of isolator and/or damper in the isolation system, the following data shall be collected
and processed for each DB ground motion triplet: 1) maximum resultant horizontal displacement, 2)
maximum absolute earthquake-induced axial force, and 3) for 1D vertical and 3D isolation systems, the
maximum absolute earthquake-induced vertical displacement. From 1), compute the mean (of 11)
maximum resultant horizontal displacement. From 2), compute the mean (of 11) maximum earthquake-
induced axial force. From 3) compute the mean (of 11) maximum earthquake-induced axial displacement.

These forces and displacements are used for production testing per Section 6.5.

3.7.2.2 TPG shaking

Dynamic analysis of a 3D finite element of the isolated building shall be performed for TPG shaking using
11 sets of ground motion triplets per Section 3.5.

For each type and size of isolator and/or damper in the isolation system, the following data shall be collected
and processed for each TPG ground motion triplet: 1) maximum absolute earthquake-induced axial force,
2) maximum absolute earthquake-induced axial force in the damper, and 3) for 1D vertical and 3D isolation
systems, the maximum absolute earthquake-induced vertical displacement. From 1), compute the mean (of
11) maximum earthquake-induced axial force. From 2), compute the mean (of 11) maximum earthquake-
induced damper force. From 3), compute the mean (of 11) maximum earthquake-induced vertical
displacement. The mean maximum isolator axial forces and isolator vertical displacements shall be used

for the prototype tests of Section 6.
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The connections of each isolator to the structure above (i.e., basemat) and below (i.e., foundation) shall be
designed to remain elastic for the mean maximum earthquake-induced axial force acting in compression or
tension and co-existing gravity loads factored per materials standards, and the horizontal force in the
isolator associated with displacement D,,, applied simultaneously.

The connections of each damper to the structure above (i.e., basemat) and below (i.e., foundation) shall be
designed to remain elastic for the mean maximum earthquake-induced damper force acting in compression

or tension and co-existing dead load factored per materials standards.

3.7.3  Structure below the isolation interface

The foundation and pedestals below each isolator and damper shall be designed to remain elastic for the
mean maximum earthquake-induced axial force per Section 3.7.2.2 acting in compression or tension and
co-existing gravity loads factored per materials standards, and the horizontal forces in the isolator associated

with displacement D, and the mean maximum damper force, applied simultaneously.

3.7.4 Systems and components crossing the isolation interface

The systems and components that cross the isolation interface shall be designed and detailed for shaking
consistent with their assigned SDC, recognizing that significant relative horizontal displacements might
develop between points of support on and off the isolated building, where off refers to both the foundation

below the isolation interface and horizontally adjacent construction (i.e., the retaining wall of Figure 4.3).

3.7.5 Clearance to adjacent construction

The horizontal clearance to adjacent construction must be sufficient to permit unrestricted movement of the
isolated building to achieve the TPG assigned to the isolation system. A minimum horizontal clearance

equal to 1.15 D,; along each principal axis of the isolated building shall be provided. (See Section 5.4 for

details).
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SECTION 4
ARCHETYPE REACTOR BUILDING, SAMPLE EQUIPMENT, AND
SITING

41 Introduction

An archetype reactor building, safety-related equipment, and a hypothetical site are used in this report to
demonstrate a process to select, analyze, design, and deploy a seismic isolation system. The building and
its equipment are loosely based on an early version of a fluoride salt-cooled reactor plant being developed
by Kairos Power of Alameda, CA. The building is sited in a region of moderate seismic hazard in the
Central and Eastern United States. To demonstrate the utility of seismic isolation and the importance of
correctly characterizing the local soil conditions, two different soil domains are considered: soft rock and
stiff soil.

The building and its equipment are modeled in SAP2000 (CSI 2020) for the purpose of dynamic analysis.

Soil-structure interaction is ignored since the building’s footprint and mass are small, and it is base isolated.

Section 4.2 introduces the archetype nuclear reactor building and the assumed safety-related equipment.
Finite element models for the building and equipment are prepared and key dynamic properties are reported.
Section 4.3 presents the layout of the base isolation system. Section 4.4 presents information on the
candidate isolation systems considered in this report. The two degree-of-freedom model used for the
isolation-system performance calculations is introduced in Section 4.5. The hypothetical site is identified

in Section 4.6.
All SAP2000 models and seismic inputs described in this report are available on DesignSafe; see Yu et al.
(2023).

4.2 Reactor Building and Safety-related Equipment

421 Finite element models

Figures 4.1a, b, and c present the reactor building in three views, the global coordinate system, and key
dimensions. The building includes four floors: a reinforced concrete (RC) basemat (grey), a suspended RC
floor (green), and two composite floors (yellow). The RC basemat and the suspended floor slabs are 1.2 m
thick. The composite floors are 76 mm of concrete on a 76 mm-deep metal deck; an average concrete

thickness of 114 mm is modelled but the deck is not.

31



The suspended RC floor is supported around its perimeter by 1.2 m-thick RC walls (orange). The two
composite floors are supported by structural beams (blue). The floor-to-floor heights vary: basemat to
suspended RC floor = 8.6 m, suspended RC floor to lower composite floor = 5 m, and lower to upper
composite floors = 4.6 m, as noted in Figure 4.1b. The reactor shield is a RC cylindrical wall (shaded pink)
that is supported by the basemat. The RC shield wall and its circular head are 1.2-m thick. The outer
diameter of the shield structure is 8.8 m, and its overall height is 18 m, as noted in Figure 4.1d. The
suspended RC floor and the composite floor framing are pinned to the cylindrical shield wall. The building
is framed in structural steel above the upper composite floor, shown in blue. The out-to-out plan dimensions
of the building are 25 m x 25 m, and the height from the basemat (grade level) to the ridge is 33 m. The
part of the building below the top of the suspended RC floor and reactor shield head is assumed to be safety
related and houses safety-related equipment. The building above the suspended RC floor, namely, the steel
framing and the composite floors, is assumed to be non-safety related. The design and analysis for the
safety-related parts of the building follow nuclear standards including ASCE/SEI 4-16 (ASCE 2017),
ASCE/SEI 43-19 (ASCE 2021), ACI 349-13 (ACI 2013), and ANSI/AISC N690 (AISC 2018). The non-
safety-related part of the building is designed as a commercial building for loads defined in ASCE/SEI 7-
22 (ASCE 2022), adopting non-nuclear standards such as ACI 318-19 (ACI 2019), ANSI/AISC 360-22
(AISC 2022), and ANSI/AISC 341-16 (AISC 2016).

The building is modeled in SAP2000 using elastic shell and line elements. The basemat, suspended RC
floor, composite floors, walls, and reactor shield are modeled using shell elements with a thickness of 1.2
m, 1.2 m, 114 mm, 1.2 m, and 1.2 m, respectively. The structural steel framing is modeled using line

elements. Table 4.1 presents the mechanical properties assumed for the numerical model.

A gantry crane is installed on the steel frame at the level of the grey dashed lines on the two y-z faces shown
in Figure 4.1a. The mass of the crane is 27 tonnes, and it is assumed to be evenly distributed to the steel
columns for dynamic analysis and represented by the grey solid circles shown in Figure 4.1a. Distributed
masses of 75 kg/m? and 50 kg/m? are applied to the top faces of the roof and the outer faces (+x, -x, +y, and
-y sides) of the steel frame, respectively, to address the mass of the sheeting, insulation, and sundry
equipment, using lumped masses at nodes on the steel purlins and columns. Distributed masses of 500
kg/m?, 250 kg/m?, and 125 kg/m?, representing the sum of the superimposed dead load and live load, are

applied to the basemat, suspended RC floor, and the two composite floors, respectively.

The mass of the building is 8511 tonnes, including the reactor shield, gantry crane, and the assigned
distributed and lumped masses, but excluding the explicitly modeled equipment (introduced in Figure 4.2).

Table 4.2 lists the weight of each component of the reactor building.
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Figure 4.1. Finite element models for the reactor building and its equipment
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Table 4.1. Assumed mechanical properties for the reactor building framing

Density (kg/m?3) 2403
Concrete Compressive strength (MPa) 28
Poisson’s ratio 0.2
Elastic modulus (N/m?) 2.5x10%°
Density (kg/m?3) 7850
Structural Yield strength (N/m?) 420
steel Poisson’s ratio 0.3
Elastic modulus (N/m?) 2x 101"

Table 4.2. Component masses in the building model

Component Superimposed mass Total mass! (tonne)

Basemat (grey) 500 kg/m? 2032

Suspended RC floor (green) 250 kg/m? 1700
Two composite floors (yellow) 125 kg/m? 426 (213 each)
Four RC walls (orange) - 2368 (592 each)

27 tonnes for the crane
Steel frame (blue) 75 kg/m? on the roof 443
50 kg/m?on the 4 outer faces
Reactor shield and head (pink) - 1544

1. Sum of the self-weight of the component and the superimposed mass listed in the second column

Six pieces of safety-class equipment of three types are included in the model: one reactor vessel (RV), one
reactor vessel auxiliary cooling system (RVACS), and four primary heat exchangers (PHXs). They are

assumed to be manufactured using stainless steel and filled with molten salt with a density of 1940 kg/m?.
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Figure 4.2. Finite element models of safety-related equipment

The RV is a cylindrical tank located inside the shield wall (pink) and supported on the basemat with vertical
line elements, as shown in Figure 4.2a. The diameter of the RV is 3.8 m; its height, excluding the supporting
elements, is 7.2 m, and its wall thickness is 25 mm. The tank is modeled using shell elements. The
supporting elements are rigid, fixed at the basemat, and pinned at the bottom of the tank. The mass of the
molten salt is 158 tonnes and it is included in the model using lumped masses distributed on the tank wall
and base. Since the hydrodynamic pressure of the molten salt is normal to the inner surfaces of the tank,
the wall (base) is assigned x- and y-directional (z-directional) distributed masses of 158 tonnes. There are 2
two-degree-of-freedom oscillators attached to the RV head to represent equipment, with horizontal
frequencies of 10 and 20 Hz. The mass of each oscillator is 0.1 tonne. A distributed mass of 15 tonnes is
assigned to the vessel head to address the weight of some head-mounted equipment submerged in the molten
salt. The total mass of the RV is 216 tonnes.

The RVACS, shown in bright blue in Figures 4.1d and 4.2b, is located between the reactor and shield wall.
The RVACS is modeled using twelve 8 m-long vertical tubes, with a diameter of 152 mm and a wall
thickness of 6 mm. Each tube is supported by horizontal rigid line elements at four levels: at the top end of
the pipe and 2.3 m, 4.6 m, and 6.6 m below the top end. These line elements are fixed at the shield wall and
pinned at the tube. The top pinned support constrains the pipe in both the horizontal and vertical directions
(%, y, and z), and the lower three pinned supports constrain the horizontal directions (x and y). The total

mass of the 12 units is 71 tonnes.

There are 4 PHXs (shaded blue) in the reactor building. Each PHX is a horizontally oriented cylindrical
tank simply supported by a rigid frame on the basemat; see Figure 4.2c. The diameter of the vessel is 1.5

m, its length is 7.3 m, and its wall thickness is 16 mm. The molten salt in each tank weighs 26 tonnes. The
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total weight of each PHX is 30 tonnes. The mass of the reactor building, including the RV, RVACS, and
PHXs, is 8918 tonnes.

4.2.2 Dynamic properties

Eigen modes are calculated for the finite element model of the reactor building (including the equipment)
shown in Figure 4.1, assuming all basemat nodes to be fixed. The building and equipment respond in many
modes. More than 500 modes are required to capture 90% of the total mass in the x, y, and z directions. The
third column of Table 4.3 presents the frequencies of the modes that contribute the greatest modal effective
mass in each direction. These modes are associated with displacements of the safety-related parts of the
building. The listed x- and y-directional modes are associated with lateral displacements along the height
of the building, including the RC walls, suspended RC floor, and reactor shield. The z-directional mode
involves vertical displacements of the suspended RC floor, axial extension of the reactor shield wall, and
breathing of the RC walls. The fourth, fifth, and sixth columns of Table 4.3 present the first modal
frequencies for the equipment in the conventionally founded reactor building.

Table 4.3. Key modal properties of the conventionally founded reactor building, reactor vessel (R
V), reactor vessel auxiliary cooling system (RVACS), and primary heat exchangers (PHXs)

Reactor building! RV RVACS PHXs
X 10 (28%) 12 7 11
Frequency o
(H2) y 10 (25%) 12 7 24
z 24 (21%) 37 27 18

1. Effective mass for each mode shown in parentheses

4.3 Seismic Isolation System: Layout of Isolators and Viscous Damping Devices

Figure 4.3 locates the isolation plane in the archetype reactor building. The isolators are shown installed on
reinforced concrete pedestals, below the basemat and above the foundation. The VDDs are not shown in
Figure 4.3. The isolation system provides horizontal and/or vertical flexibility between the basemat and the
foundation, which substantially mitigates the effects of earthquake ground shaking on the building and the

equipment.
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Figure 4.3. Base-isolated reactor building (adapted from Kammerer et al. (2019))
Figure 4.4a shows the finite element model of the reactor building supported by an isolation system. Each
isolator is modeled explicitly at the underside of the basemat at the locations shown in Figures 4.4a and
4.4b.

(a) building supported by isolators modeled using  (b) isolators (17) located by black solid circles and
black elements below the basemat dampers (8) by dashed green lines'?

Figure 4.4. Base isolation systems for the reactor building

There are 17 isolators, shown as black solid circles: at the center, 4 corners, middle of the 4 edges, 6 m from
the edges of the basemat, and at the 4 sides of the bottom of the shield wall, which is identified by a pink

10 Appropriate nodal connectivity in the basemat mesh is achieved using the area edge constraint command in SAP2000.
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circle. This layout is used for the 2D (2H) and 3D (2H and 1V) isolation systems introduced in Section 4.4.
Supplemental horizontal 1D fluid viscous dampers, which are deployed in two of the isolation systems
considered below, are located by the dashed green lines in Figure 4.4b: four along each horizontal axis of
the building. Supplemental vertical 1D fluid viscous dampers and 3D viscoelastic (pot) dampers, which are
not identified in Figure 4.4b, are used in the 3D isolation systems, and located adjacent to each of the 17

isolators.

The layout of Figure 4.4b is not optimized for any of the isolation systems. Considerations for locating
isolators and VVDDs should include a) limiting the number of device sizes, b) similar maximum gravity

loads on individual isolators, and c) distributing isolators in plan to minimize torsional response.
4.4 Isolation Systems Considered

4.4.1 Introduction

The seven isolation systems of Table 4.4 are considered in this report. The list is not exhaustive but includes
isolation systems available for deployment in the US at the time of this writing. Of the seven systems, five
provide horizontal (2D) isolation: 1) 2-sec linear elastomeric (LDR) isolators, 2) 2-sec nonlinear SFP
isolators, 3) 2-sec linear elastomeric (LDR) isolators and uniaxial (1D) horizontal nonlinear fluid viscous
dampers (FVDs), 4) 2-sec nonlinear SFP isolators and 1D horizontal nonlinear FVDs, and 5) 3-sec SFP
isolators. The other two systems provide three-directional (3D) isolation. System 6 is identified as a 3D
linear system herein and is composed of 3D spring isolators and 3D viscoelastic dampers. The 3D hybrid
system 7 is composed of 2-sec SFP isolators functioning in the horizontal plane and guided spring isolators
and 1D nonlinear FVDs in the vertical direction. In Table 4.4, H1 and H2 are the principal horizontal axes
of the building, aligning with the x and y axes, respectively, of Figure 4.1a. A LR isolation system is not
analyzed herein solely because the force-displacement properties of the bearings are bilinear and like that

of the SFP bearing; near identical outcomes would be reported.

Systems 1 and 3 are considered for the performance calculations of Section 5. Systems 2, 4, 5, and 6 are
considered for the supplemental performance calculations of Appendix C. All seven isolation systems are

addressed in Appendix E.
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Table 4.4. Isolators and VDDs used in the seven candidate isolation systems for the reactor buildin
g, horizontal (H1, H2) and vertical (V) directions

Isolation Isolators VDDs
System L

direction H1, H2 Y H1, H2 Y
1 2D 2-sec linear -- - -
2 2D 2-sec nonlinear -- - -
3 2D 2-sec linear -- 1D nonlinear FVDs --
4 2D 2-sec nonlinear -- 1D nonlinear FVDs --
5 2D 3-sec nonlinear -- - -
6 3D 3D linear; 1.1 sec for H and 0.4 sec 3D viscoelastic dampers

forV
7 3D 2-sec nonlinear 1D linear; 0.4 -- 1D nonlinear FVDs
sec for V

Section 4.4.2 presents the mechanical properties of the seven isolation systems. Numerical modeling in
SAP2000 (CSI 2020) for an isolation system, an isolator, and a damper is described in Section 4.4.3.

4.4.2 Mechanical properties of the isolation systems

System 1: 2-sec linear
System 1 is a lightly damped 2D linear system composed of 17 identical LDR isolators with a horizontal
force-displacement (F-u) relationship shown in Figure 4.5. The F-u relationship for the isolation system is

defined by a horizontal stiffness, K and a viscous damping ratio, characterizing the area of the

iso,h 1

hysteresis loop. Given the isolation period T, =2 seconds and a superstructure mass m = 8,920 tonnes,

the horizontal stiffness, K.

iso,h !

of the isolation system is 8.8 x 10* kN/m. (Information on the design of the

elastomeric and sliding isolators can be found in Constantinou et al. (2007; 2011). Isolators were sized but

that information is not reported in this section.) The vertical stiffness, K, of the isolation system is 2.4 x

10® kN/m. Assuming the superstructure to be rigid, the vertical frequency is 26 Hz (period = 0.04 sec).

Assuming 5% damping in the elastomer, the damping coefficients are C, = 2800 kN-s/m and C, =1.5x

10° kN-s/m in the horizontal and vertical directions, respectively.
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K

iso,h

Figure 4.5. Force-displacement (F-u) relationship of system 1, linear isolators, horizontal directions

System 2: 2-sec nonlinear
System 2 is a 2D nonlinear system composed of 17 identical SFP isolators. The idealized horizontal F-u
relationship of the system is presented in Figure 4.6. The F-u relationship is characterized by a zero-

displacement force intercept, Q , and a second-slope stiffness, K, ,, which defines the isolation period

T

iso,h *

The parameters d, and K, are introduced to enable numerical modeling; see the second footnote to
Table 4.5. The value of Q is the product of the coefficient of sliding friction, x, and the instantaneous
vertical load on the isolation system; Q changes by time step with the vertical earthquake shaking. The
coefficient of sliding friction, x, is assumed to be 0.06, which is an often-used value. In the absence of
vertical shaking and for m = 8,920 tonnes (W = 8.75x 10* kN), Q = 5,250 kN. The second-slope stiffness

Kion 18 inversely proportional to the radius, R, of the curvature of the concave sliding surface; K, =

mg /R, where g is gravitational acceleration. For T.

isop = 2 seconds and m = 8,920 tonnes, K, =8.8x
10* kN/m and R =1 m. The F-u response of each isolator along each horizontal axis of the building, H1
and H2, is coupled, namely, F-u response along direction H1 is affected by displacement response along

H2, and vice versa. The coupled hysteresis is addressed explicitly in SAP2000.

The axial stiffness of a SFP isolator in compression is a function of the geometry of the articulated slider.
(The axial stiffness in tension is zero.) Herein, the superstructure gravity load is distributed equally to each
isolator and the assumed contact pressure is set equal to 34 MPa, resulting in a slider radius of 217 mm.
Assuming 17 identical articulated sliders and a vertical stiffness per isolator equal to 20% of the axial
stiffness of a carbon steel cylinder with a radius and height equal to 217 mm, the vertical compressive

stiffness, K, of the isolation system is 4.6 x 108 kN/m. Assuming the superstructure to be rigid, the vertical
frequency = 36 Hz (period = 0.03 second). Assuming a damping ratio of 2% in the vertical direction, C, =

8.1 x 10* KN-s/m.
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Figure 4.6. Force-displacement (F-u) relationship of systems 2, 5, and 7, nonlinear isolators,
horizontal directions

System 3: 2-sec linear and 1D nonlinear FVDs

System 3 is a 2D isolation system composed of the 2-sec linear isolators of system 1 and uniaxial (1D),
nonlinear FVDs in the two horizontal directions. The F-u relationship for the 2-sec linear system is shown

in Figure 4.5, and the parameters are K, , =8.8x104 kN/m, K, =2.4x108 kN/m, C, = 2800 kN-s/m,

iso,h
and C, = 1.5x 105 kN-s/m, as described for system 1. Figure 4.7a presents the force-velocity (F-v)
relationship for the nonlinear FVDs, defined by a damping coefficient, C, and a velocity exponent, ¢, less
than 1. Herein, 6=0.3 and C, = 5,000 kN-(s/m)0.3 along each horizontal axis of the building. The

composite F-u relationship for system 3 is the sum of those shown in Figure 4.5 (linear isolators) and Figure

4.7b (a nonlinear FVD subjected to sinusoidal loading).

I A I U
N

(a) F-v relationship (b) F-u relationship

Fy =sign(v)*Cy*1v|°

Figure 4.7. Force-velocity (F-v) and force-displacement (F-u) relationships for uniaxial FVDs,
horizontal directions for systems 3 and 4, vertical direction for system 7
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System 4: 2-sec nonlinear and 1D nonlinear FVDs

System 4 is composed of the 2-sec SFP isolators of system 2 and the nonlinear FVDs used for system 3.
The F-u relationship of system 4 is the sum of those shown in Figure 4.6 (SFP isolators) and Figure 4.7b
(nonlinear FVDs).

System 5: 3-sec nonlinear

System 5 is composed of 3-sec SFP isolators. The idealized horizontal F-u relationship is shown in Figure
4.6. Given T =3.9%x10* kN/m and R=mg/K._, =22 m.

iso,h

=3 seconds and m = 8,920 tonnes, K

iso,h iso,h

Other parameters are set to those for the 2-sec sliding isolators of system 2, namely, Q =5,250 kN, K, =

4.6 x 108 kN/m, and C, = 8.1 x 10* kN-s/m.

System 6: 3D linear (viscoelastic)

System 6 is composed of 3D spring isolators (see Figures 2.3d and 2.3e) and 3D viscoelastic dampers. The
spring isolators are assumed to have linear stiffness and negligible damping in each of the three directions.
Coupling of horizontal and vertical responses is ignored*!. The 3D viscoelastic dampers are assumed to be
viscous for the analysis presented below and elsewhere in this report!2. The F-u relationship of the isolation
system in each direction is shown in Figure 4.8 and is linear viscoelastic. The dynamic properties assumed

=1.1 seconds, T.

iso,v

for analysis are T. = 0.4 second, 25% damping in the horizontal directions, and 8%

iso,h

damping in the vertical direction: K. ., = 2.9x10% kN/m, K, = 2.2x10° kN/m, C, = 2.5x 10* kN-

iso,h iso,v

s/m,and C, = 2.2x10* kN-s/m.

11 Coupling must be addressed for project-specific calculations.

12 These 3D dampers exhibit viscoelastic behavior, namely, both elastic and viscous characteristics, and can be modelled using
fractional derivatives, as described in Makris and Constantinou (1990; 1991). The frequency-dependent response of the
viscoelastic dampers must be captured for project-specific calculations.
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K, or K,

iso,h

-

Figure 4.8. Force-displacement (F-u) relationship of the 3D linear viscoelastic isolation system

iso,v

System 7: 3D hybrid

System 7 is a hybrid system composed of 2-sec SFP isolators in the horizontal plane and 1D guided spring
isolators and 1D nonlinear FVDs in the vertical direction. (This hybrid system is like that shown in Figure
2.3h except for the horizontal FVVDs.) The 2-sec nonlinear isolators of system 2 are used in system 7. The
stiffness of the spring isolators in the vertical direction is linear; the damping is negligible. The vertical

period, T.

iso,v !

of the spring isolators is set to 0.4 second (identical to system 6), and so the aggregate vertical
stiffness, including the flexibility of the sliding isolators, is K., = 2.2 x 10° kN/m. The aggregated

mechanical properties of the vertically oriented 1D nonlinear FVVDs in system 7 are identical to those for
systems 3 and 4 and are 6 =0.3and C, =5,000 kN-(s/m)®2. The F-u relationship of system 7 in the vertical

direction is the sum of Figure 4.9a for the spring isolators and Figure 4.9b for the nonlinear FVDs.

F F

A
|

(a) coil-spring isolators (b) uniaxial nonlinear fluid viscous dampers

Figure 4.9. Force-displacement (F-u) relationships of the 3D hybrid isolation system in the vertical
direction

The properties of the seven isolation systems are summarized in Table 4.5.
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Table 4.5. Properties of seven isolation systems, superstructure mass, m = 8,920 tonnes, horizontal (H1, H2) and vertical (V) directions,

super structure assumed to be rigid

Svsterm Isolation Period” (sec) Frequency” (Hz) Isolators’ Damperst
YSIEM 1 direction | H1, H2 Y, HL,H2 | V H1, H2 v H1, H2 ;
Kigon =8.8x10°KN/M; | K =2.4% 108 kN/m; C,
1 2D 2 0.04 0.5 26 C. 22800 kN-s/m 1 105 KNS - -
=0.06; R=1m; K._, =
, 0 , 0.03 o5 ” # ] km/ Ko K, = 4.6 x 108 KN/m;
. . 8.8 x 10* KN/m; B 4N -- -
K, =5.3 x 10° kN/m® C, =8.1x 10*kN-s/m
5 , , 00 . . Kiop =88X 10°KN/IM; | K =2.4x 108 kKN/m: C C‘S - 2300
D .04 5 ’ v T = -
C, =2800 kN-s/m = 5 kN- d =
h 1.5x 10° kN-s/m KN-(s/m)°3
=0.06; R=1m; K._, = =03
4 2D 2 0.03 0.5" 36 " ‘ km/ o K, = 46> 10%kN/m; cé (5)6360
: : 8.8 x 10" KN/m; B 4 LN 4 =50, -
K, =53 10° kNJmé C, =8.1x 10*kN-s/m N-(s/m)o3
n=006; R=22m; K, = 4.6x 10° kN/
=40X m;
* * K. . =3.9x 10* kN/m; v ’ - -
5 2D 3 0.03 0.33 36 iso.h C, =8.1x 10° kN-s/m
K, =5.3 x 105 kN/m®
C =25x C,=2.2x
6 3D 1.1 0.4 0.91 25 Ko = 2.9x 10° KN/m K,,, = 2.2x 108 kN/m h v
" ’ 10* kN-s/m® | 10% kN-s/m?!
7 3D 2" 0.4 0.5" 25 Ky = 8.8 10* KN/m; Ky, = 2.2 % 10° KN/m - C, =5,000
K, =5.3x 108 KN/m® KN-(s/m)°®2

* Periods and frequencies calculated using the superstructure mass m= 8,920 tonnes, and K, and K, for the 2D systems or K, and

2, 4,5, and 7, the effective period T, , associated with K., shown in Figure 4.6, changing with the displacement and less than the listed isolation period

§ Defined to enable numerical modeling for sliding isolation systems: see Section 4.4.3 for details; K, calculated using Q = 5,250 kN at d, = 1 mm; period T,, associated with K, , is 0.26 second

T Kisu,h' Ch ' Kl' Kisu.v’

K, ,and C, are the aggregated properties of 17 identical isolators located by the solid black circles in Figure 4.4b

K.y for the 3D systems; superstructure assumed to be rigid; for sliding isolation systems

i For systems 3 and 4, C, is the aggregated coefficient for the 4 dampers (i.e., C, /4 for each) along a horizontal axis (H1 or H2), identified as dashed green lines in Figure 4.4b; for systems 6 and 7, C, , C,,and C, are the

aggregated damper coefficients at the 17 locations (i.e., C, /17, C, /17, and C, /17 for each) identified by the solid black circles in Figure 4.4b
T See footnote 12 in Section 4.4.2 regarding the viscoelastic behavior of the 3D damper.

44




4.4.3 Numerical modeling of the isolation systems in SAP2000

For the performance calculations of Section 5 and Appendix C, macro models are used to simulate the
isolation systems, introduced in Section 4.5, with aggregated properties along the horizontal axes (H1, H2)
of the building per Table 4.5. For the calculations of Appendix E, the isolators and VDDs are modeled
explicitly per Figure 4.4a, with properties back-calculated from the aggregated values of Table 4.5 (see
footnotes 1 and I of the table). The elements used to model the isolation system (in the macro model) and
each isolator (and damper, if used, in the finite element model) are identical. The elements used for the

seven systems are described below.

The 2D linear isolators in systems 1 and 3, and the 3D linear isolation system 6 are simulated using the
linear link in SAP 2000 with the stiffnesses and damping coefficients for the three translational degrees of

freedom: K.

son K, or Kig ., C,, and C, listed in Table 4.5. The degrees of freedom are independent,
namely, the responses of the linear isolation systems in the 3 directions are decoupled. The SFP isolators
of systems 2, 4, 5, and 7 are simulated using the friction isolator link in SAP2000 for nonlinear horizontal
response and linear vertical response. The horizontal and vertical degrees of freedom of the link are

dependent. The horizontal force, Q , at zero displacement in the F-u relationship (Figure 4.6) changes with
the vertical compressive load on the friction isolator link, which varies due to the vertical shaking. The

horizontal sliding response of isolation systems 2, 4, 5, and 7 is simulated using the two stiffnesses, K, and

K., as identified in Figure 4.6. The first-slope stiffness, K,, is set to 5.3x 10° kN/m, which is calculated

iso,h ?
using Q =5,250 kN at an assumed displacement d, of 1 mm. The period, T,, associated with K; is 0.26
second. For the 2D systems 2, 4, and 5, K, ., K;, u, R, K, and C, listed in Table 4.5 are assigned to
the friction isolator link. For the 3D isolation system 7, K., K,, x, R, and K per Table 4.5 are

assigned to the friction isolator link, where K. is the stiffness of the vertical coil-spring isolators. The

IS0,V

vertical stiffness, K, or K is associated with axial compression.

iso,v !

The 1D nonlinear FVDs used in systems 3, 4, and 7 are simulated using the damper-exponential link in
SAP2000, with 6 and C, listed in Table 4.5 . The link has two horizontal degrees of freedom for the 2D

systems 3 and 4, and one vertical degree of freedom for the 3D system 7. The damper-exponential link and

the isolator link are placed in parallel in the model for systems 3, 4, and 7.

Eigen modes are calculated for the isolated buildings using the finite element model of Figure 4.4a. For all

seven isolation systems, the first mode in each horizontal axis (H1 and H2) is associated with nearly 100%
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of the superstructure mass at the frequency of the isolation system, namely, 0.5 Hz for systems 1, 2, 3, 4,
and 7; 0.3 Hz for system 5; and 0.9 Hz for system 6. For the 2D systems 1 to 5, the vertical modes are
associated with the coupled responses of the isolation system and the superstructure. Due to the vertical
flexibility of the superstructure (e.g., a mode at 24 Hz for 21% of mass per Table 4.3), the vertical
frequencies of the isolated building are lower than those listed in Table 4.5, for which the superstructure is
assumed to be rigid: 26 Hz and 36 Hz for the linear and bilinear isolation systems, respectively. Much of
the vertical mass in the isolated building is associated with modes around 18 Hz for the linear isolation
systems 1 and 3 (=58%) and around 20 Hz for the nonlinear isolation systems 2, 4, and 5 (=43%). For the
3D systems 6 and 7, the first vertical mode is at the isolation frequency (=2.5 Hz), with a modal effective

vertical mass of 100%.

4.4.4 Response-history analysis in SAP2000

The Fast Nonlinear Analysis (FNA) algorithm in SAP2000 is used for the response-history analysis of the
isolated buildings. Ritz modes are used for modal decomposition in FNA. Per Sarlis and Constantinou
(2010), near-zero modal damping is assigned for the purely isolated modes (i.e., H1 and H2 for the 2D
systems, and H1, H2, and V for the 3D systems), and 4% damping is assigned to the mixed and higher

modes.

4.5 Two-Degree-of-Freedom Model for Performance Calculations

A two-degree-of-freedom (2DOF) model of the base-isolated reactor building is developed here to support
the performance calculations for isolation systems presented in Section 5, Appendix C, and Appendix D.
The required performance of the isolation system is the unrestricted horizontal displacement sufficient to
achieve the user-specified TPG. A numerical model with two orthogonal horizontal degrees of freedom is
sufficient to compute the maximum horizontal displacement of an isolation system because fluctuating axial

load due to vertical shaking and overturning has no meaningful effect, as shown by Mosqueda et al. (2004).

Figure 4.10 presents the 2DOF model: an oscillator composed of a mass and a link element(s) fixed at the
ground. This model assumes that the building is rigid, and the dynamic responses are characterized using
one mode in each horizontal direction. The mass is 8,920 tonnes, including those of the building, basemat,
and equipment described in Section 4.2.1. The isolation system supporting the building shown in Figure
4.4 is simulated using the orange link element(s), which accommodates the composite response of the 17
isolators and damping devices. The model for systems 1, 2, 5, and 6 uses one link element to simulate the
isolation system, including the isolators and linear viscoelastic dampers, if used. The model for systems 3,

4, and 7 uses two link elements to simulate the isolators and nonlinear FVVDs separately. The link is placed
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vertically in the model and has 6 degrees of freedom at each end. The model of Figure 4.10 is described as
a 2DOF model because it is used in Section 5, Appendix C, and Appendix D to generate horizontal
responses for performance calculations; the vertical responses are not used for the reason given above. The
3 rotational degrees of freedom are restrained.

¥

Axm

Figure 4.10. Two-degree-of-freedom model; orange links used to simulate the isolation system

4.6 Hypothetical Site for the Reactor Building

To demonstrate a calculation process in Section 5, the reactor building is assumed to be sited in the Central
and Eastern United States at the East Tennessee Technology Park (ETTP) in Oak Ridge, Tennessee (TN),
near Clinch River. The assumed (latitude, longitude) pair for the site is (35.94°N, 84.40°W). Two different
near-surface soil profiles are considered, to demonstrate the utility of seismic isolation over a wide range
of soil conditions. The soft rock site (stiff soil site) is represented by the boundary between site classes B
and C (C and D) per ASCE/SEI Standard 7-22 (ASCE 2022). The average shear wave velocities in the
upper 30 m of the soil column for site classes BC and CD are approximately 760 m/sec and 360 m/sec,

respectively.

To enable seismic analyses of the reactor building, seismic hazard curves, uniform hazard response spectra
(UHRS), and ground motions for the Clinch River site are generated using data provided by the US
Geological Survey (USGS 2018). Figure 4.11 presents seismic hazard curves at the Clinch River site for
spectral periods of 0 (PGA), 0.1 second, and 2 seconds, 5% damping, and site classes BC and CD. Figure
4.12 presents 5%-damped, geomean, horizontal UHRS for return periods of 1,000, 10,000, and 25,000 years
and the two site classes. Details on the generation of the seismic hazard curves and UHRS are presented in

Appendix A.

Soil-structure interaction analysis is not performed herein for the reason given in Section 3.6.1 and shown
in Lal et al. (2024). Ground motions matched to a surface free field spectrum are used as input for the
dynamic analysis. Possible reductions in the surface free-field spectral ordinates associated with base-slab

averaging, ground motion incoherence, and embedment are ignored.
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Figure 4.11. Seismic hazard curves, geomean horizontal shaking, Clinch River site, BC and CD
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SECTION 5
PERFORMANCE-BASED DESIGN OF A SEISMIC ISOLATION SYSTEM

51 Introduction

Figure 4.3 illustrated the implementation of a seismic isolation system for a nuclear power plant, and it is
repeated below as Figure 5.1 to support the presentation in this section. The isolators and VDDs are installed
below a basemat and above a foundation. The isolators are shown installed on reinforced concrete pedestals.
The isolation interface separates the isolated superstructure from a conventional substructure. The retaining
wall shown in the figure represents horizontally adjacent, non-safety-related construction, which may not
be present. Sufficient clearance (noted as displacement capacity in the figure) between the isolated
superstructure and horizontally adjacent structure, along both horizontal axes of the building, must be

provided to allow unrestricted movement of the isolation system during earthquake shaking.

Displacement

j H Equiment[ﬁ :
D ﬂ |_| Hg I/ capacity

i e —r il
VV

Pedestal Foundation Isolation interface Isolator

Retaining wall —l

Figure 5.1. Base-isolated reactor building, adapted from Kammerer et al. (2019)

This section of the report provides the steps to be followed to determine a) the median horizontal

displacement, D,,, of an isolation system to achieve a user-specified target performance goal (TPG)

(Section 5.2), b) the minimum stroke of 1D and 3D VDDs (Section 5.3) , and c) the minimum clearance
along each horizontal axis of the building between the isolated building and any adjacent construction
(Section 5.4). Section 5.5 presents performance calculations to illustrate the process presented in Section
5.2.
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5.2 Achieving a Target Performance Goal for a Seismic Isolation System

5.2.1 Introduction

In this report, the required performance of an isolation system is unrestricted horizontal displacement
sufficient to achieve the TPG.

To demonstrate compliance, the required horizontal displacement capacity of an isolation system is
determined using a) a seismic displacement demand curve, and b) a fragility function for the isolation
system. The fragility function is integrated over the demand curve to compute the MAFE, and the median

value is adjusted until the TPG is reached. Figure 5.2 presents the workflow.

5.2.2  Seismic displacement demand curve

The horizontal seismic displacement demand curve is determined by dynamic analysis of the chosen
isolation system and building model for incremented levels of two-component horizontal ground shaking.
A 2DOF model (1DOF in each horizontal direction) is sufficient to compute isolation-system
displacements, wherein the building reactive mass (i.e., dead load and permanent live load) above the
isolation interface is lumped at the level of the basemat. The 2DOF model was introduced in Section 4.5;

best-estimate properties are used to define the force-displacement hysteresis of the isolation system.

The displacement demand curve, which is specific to a user-selected isolation system, is generated in 6

steps:

1. Generate uniform hazard response spectra (UHRS) for the site for geometric mean horizontal

shaking for 11 return periods (i.e., reciprocal of MAFE) spanning 4 decades®, centered on the TPG

2. Generate 11 sets of ground motion acceleration time-series, for each of the 11 return periods, that

are spectrally matched to the geometric mean UHRS

3. Analyze the two degree-of-freedom model of the user-selected seismic isolation system for each
ground motion pair (H1, H2) in the set of 11 in a bin and calculate the mean maximum resultant

horizontal displacement in a bin

4. Repeat step 3 for all 11 bins

13 See Appendix D for the technical basis for 4 decades. Four decades centered on the TPG cover a range on mean annual
frequency between TPG/100 and 100xTPG.
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5. Increase the 11 horizontal displacements from step 4, calculated using spectrally matched motions,
by a factor of 1.2 per Section C.2.2 and D.3 to address the variability in a) the horizontal
components of ground motion, H1 and H2, around the geometric mean, and b) the mechanical
properties of the isolators and dampers, and

6. Generate the displacement demand curve using the mid-point MAFE for each bin from step 1 and

the corresponding displacement from step 5

Appendix D presents information on the derivation of a seismic displacement demand curve and the basis
for using 11 intensity levels (or bins) centered on the TPG. Eleven sets of motions provide a stable estimate
of the median displacement in each bin, as adopted in Section 5.2.2 of FEMA P-58-1 (FEMA 2012) for
intensity-based assessments and documented in Appendix C.3 of Huang et al. (2008). Section D.5
reproduces the relevant material from Appendix C.3 of Huang et al. The process used herein to generate

the spectrally matched motions is presented in Appendix A.3.

Accordingly, a seismic displacement demand curve is generated using 121 simulations: 11 intensity levels

and 11 sets of ground motions per intensity level.

The displacement demand curves presented in Section 5, Appendix C, and Appendix D are generated using
30 sets of motions per bin because a) the ground motions were available for the Clinch River site and the
two soil types from another project, and b) 30 sets of motions are used in Appendix C to compute
dispersions in each bin, used to develop a default value of logarithmic standard deviation for isolation-

system fragility functions.

5.2.3 Isolation system fragility function

The isolation-system fragility function is defined by a median displacement capacity and a logarithmic
standard deviation. The logarithmic standard deviation and median capacity are independent. The median

displacement capacity is confirmed by prototype testing per Section 6.

The composite logarithmic standard deviation for the isolation-system fragility function is computed with

considerations of uncertainty and variability in ground motion (8, ), mechanical properties of the isolation

system ( 3,), distribution of mass in the isolated superstructure ( 3,,), and model fidelity ( g, ):
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BB’ + B+ B 4B 6.1

The default value for g is 0.35, as established in Appendix C, noting that a smaller value could likely be

justified on a project- and site-specific basis for linear isolation systems and isolation systems supported on

firm soil or rock sites.

Performance calculations are presented in Section 5.5 for two isolation systems to illustrate the six-step
process summarized above: 1) 2-second linear isolation system, and 2) 2-second linear isolation system
with supplemental 1D nonlinear FVDs. Additional calculations are presented in Appendix C for the other

four isolation systems.

5.3 Minimum Stroke of 1D and 3D Damping Devices

Seismic isolators are produced using high quality processes and controls on materials and manufacturing,
with quality confirmed by a) prototype testing of three units of each type and size for seismic demands
consistent with the horizontal displacement D,,, and b) production testing of all units to a horizontal

displacement consistent with DB shaking. See Section 6 for details. Accordingly, the variability in isolator

properties is more narrowly constrained than in conventional materials for building construction.

Similarly, the 1D and 3D damping devices identified in this report have force-velocity-displacement, and
force-frequency-displacement relationships, respectively, that must also be confirmed by prototype and
production testing per Section 6. Unlike seismic isolators, the horizontal displacement capacity of these
devices is limited by two end caps for the 1D FVDs, and the vessel containing the highly viscous fluid for
the 3D viscodamper. These displacement capacities are known to millimeters, and they too must be

confirmed by prototype testing per Section 6.

For a seismic isolation system with a displacement capacity defined by a median D,, and a logarithmic
standard deviation of 0.05 (0.10) per Section C.2.3, a damper stroke of +1.15D,, is sufficient to ensure

with 99% (92%) confidence that it will not reach its stroke capacity before the seismic isolators.*

14 At a displacement of 1.15D,,, the cumulative distribution function of a lognormal distribution with median D, and
logarithmic standard deviation of ¢ equals ®((In(1.15D,,) —In(Dy,)) /&) , where @ denotes the cumulative distribution function
(CDF) of a normal distribution. ®((In(1.15D,,)—In(Dy,))/ 0.05) = ®(2.79) = 0.99 and &((In(1.15D,,) —In(Dy,))/ 0.1)
=0(1.4)=0.92.

53



Accordingly, the unrestricted horizontal displacement of a 1D fluid viscous damper around the installed

position, prior to engaging the end caps, shall be = 1.15 D,,. The unrestricted radial displacement of a 3D

viscoelastic damper in any horizontal direction, around the installed position, prior to engaging the wall of
the vessel shall be + 1.15D,,.

54 Minimum Clearance to Adjacent Construction

The minimum clearance between an isolated building and any adjacent construction, along each horizontal

axis, shall be no less than 1.15 D,,, as drawn in Figure 5.3. The justification for the multiplier of 1.15 on

D,, is presented in Section 5.3.

1.15Dy,
e
—Adjacent
construction
Isolated
structure
1.15Dg,

Figure 5.3. Horizontal clearance around a seismically isolated nuclear power plant

55 Performance Calculations

5.5.1 Introduction

This section provides performance calculations to demonstrate a) the derivation of displacement demand
curves, b) calculations of mean annual frequency of unacceptable performance, and ¢) how a TPG could be
achieved for different isolation systems (Section 5.5.4). Calculations of a) and b) are presented for the
Clinch River site and v, =760 m/sec (Section 5.5.2) and v,, =360 m/sec (Section 5.5.3).

5.5.2 Performance calculations, Clinch River, TN, vs30 = 760 m/sec

For the purpose of demonstrating the calculation process, the seismic hazard at the Clinch River site is
generated using data developed by the US Geological Survey (USGS 2018). The database provides mean

annual frequencies of exceedance for geometric mean (or geomean) accelerations at different spectral
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periods (or frequencies) for 5% of critical damping. Detailed information on the seismic hazard at the Clinch
River site is presented in Appendix A. Figure 5.4a presents seismic hazard curves (i.e., geomean spectral
acceleration as a function of MAFE) at periods of 0 (PGA), 0.1, and 2 seconds, for the Clinch River site
(latitude = 35.94, longitude = -84.40) assuming soft rock (site class BC per Table 20.2-1 of ASCE/SEI 7-
22 (ASCE 2022)), which is characterized here by an average shear wave velocity in the upper 30 m of the

soil column, v,,,, of 760 m/sec.

Seismic hazard curve ordinates, at a given MAFE, at specified frequencies, are used to generate a UHRS.
Figure 5.4b, previously presented as Figure 4.12a and repeated here for convenience, presents geomean
horizontal acceleration response spectra for return periods (reciprocal of MAFE) of 1,000, 10,000, and

25,000 years and 5% critical damping, for the Clinch River site and v_,, =760 m/sec. Two-component

horizontal ground motions (i.e., H1, H2) are spectrally matched to the 25,000-year geomean UHRS. The

process used herein to generate the spectrally matched motions is presented in Section A.3.
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Figure 5.4. Seismic hazard data, geomean horizontal, 5% critical damping, Clinch River, BC soil
(identical to Figure A.1la and Figure A.2a)

The 2-second seismic hazard curve is used here to calculate scale factors for the spectrally matched motions
for other return periods (or MAFE). The process is explained in detail in Appendix D and is summarized
here. Figure 5.5 presents the 2-second hazard curve for BC soil to demonstrate the process for a TPG of
4 x10°. The logarithm of the TPG is marked on the vertical axis of the plot and the corresponding spectral
acceleration is marked as SArpg On the horizontal axis. The vertical axis is divided into eleven segments (or
bins) of equal width in log space between (log(TPG) — 2) and (log(TPG) + 2), spanning 4 decades of

frequency, centered on the TPG (i.e., span = 4 in Figure 5.5). The scale factor for motions in a particular
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bin is the ratio of the 2-second spectral acceleration at the center of the bin (SA') to SAtpc and the

corresponding exceedance frequency is the MAFE at the center of the bin (E').

The use of ground motions that are spectrally matched to the 25,000-year geomean UHRS and scale factors
for other return periods that are derived from the 2-second seismic hazard curve implies that the same
spectral shape is used for all return periods. This is a simplification. The ground motions in a particular bin
should be spectrally matched to the UHRS corresponding to the return period associated with that bin.
Although one spectral shape may suffice for many (or all) of the 11 bins, this would have to be substantiated

on a project-specific basis.
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Figure 5.5. 2-second hazard curve, BC soil, calculation of scale factors for return periods other

than 25,000 years, TPG is 4 x 107, AE,iOg is the width of a bin along the MAFE axis in log space

A 2DOF model of each isolation system is analyzed for each ground motion in a set of 30, and the analysis
is carried out for all eleven bins. That is, the model is analyzed for 30 x 11 motions in total. For each bin,
the average of the maximum resultant horizontal displacements is computed and multiplied by a factor of
1.2, as noted in Section 5.2.2. This displacement, and the corresponding MAFE at the center of the bin,
defines one coordinate on the displacement demand curves. Eleven coordinates, one per bin, are used to

define the displacement demand curve.

Figure 5.6 illustrates the performance calculation. Figure 5.6a presents the MAFE (ordinate) of mean
maximum horizontal seismic displacement in mm (abscissa) for a 2-second, 5%-damped, linear elastomeric
isolation system, system 1 of Table 4.4 and Table 4.5, sited at Clinch River. Figure 5.6b presents two
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isolation-system fragility functions, both with f = 0.35 and a median displacement capacity of 200 and 250

mm.

The displacement demand curve of Figure 5.6a and the fragility functions of Figure 5.6b are discretized
into 50 increments of horizontal displacement. The two fragility functions are numerically integrated over
the displacement demand curve in 50 increments, resulting in MAFs of unacceptable performance of 6.6 x
10° and 3.6 x 10, respectively. Increasing the median displacement capacity reduces the risk. Figure 5.6¢
presents the contributions to the MAF of unacceptable performance for the two median displacement

capacities (200 mm and 250 mm), as risk density plots.

Adding FVDs to an isolation system is a proven strategy in non-nuclear sectors to reduce horizontal
displacements in seismic isolation systems subjected to extreme ground shaking. Adding FVDs will adjust
the seismic displacement demand curve, and for a given median isolation-system capacity, achieve a more
demanding (lower) seismic risk target. To demonstrate the process, eight nonlinear FVDs are added to the
2-sec linear isolation system introduced above at the locations shown by the dashed green lines in Figure

4.4b: system 3 per Table 4.4 and Table 4.5. The force-velocity relationship for the nonlinear FVDs is
F =C,v’, where C, is the damping coefficient and set equal to 5,000 kN-(s/m)°* along each horizontal

axis of the building, v is the relative velocity across the damper, and J is the velocity exponent, taken as
0.3. The damping coefficient for each of the 8 dampers shown in Figure 4.4 is 1,250 kN-(s/m)°3. Results
are presented in Figure 5.7. The displacement demand curve of Figure 5.7a, which is established by
nonlinear dynamic analysis for incremented levels of ground shaking, is different from that in Figure 5.6a.
The isolation-system fragility functions in Figures 5.6b and 5.7b are identical. Convolving the fragility
functions of Figure 5.7b over the displacement curve of Figure 5.7a results in MAFs of unacceptable
performance of 1x 10 and 6 x 107, respectively; the reduction in risk associated with the addition of the

nonlinear FVDs is approximately a factor of 6.
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Figure 5.6. Steps toward achieving a target performance goal: 2-sec linear isolation system, Clinch
River, BC soil
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Figure 5.7. Steps toward achieving a target performance goal: 2-sec linear isolation system with
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5.5.3 Performance calculations, Clinch River, TN, vs3o = 360 m/sec

The performance calculations of Section 5.5.2 are repeated here but for an average shear wave velocity in
the upper 30 m of the soil column of 360 m/sec: dense sand or very stiff clay (site class CD per Table 20.2-
1 of ASCE/SEI Standard 7-22). Figure 5.8a presents seismic hazard curves at periods of 0, 0.1, and 2
seconds. Figure 5.8b, previously presented as Figure 4.12b and repeated here for convenience, presents
geomean horizontal acceleration response spectra for return periods of 1,000, 10,000, and 25,000 years for

the Clinch River site and v,, =360 m/sec. Thirty sets of two-component horizontal ground motions are

spectrally matched to the 25,000-year spectrum (see Section A.3). The spectrally matched motions are
amplitude scaled using scale factors derived using the 2-second seismic hazard curve shown in Figure 5.8a
using the process described in Section 5.5.2 for BC soil. Figure 5.9 presents the displacement demand
curves for the two isolation systems considered in Section 5.5.2 for CD soil, again including the multiplier
of 1.2 to correct displacements computed using spectrally matched motions for variability in those

components around the geometric mean.

To illustrate the importance of soil type on the performance calculation, the fragility functions of Figure
5.6b, used earlier for the calculations assuming site class BC, are used here. Results are presented in Table
5.1. The MAF of unacceptable performance increases with the change to CD soil, which is intuitive given
the change in spectral demands. See Figure 5.10, which presents the 10,000- and 25,000-year UHRS for
the two site classes: spectral demands for a given return period are greater for site class CD, for periods

greater than 0.3 second.
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Table 5.1. Performance calculations, Clinch River, BC and CD soils, f =0.35

4

Median displacement

MAF of unacceptable performance

capacity (mm) BC soil CD sail
S 200 6.6%10° 2.4x10%
2-sec linear isolation system?
250 3.6x10° 1.5x10*
2-sec linear isolation system 200 1.1x10° 6.0x10°
incl. nonlinear FVDs? 250 6.3x10° 3.8x10°

1. Isolation system 1 per Table 4.4 and Table 4.5

2. Isolation system 3 per Table 4.4 and Table 4.5

5.5.4 Achieving a target performance goal with different isolation systems

Table 5.2 presents the required median displacement capacities, for each of the isolation systems to achieve

TPGs of 1 x 10* (1/10,000 years), 4 x 10° (1/25,000 years), and 2 x 10° (1/50,000 years). For the

calculations presented in this table, the displacement demand curve is generated using one spectral shape,

as noted above. For a given risk target, the median displacement capacity, D,,, varies significantly, with

larger displacements typically translating to larger accelerations on the basemat, albeit all much smaller

than the peak horizontal ground acceleration. All the median displacements in Table 5.2 are substantially

smaller than the peak displacement capacities of elastomeric and sliding isolators, and 1D nonlinear fluid

viscous dampers, installed in mission-critical buildings in the US in regions of high seismic hazard.
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Table 5.2. Median displacement capacity, D,,, to achieve different TPGs, f =0.35, Clinch River,
BC and CD soils

Median displacement capacity?, D,, (mm)

BC soil CD soil
Target performance goal Target performance goal
Risk target 1x10* | 4x10° | 2x10° | 1x10* | 4x10° | 2x10°
2-sec linear isolation system? 170 242 310 294 424 542
e e | e | w0 | m | w | |

1. The risk calculations for different TPGs presented in this table use the same demand curve: i.e., the curve attached to motions matched
to a target spectrum corresponding to a return period of 25,000 (TPG =4 x 10°%). So, the risk numbers for TPGs other than 4 x 10 are

approximate.

2. Isolation system 1 per Table 4.4 and Table 4.5

3. Isolation system 3 per Table 4.4 and Table 4.5
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SECTION 6
QUALIFICATION, PROTOTYPE, AND PRODUCTION TESTING

6.1 Introduction

This section of the report provides guidance on qualification, prototype, and production testing of seismic

isolators and dampers.

Qualification tests are intended to demonstrate basic performance characteristics of devices and systems,
independent of a project application. Such tests shall be completed, and results reported prior to
consideration for a project. Prototype and production testing are project specific, requiring results of

analysis for TPG and DB shaking, respectively.

Minimum requirements for each type of test are identified below in Sections 6.3 (qualification), 6.4
(prototype), and 6.5 (production). The requirements for 2D isolators are based on Chapter 12 of ASCE/SEI
4-16 (ASCE 2017) and Chapter 9 of ASCE/SEI 43-19 (ASCE 2021) (which repeats the testing requirements
of 4-16, nearly verbatim). Minimum requirements for 1D and 3D isolators are adapted from those for 2D
isolators. Minimum requirements for 1D FVDs are adapted from Chapter 18 of ASCE/SEI Standard 7-22
and three decades of US practice in non-nuclear sectors. Minimum requirements for 3D viscoelastic
dampers, which have not been deployed to date in the US, are derived from those for 1D FVDs, recognizing
that the response of the 3D dampers is dependent on frequency and displacement. Adaptations made in this
section to the requirements from industry standards are informed by lessons learned and additional
experience gained from implementation of these devices since the development of the original requirements
for nuclear facilities in the early 2010s. These adaptations are expected to be reflected in upcoming revisions

to these nuclear industry standards.

The scope of each testing program described below may be augmented by project-specific requirements.

6.2 Notation

The notation used in Sections 6.4 and 6.5 is defined at the front of this report and repeated below. Notation

specific to one type of isolator or damper is defined in the corresponding section.
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iso,h

iso,v

6.3

Damping coefficient for a device

Average dead load on all isolators of a type and size

Mean maximum resultant horizontal displacement for DB shaking on all isolators of a type
and size

Mean maximum vertical displacement for DB shaking on all isolators of a type and size
Mean maximum vertical displacement for TPG shaking on all isolators of a type and size
Median displacement of the fragility function to achieve the target performance goal (TPG)
Horizontal isolation system frequency (i.e., reciprocal of T, )

Vertical isolation system frequency (i.e., reciprocal of T.

iso,v )

Average live load on all isolators of a type and size

Mean maximum earthquake-induced vertical load for DB shaking on all isolators of a type
and size

Mean maximum earthquake-induced vertical load for TPG shaking on all isolators of a type
and size

Horizontal isolation-system period calculated using K

iso,h

Vertical isolation-system period calculated using K.

1s0,v

Quialification Tests

The seven tasks listed below, all project independent, shall be performed and successfully completed prior

to prototype testing of project-specific devices for a nuclear power plant application:

1. Dynamic testing of full-scale (prototype) isolators for compressive and tensile axial loads and

bidirectional horizontal motion at amplitudes of displacement expected for design basis (DB)
ground motions in regions of moderate to high seismic hazard for non-nuclear structures
Development of verified and validated numerical models capable of predicting results of dynamic
testing of prototype isolators

Demonstration through basic chemistry, laboratory tests and field applications that the mechanical
properties of the isolators do not change by more than 20% over their design life in the temperature
range of 5°C to 30°C

System-level testing of the isolation system on a 6DOF earthquake simulator using three

simultaneously applied translational components of earthquake ground motion
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5. Verification and validation of numerical tools and code to predict the response of the isolation
system to three simultaneously applied translational components of earthquake ground motion

6. Deployment of the isolation system in U.S., non-nuclear, mission-critical structures in regions of
moderate to high seismic hazard

7. If components of the isolation system are subjected to significant radiation dose, the qualification
shall include demonstration via basic chemistry, laboratory tests, and MCNP-type simulations
(mcnp.lanl.gov) that the cumulative change over their design life, including task 3 above, is no
more than 20%

Accelerated aging tests shall not be used in task 3 to characterize the evolution of mechanical properties of

elastomeric bearings per Constantinou et al. (2007).

Qualification tests 1a, 2a, 3a, and 7a shall also be performed for 1D FVDs that form a part of the isolation

system as follows:

1a. Dynamic uniaxial testing of full-scale (prototype) dampers at amplitudes of displacement, velocity,
and force expected for DB ground motions in regions of moderate to high seismic hazard for non-
nuclear structures

2a. Development of verified and validated numerical models capable of predicting results of dynamic
testing of prototype dampers

3a. Demonstration through basic chemistry, laboratory tests and field applications that the mechanical
properties of the dampers do not change by more than 20% over their design life in the temperature
range of 5°C to 30°C

7a. If the dampers are subjected to significant radiation dose, the qualification shall include
demonstration via basic chemistry, laboratory tests, and MCNP-type simulations that the

cumulative change over their design life, including task 3a above, is no more than 20%.

Qualification tests 1b, 2b, 3b, and 7b shall also be performed for 3D viscoelastic dampers that form part of

the isolation system as follows:

1b. Dynamic 3D testing of full-scale (prototype) dampers at amplitudes of displacement, frequency,
velocity, and force expected for DB ground motions in regions of moderate to high seismic hazard
for non-nuclear structures

2b. Development of verified and validated numerical models capable of predicting results of dynamic
testing of prototype dampers, including frequency dependence

3b. Demonstration through basic chemistry, laboratory tests and field applications that the mechanical

properties of the dampers do not change by more than 20% over their design life in the temperature
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range of 5°C to 30°C

7b. If the dampers are subjected to significant radiation dose, the qualification shall include
demonstration via basic chemistry, laboratory tests, and MCNP-type simulations that the
cumulative change over their design life, including task 3b above, is no more than 20%.

Tasks 1, 2, 3,4, 5and 7 above, including 1a, 1b, 2a, 2b, 3a, 3b, 7a, and 7b shall be performed by experienced

persons independent of the device manufacturer.

Three types of 2D seismic isolators, from two suppliers, have been used in US construction practice for
30+ years and are considered pre-qualified for use in seismically isolated nuclear power plants, aside from
task 7: low-damping (natural) rubber (LDR) isolators and lead-rubber (LR) isolators from Dynamic

Isolation Systems® of Sparks, Nevada, and Friction Pendulum (or spherical sliding) (FP) bearings from

Earthquake Protection Systems!® of Vallejo, California. All three isolators are described in Section 2.

One type of FVD, from one supplier, has been used as part of US seismic isolation systems for 30+ years
and is considered qualified for use in seismically isolated nuclear power plants, namely, the 1D fluid viscous

damper from Taylor Devices'’ of North Tonawanda, New York. The damper is described in Section 2.
6.4 Prototype Tests

6.4.1 Introduction

Prototype tests of isolators and dampers are performed on three devices of each type and size planned for
use in the isolation system. Prototype devices shall not be used for construction but may be used, if not

damaged by testing, to support a maintenance and inspection program.

Forces, velocities, and displacements shall be digitally recorded at a sampling rate of no less than 200 Hz
for each cycle of each prototype test.

All tests shall be performed at an ambient air temperature of 20°C + 5°C (68°F + 9°F). Ambient temperature

shall be logged.

15 http://www.dis-inc.com/
16 https://www.earthquakeprotection.com/
" https://www.taylordevices.com/

68


http://www.dis-inc.com/
http://www.dis-inc.com/
https://www.earthquakeprotection.com/
https://www.taylordevices.com/

6.4.2 2D elastomeric and spherical sliding isolators
6.4.2.1 Introduction

This section addresses low damping rubber, lead-rubber, and spherical sliding bearings (see Figure 2.3a, b,
and c). The testing protocol and acceptance criteria provided below are minimum requirements.

Each prototype isolator shall have a target horizontal (shearing) force-displacement relationship that is
either linear (low damping rubber) or bilinear (lead-rubber or spherical sliding) and a target range for

vertical stiffness.

6.4.2.2 Testing protocol
The following sequence of four tests shall be performed on each prototype isolator:

Three cycles of loading between minimum and maximum vertical force
One hundred fully reversed cycles of horizontal loading corresponding to the design wind force

1
2
3. Three fully reversed cycles of loading to a horizontal displacement equal to D,
4

Three fully reversed cycles of loading to a horizontal displacement equal to D,

For test 1, the imposed vertical load shall vary between 1) DL + 0.25LL + P, and 2) DL - P, . The

frequency of the loading for test 1 shall be 0.1 Hz or less.

For tests 2 and 3, the imposed vertical load shall equal DL + LL. The frequency of loading for test 2 shall
be 0.1 Hz or less. The frequency of loading for test 3 shall be equal to f

iso,h *

Test 4 will be performed twice, for an imposed vertical load of 1) DL + 0.25LL + P,,, and

2) DL - P, . The frequency of loading for test 4 shall be f,,,. The value of P, shall be determined per

iso,h *

Section 3.7.2.2

6.4.2.3 Acceptance criteria
Acceptance criteria shall be project specific. As a minimum:

1. For test 1, the vertical stiffness shall fall within the range assumed for analysis and design

2. Fortests 2 and 3, the horizontal force-displacement relationship shall have positive stiffness on the
loading segments of each cycle

3. Fortest 3, the horizontal force-displacement relationship shall be within £20% of the target at 25%,

50%, and 100% of the maximum displacement in all cycles of loading
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4. For test 3, the energy dissipated per cycle of horizontal loading shall be no less than 80% of the
value computed using the target force-displacement relationship

5. For test 4, the horizontal force-displacement relationship shall be within +20% of the target at 50%
and 100% of the maximum displacement in all cycles of loading

6. For test 4, the energy dissipated per cycle of horizontal loading shall be no less than 80% of the
value computed using the target force-displacement relationship

7. For test 4, the isolator shall sustain the imposed vertical load

8. The prototype isolator shall suffer no damage in tests 1, 2 and 3. Damage is acceptable in test 4.

If a prototype isolator fails to meet the acceptance criteria, it shall be rejected, and a new isolator shall be
built and tested.

The data from test 3 can be used to develop isolator-specific acceptance criteria for production testing.
6.4.3 1D guided spring isolators

6.4.3.1 Introduction

This section addresses vertically guided 1D linear spring isolators per Figure 2.3h, of the type shown in
Figure 2.3d (coil) and Figure 2.3e (machined), offering isolation in the vertical direction only. The testing
protocol and acceptance criteria provided below are minimum requirements. Not addressed below are
testing requirements for the pins and sleeves that form the 1D vertical guide, which must resist horizontal

force.

Each prototype spring isolator shall have a target linear vertical (axial) force-displacement relationship.

6.4.3.2 Testing protocol
The following test shall be on each prototype isolator:
1. Three fully reversed cycles of loading between the minimum and maximum vertical force

For test 1, the vertical load shall vary between 1) DL + 0.25LL + P, and 2) DL - B, The frequency of

the loading for test 1 shall be 0.1 Hz or less because the behavior of these devices is not dependent on

loading rate. The value of B, shall be determined per Section 3.7.2.2.

6.4.3.3 Acceptance criteria
Acceptance criteria shall be project specific. As a minimum:

1. For test 1, the vertical stiffness shall be within £10% of the target
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2. Fortest 1, the vertical stiffness shall be linear
3. The prototype isolator shall suffer no damage in test 1.

If a prototype isolator fails to meet the acceptance criteria, it shall be rejected, and a new isolator shall be
tested. Spring isolators may be re-built and re-tested.

The data from test 1 can be used to develop isolator-specific acceptance criteria for production testing.
6.4.4 3D spring isolators

6.4.4.1 Introduction

This section addresses 3D linear spring isolators such as those shown in Figure 2.3d and Figure 2.3e. The

testing protocol and acceptance criteria provided below are minimum requirements.

Each prototype 3D spring isolator shall have target vertical and horizontal force-displacement relationships.
Coupling between vertical and horizontal responses shall be characterized and used to inform the

acceptance criteria for tests 3 and 4.

6.4.4.2 Testing protocol
The following tests shall be performed on each prototype isolator:

1. Three fully reversed cycles of loading between the minimum and maximum vertical force.

2. One hundred fully reversed cycles of horizontal loading corresponding to the design wind force
3. Three fully reversed cycles of loading to a horizontal displacement equal to D,
4

Three fully reversed cycles of loading to a horizontal displacement equal to D,

For test 1, the imposed vertical load shall vary between 1) DL + 0.25LL + P, and 2) DL - R . The

frequency of the loading for test 1 shall be 0.1 Hz or less because the behavior of these devices is not
dependent on loading rate. The value of P, shall be determined per Section 3.7.2.2.

For tests 2 and 3, the imposed vertical load shall equal DL + 0.25LL on all isolators of that type and size.
The frequency of loading for tests 2 and 3 shall be 0.1 Hz or less.

Test 4 will be performed twice, for an imposed vertical load of 1) DL + 0.25LL + R, and 2) DL - P .

The frequency of loading for test 4 shall be f ,. The value of R, shall be determined per Section 3.7.2.2.

iso,h *

6.4.4.3 Acceptance criteria

Acceptance criteria shall be project specific. As a minimum:
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1. Fortest 1, the vertical stiffness shall be within +10% of the target

2. For test 1, the vertical stiffness shall be linear

3. For tests 2 and 3, the horizontal force-displacement relationship shall have positive stiffness on the
loading segments of each cycle

4. For test 3, the horizontal force-displacement relationships shall be within +20% of the target at
25%, 50%, and 100% of the maximum horizontal displacement in all cycles of loading

5. For test 4, the axial and horizontal force-displacement relationships shall be within +20% of the
target at 50% and 100% of the maximum horizontal displacement in all cycles of loading

6. The prototype isolator shall suffer no damage in tests 1, 2, 3, and 4.

If a prototype isolator fails to meet the acceptance criteria, it shall be rejected, and a new isolator shall be

tested. Spring isolators may be re-built and re-tested.

The data from test 3 can be used to develop isolator-specific acceptance criteria for production testing.
6.4.5 1D fluid viscous dampers

6.4.5.1 Introduction

This section addresses 1D FVDs (see Figure 2.3f). The testing protocol and acceptance criteria provided

below are minimum requirements.

Each prototype FVD shall have a target force-velocity relationship.

6.4.5.2 Testing protocol
For horizontal installations, the following sequence of tests shall be performed on each prototype damper:

1. Three fully reversed cycles of loading to the minimum contraction and maximum extension (i.e.,
full stroke) of the damper

2. One hundred fully reversed cycles of horizontal loading corresponding to the design wind force
and the corresponding horizontal displacement

3. Three fully reversed cycles of sinusoidal loading to a horizontal displacement equal to D, ata
frequency equal to f,,

4. Three fully reversed cycles of sinusoidal loading to a horizontal displacement equal to D, ata

frequency equal to f

iso,h

The frequency of the loading for tests 2 and 3 shall be 0.1 Hz or less.
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For vertical installations per Figure 2.3h, prototype dampers shall be subjected to test 1 above and:

5. Three fully reversed cycles of sinusoidal loading to a vertical displacement equal to Dy, at a

frequency equal to f.

1s0,v

6. Three fully reversed cycles of sinusoidal loading to a vertical displacement equal to D;,;, ata

frequency equal to f,

iso,v

6.4.5.3 Acceptance criteria
Acceptance criteria shall be project specific. As a minimum:

1. Fortests 1, 2, 3, and 5, no evidence of leakage, before, during, or after testing from the damper

2. Fortests 1, 2, 3, and 5, no evidence of binding, yielding, or permanent deformation in any part of
the damper

3. Fortests 1, 2, 3, and 5, no evidence of damage or degradation of the seals in the damper

4. Fortests 3, 4, 5, and 6, the force shall range between £20% of the target
For tests 3, 4, 5, and 6, the energy dissipated per cycle of loading shall be no less than 80% of the
theoretical value determined using the target force-velocity relationship

6. For tests 3 and 5, the force output in one direction of travel shall neither be less than 90% nor
greater than 110% of the force output in the opposite direction, for a given piston-head location and

velocity.

If any prototype damper fails to meet the acceptance criteria, it shall be rejected, and another damper tested.

Dampers may be re-built and re-tested.
The data from tests 3 (horizontal installation) or 5 (vertical installation) can be used to develop isolator
specific acceptance criteria for production testing.

6.4.6 3D viscoelastic dampers

6.4.6.1 Introduction

This section addresses 3D viscoelastic dampers (see Figure 2.3g). The testing protocol and acceptance

criteria provided below are minimum requirements.

The force outputs (2H, 1V) from a 3D viscoelastic damper are generally dependent on frequency and

displacement. Horizontal and vertical force outputs may be coupled and shall be characterized, including

the effect of plunger proximity to the wall of the vessel containing the fluid. Each prototype 3D viscoelastic
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damper shall have a target force-frequency-displacement relationships.

6.4.6.2 Testing protocol

The following sequence of tests shall be performed on each prototype damper:

1.

Three fully reversed horizontal cycles of loading to the wall of the vessel, along two perpendicular
horizontal axes of the damper (i.e., no less than +1.15D,,)

One hundred fully reversed cycles of horizontal loading corresponding to the design wind force
and the corresponding horizontal displacement

Three fully reversed cycles of sinusoidal loading to a horizontal displacement equal to D, at

2f,

iso,h 1

and f.

iso,h

frequencies equal to 4 f

iso,h 1

Three fully reversed cycles of sinusoidal loading to a vertical displacement equal to D, at

2f and f.

iso,v ! iso,v

frequencies equal to 4 f

iso,v !

Three fully reversed cycles of sinusoidal loading to a horizontal displacement equal to D,, at a
frequency equal to f,, .

Three fully reversed cycles of sinusoidal loading to a vertical displacement equal to D, at a

frequency equal to f.

I1so,v *

The frequency of the loading for tests 1 and 2 shall be 0.1 Hz or less.

6.4.6.3 Acceptance criteria

Acceptance criteria shall be project specific. As a minimum:

1.
2.

For tests 1 through 4, no evidence of leakage, before, during, or after testing from the damper

For tests 1 through 4, no evidence of binding, yielding, or permanent deformation in any part of the
damper

For tests 1 through 4, no evidence of damage or degradation of the seals in the damper

For tests 3, 4, 5, and 6, the force shall range between £20% of the target

For tests 3, 4, 5, and 6, the energy dissipated per cycle of loading shall be no less than 80% of the
theoretical value determined using the target force-frequency-displacement relationship

For tests 3 and 4, the force output in one direction of travel, vertical or horizontal, shall neither be
less than 90% nor greater than 110% of the force output in the opposite direction, for a given

plunger location and velocity.
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If a prototype damper fails to meet the acceptance criteria, it shall be rejected, and another damper tested.
Dampers may be re-built and re-tested.

The data from tests 3 and 4 can be used to develop isolator-specific acceptance criteria for production
testing.

6.5 Production Tests

6.5.1 Introduction
Production tests are performed on all devices planned for use in the isolation system.
Production devices shall be fabricated identically to the corresponding prototype devices.

Forces, velocities, and displacements shall be digitally recorded at a sampling rate of no less than 200 Hz

for each cycle of each production test.
All tests shall be performed at an ambient air temperature of 20°C + 5°C (68°F + 9°F). Ambient temperature
shall be logged.

6.5.2 2D elastomeric and spherical sliding isolators

6.5.2.1 Introduction

This section addresses LDR, LR, and spherical sliding bearings: see Figure 2.3a, b, and c. The testing

protocol and acceptance criteria provided below are minimum requirements.

Each production bearing shall have a target horizontal (shearing) force-displacement relationship that is
either linear (LDR) or bilinear (LR or spherical sliding).

6.5.2.2 Testing protocol

The following test shall be performed on each production isolator:

1. Three fully reversed cycles of loading to a horizontal displacement equal to D,

For test 1, the vertical load shall equal the average dead load plus one quarter of the average live load for
the type and size of isolator. The loading shall be either 1) dynamic at the frequency used for prototype
testing, or 2) slow, at a frequency of 0.1 Hz or less. If slow-speed tests are performed, the isolator

mechanical properties at slow speed shall be correlated to the dynamic properties using full-scale test data.
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6.5.2.3 Acceptance criteria
Acceptance criteria shall be project specific. As a minimum:

1. Fortest 1, the horizontal force-displacement relationship shall have positive stiffness on the loading
segments of each cycle

2. For test 1, the horizontal force-displacement relationship shall be within +20% of the target at 50%
and 100% of the maximum displacement in all cycles of loading

3. For test 1, the energy dissipated per cycle of horizontal loading shall be no less than 80% of the
value computed using the target force-displacement relationship

4. For test 1, the isolator shall suffer no damage
6.5.3 1D guided spring isolators

6.5.3.1 Introduction

This section addresses vertically guided 1D linear spring isolators per Figure 2.3h, offering isolation in the
vertical direction only. The testing protocol and acceptance criteria provided below are minimum
requirements. Not addressed below are testing requirements for the pins and sleeves that form the 1D

vertical guide, which must resist horizontal force.

Each production spring isolator shall have a target linear vertical (axial) force-displacement relationship.

6.5.3.2 Testing protocol
The following test shall be performed on each production isolator:
1. Three fully reversed cycles of loading between the minimum and maximum vertical force.

For test 1, the imposed vertical load shall vary between 1) DL + 0.25LL + P, , and
2) DL — P, . The frequency of the loading for test 1 shall be 0.1 Hz or less because the behavior of these

devices is not dependent on loading rate. The value of P, shall be determined per Section 3.7.2.1.

6.5.3.3 Acceptance criteria
Acceptance criteria shall be project specific. As a minimum:

1. Fortest 1, the vertical stiffness shall be within £10% of the target
2. For test 1, the vertical stiffness shall be linear

3. Fortest 1, the isolator shall suffer no damage
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6.5.4 3D spring isolators

6.5.4.1 Introduction

This section addresses 3D, linear spring isolators such as that shown in Figure 2.3d and Figure 2.3e. The

testing protocol and acceptance criteria provided below are minimum requirements.

Each production 3D spring isolator shall have target vertical and horizontal force-displacement
relationships.

6.5.4.2 Testing protocol

The following tests shall be performed on each production isolator:

1. Three fully reversed cycles of loading between the minimum and maximum vertical force

2. Three fully reversed cycles of loading to a horizontal displacement equal to D,

For test 1, the imposed vertical load shall vary between 1) DL + 0.25LL + P_,, and 2) DL — P,,. The

frequency of the loading for test 1 shall be 0.1 Hz or less because the behavior of these devices is not

dependent on loading rate. The value of P, shall be determined per Section 3.7.2.1.

For test 2, the imposed vertical load shall equal DL + 0.25LL. The frequency of the loading for test 2 shall
be 0.1 Hz or less.

6.5.4.3 Acceptance criteria
Acceptance criteria shall be project specific. As a minimum:

1. Fortest 1, the vertical stiffness shall be within £10% of the target

2. For test 1, the vertical stiffness shall be linear

3. Fortest 2, the horizontal force-displacement relationship shall have positive stiffness on the loading
segments of each cycle

4. For test 2, the horizontal force-displacement relationships shall be within +20% of the target at
50%, and 100% of the maximum horizontal displacement in all cycles of loading

5. The production isolator shall suffer no damage in tests 1 and 2
6.5.5 1D fluid viscous dampers

6.5.5.1 Introduction

This section addresses 1D FVDs: see Figure 2.3f. The testing protocol and acceptance criteria provided
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below are minimum requirements.

Each production FVD shall have a target force-velocity relationship.

6.5.5.2 Testing protocol

For horizontal installations, the following sequence of tests shall be performed on each production damper:

1.

One fully reversed cycle of loading to the minimum contraction and maximum extension of the
damper

Three fully reversed cycles of sinusoidal loading to a horizontal displacement equal to D, at a

frequency equal to f

iso,h

For vertical installations per Figure 2.3h, prototype dampers shall be subjected to test 1 and:

3.

Three fully reversed cycles of sinusoidal loading to a vertical displacement equal to D, at a

frequency equal to f,

iso,v

The frequency of the loading for test 1 shall be 0.1 Hz or less.

6.5.5.3 Acceptance criteria

Acceptance criteria shall be project specific. As a minimum:

1.
2.

6.5.6

For tests 1 through 4, no evidence of leakage, before, during, or after testing from the device

For tests 1 through 4, no evidence of binding, yielding, or permanent deformation in any part of the
device

For tests 1 through 4, no evidence of damage or degradation of the seals in the device

For tests 3 and 4, the force shall range between +20% of the target

For tests 3 and 4, the energy dissipated per cycle of loading shall be no less than 80% of the
theoretical value determined using the target force-velocity relationship

For tests 3 and 4, the force output in one direction of travel shall neither be less than 90% nor
greater than 110% of the force output in the opposite direction, for a given piston-head location and

velocity.

3D viscoelastic dampers

6.5.6.1 Introduction

This section addresses 3D viscoelastic dampers (see Figure 2.3g). The testing protocol and acceptance
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criteria provided below are minimum requirements.

Each production 3D viscoelastic damper shall have target force-frequency-displacement relationships.

6.5.6.2 Testing protocol

The following sequence of tests shall be performed on each production damper:

1.

Three fully reversed horizontal cycles of loading to the wall of the vessel, along two perpendicular

horizontal axes of the damper (i.e., no less than +1.15D,,)

Three fully reversed cycles of sinusoidal loading to a horizontal displacement equal to D at a
frequency equal to f

iso,h

Three fully reversed cycles of sinusoidal loading to a vertical displacement equal to D, at a

frequency equal to f.

1s0,v

The frequency of the loading for test 1 shall be 0.1 Hz or less.

6.5.6.3 Acceptance criteria

Acceptance criteria shall be project specific. As a minimum:

1.
2.

For tests 1 through 3, no evidence of leakage, before, during, or after testing from the damper

For tests 1 through 3, no evidence of binding, yielding, or permanent deformation in any part of the
damper

For tests 1 through 3, no evidence of damage or degradation of the seals in the damper

For tests 2 and 3, the force shall range between +20% of the target

For tests 2 and 3, the energy dissipated per cycle of loading shall be no less than 80% of the
theoretical value determined using the corresponding target force-frequency-displacement
relationship

For tests 2 and 3, the force output in one direction of travel, vertical or horizontal, shall neither be
less than 90% nor greater than 110% of the force output in the opposite direction, for a given

plunger location and velocity.
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SECTION 7
SPECIFICATIONS FOR THE SUPPLY OF ISOLATORS AND VISCOUS
DAMPING DEVICES

7.1 Introduction

This section of the report presents draft specifications for the supply of 2D seismic isolators and 1D FVDs.
These specifications utilize language and requirements used to procure 2D seismic isolators and 1D FVDs
in non-nuclear sectors in the United States, over the past few decades. Three-dimensional isolation systems
are not addressed. Resistance to gamma and neutron radiation is not addressed.

Each specification includes three parts: I, Il, and I1l. Text (i.e., [abc]) or numbers (i.e., [123]) highlighted

in yellow would be replaced in a project-specific specification.

7.2 2D Seismic Isolators

Part I. General
|.1 Related documents

A. Drawings and general provisions of the Contract, including General and Supplementary

Conditions and Division [123], apply to this section.
1.2 Summary
A. This section includes the following:

1. Engineering design, design calculations and shop drawings of seismic isolators and

temporary locking assemblies
2. Fabrication of seismic isolators and temporary locking assemblies
3. Prototype and production testing of bearings
4. Delivery, storage, and handling of all materials to the site
5. Installation of seismic isolators
B. Related sections include the following:

1. Section [123] “Structural Steel”
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2. Section [123] “Exterior Painting and Coating”, section [456] “Interior Painting and
Coating” and section [789] "High-Performance Coatings" for surface preparation and

priming requirements.
1.3 Definitions

A. Elastomeric bearing: a bearing composed of alternating layers of bonded natural rubber and

carbon steel shims.

B. Friction pendulum bearing: a bearing composed of between one and four nested spherical
surfaces of varying radii, separated by high-load low-friction composite liners; also known as a

spherical sliding bearing.
C. Lead-rubber bearing: an elastomeric bearing with a central lead plug.
D. Production bearing: a bearing to be used for construction.

E. Prototype bearing: a bearing used for prototype testing in accordance with this section. Prototype

bearings shall not be used for construction without the prior approval of the Dedicating Entity (DE).

F. Seismic isolator: the complete assembly of isolator components, from bottom mounting plate to
top mounting plate, including the bearing. (The mounting plates may be an integral part of a
spherical sliding bearing.)

G. Seismic isolator components: The individual elements comprising the isolator, including:

1. For elastomeric bearings and lead-rubber bearings, the anchors to the structure above
and below, the top and bottom mounting plates, rubber layers, steel shims, and lead core,

if provided.

2. For friction pendulum bearings, the anchors to structure above and below, the concave

plate(s), inner slider(s), composite sliding material, and seals.

H. Target mechanical properties: The vertical and horizontal force-displacement relationships

assumed for the analysis and design of the isolators in the seismic isolation system.

I. Temporary locking assembly: Hardware that prevents relative movement of the components of a

seismic isolator during transportation and installation.
1.4 Action submittals

A. Design calculations: Submit calculations bearing the signature and seal of the Engineer of
Record (EOR), who must be a licensed structural engineer registered in the United States. The DE
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shall approve the design calculations for the prototype and production isolators prior to the

manufacture of any bearings.

B. Isolator drawings: Submit isolator drawings bearing the signature and seal of the EOR. The DE
shall approval the drawings of the prototype and production isolators prior to their manufacture.
Isolator drawings shall include, but not be limited to, fabrication drawings, installation drawings,

setting diagrams, bolting templates, schedules of materials and the following:

1. For each type and size of isolator, dimensions, weights, material types, and hole

locations.
2. All components and temporary locking assemblies
3. Method of corrosion protection for all components

C. Product data: Submit product data including, but not limited to, that listed below. The DE shall

approve the product data prior to the start of bearing manufacture.

1. Manufacturer’s specifications. Clearly identify any proprietary processes that are part of
the fabrication process. Include manufacturer’s literature and data on any adhesive and

paint used for isolator components.
2. Manufacturer’s quality assurance program.

D. Proposed test procedures: Submit annotated and drafted illustrations of the proposed test
apparatus and the procedures for the prototype and production tests required by this section. The
DE shall approve the procedures prior to the start of testing.

E. Test reports: Submit the following reports, signed by Manufacturer’s testing engineer, for

approval by the DE.

1. Prototype bearing test reports: Submit test data, including plots, for each prototype
bearing tested. The DE shall approve these reports prior to the manufacture of any

production bearings.

2. Production bearing test reports: Submit test data, including plots, for each production

bearing within fourteen (14) calendar days of completing the last production test.

3. Final bearing test report: Submit a final report summarizing the test results for all
prototype and production bearings within thirty (30) calendar days of completing the last

production test.
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F. Bearing dimensions: Submit external dimensions for each production bearing, measured after

production testing, to the DE, to show compliance with the tolerances specified in this section.

G. Provide documentation that describes requirements for all jobsite storage, handling, and
installation requirements, for prior approval by the DE.

H. Operations and maintenance manual: Provide an Operations and Maintenance Manual, for

approval by the DE, that shall include, as a minimum:
1. Procedure for removal and reinstallation of seismic isolators.

2. Instructions for inspection and maintenance requirements for a period of twenty-five
years'®, including:
a. Visual inspection in the event of a fire.

b. Visual inspection in the event of flooding, with standing water within 6 inches

(152 mm) of the bottom mounting plate.

c. Visual inspection of all seismic isolators after an earthquake producing shaking

at the site with a peak horizontal acceleration of 0.2g.
1.5 Informational submittals
A. Product durability data: Submit technical data in accordance with Section [123].
B. Certifications: Submit the following documents:

1. Certification signed by an approved independent testing agency that all testing
equipment has been calibrated by appropriate standards for the purpose of this
specification. Certification shall be deemed current if issued within the preceding 12
months and shall be maintained for the duration of the Manufacturer’s testing activities for

the project.

2. Certified mill test reports signed by an approved independent testing agency for all steel

to be used as components of the seismic isolators.

3. Certification signed by the Manufacturer’s representative stating that the prototype and
production seismic isolators meet all requirements of applicable codes and standards, and

this section. Submit the certification within fourteen (14) calendar days of completing all

18 A user can modify this requirement based upon relevant data and operating experience.
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testing.
1.6 Manufacturers

A. Approved manufacturers, with no need to execute the qualification tests of Section 11.5B of this

specification, are:
1. ABC
a. Acceptable for elastomeric bearings and lead-rubber bearings
2. ABC
a. Acceptable for friction pendulum (spherical sliding) bearings

B. Seismic isolator manufacturers not listed above may be considered acceptable after submission

of qualification data per Section 11.5.B of this specification and approval by the DE.
1.7 Quality assurance

A. Seismic isolators shall be manufactured under an established and maintained quality assurance
program by the Manufacturer, including written process specifications and procedures. The system
must ensure that manufacturing, process, inspection, and testing are accomplished in accordance

with the following:

1. Manufacturing control: Maintain a system that complies with the requirements of the
commercial grade dedication program approved by the DE, 1SO 9001, or an equivalent

approved by the DE.

2. Process control: Maintain a system that includes, as a minimum, all the following
a. Specific raw material traceability
b. Special process certification traceability

c. Detailed manufacturing instructions that identify the work performed by

operation and machine
d. Inspection instructions

e. In-process and final detail component inspection instructions with actual

dimensions

3. Change control: Any change or substitution of material, dimensions, processes, or other
characteristics, after either design approval or hardware delivery, whichever occurs first,
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must be approved by the DE prior to incorporation.

4. Calibration control: All devices used to measure, gauge, test, inspect or otherwise
examine items to determine compliance with specification and/or contractual requirements
shall be calibrated to a measurement standard traceable to the National Institute of
Standards and Technology (NIST), or approved equivalent.

Part Il. Products
I1.1 Seismic isolator components
A. All seismic isolators
1. Threaded anchor bolts;: ASTM F1554, Grade 105.

2. Paint: Manufacturer’s standard zinc-rich primer and finish coat intended for an exterior

environment.
3. Corrosion protection, if other than Manufacturer’s standard primer and finish coat.
B. Elastomeric and lead-rubber isolators
1. Top and bottom mounting plates: ASTM A572 Grade 50, ASTM A36, or ASTM A570.
2. Inner steel laminate plates: ASTM A-1011-00-SS Grade 36 Type 1.

3. Elastomer: Base polymer shall be natural rubber. Required elastomer mechanical

properties include:
a. Heat resistance per ASTM D573 (160°F (71°C) for seven (7) days).
1. Maximum permissible change in tensile strength: -25%
2. Maximum permissible change in ultimate elongation: -25%
3. Maximum permissible change in durometer hardness: +10 points

b. Compression set per ASTM D395 Method B (160°F (71°C) for twenty-two (22)

hours): Maximum permissible set is 50%.

c. Ozone resistance of elastomer exposed to the environment: Ozone resistance

shall be determined by tests on strips of representative material mounted per

Method A of ASTM D518. The tests shall be performed by ASTM D1149 at an

ozone concentration of 50 + 5 parts per hundred million at 20% strain at 100+2°F

(38+1°C) for 100 hours. The ozone resistance shall be regarded as satisfactory if
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on conclusion of a test no cracks are visible using 7x magnification.

d. Bond of elastomer to steel laminate: Peel strength tests shall be performed per
ASTM D429 Method B. The failure type shall be 100% elastomer tear.

e. Tensile strength and ultimate elongation of elastomer: Minimum tensile strength
and ultimate elongation tests shall be performed per ASTM D412. The minimum
tensile strength shall be 2250 psi (15.5 MPa) and the minimum ultimate elongation
shall be 600%.

f. Hardness of elastomer: The durometer hardness at 70 = 10°F (21 £ 5°C) shall be
determined per ASTM D2240 and reported.

g. Shear modulus at 50% shear strain of elastomer: The shear modulus of the
elastomer at 50% shear strain shall be determined by ASTM D4014 and reported.

The tangent modulus shall be determined and reported.
4. Lead: Lead shall be 99.9% pure per ASTM E37.
C. Friction pendulum isolators

1. Liner material: Non-metallic and self-sacrificing, and able to provide satisfactory,
repeatable performance for energy dissipation rate and heat resistance with a minimum
strength of 80000 psi (550 MPa).

2. Concave plates, housing plates, and sliders: ASTM A536, ASTM A576, ASTM A572,
ASTM A108, ASTM A36, or approved equivalent.

3. Concave spherical surfaces: ASTM A240 Grade 304 or Grade 316 stainless steel.
4. Seals: Ethylene propylene.
11.2 Product life and maintenance

A. Durability: Isolator mechanical properties shall not change by more than 20%, from the target
values used for design, over their design life in an environment like that of the installation, including

operating temperature, relative humidity, exposure to moisture and radiation, aging, and creep.

B. Environmental protection: All materials subject to corrosion shall be protected. All materials
sensitive to ultraviolet light, ozone or moisture shall be protected by a seal or a cover layer of

elastomeric material.

C. Installation: Seismic isolators shall be constructed such that removal and replacement, if needed,
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shall not require special tools or methods.

D. Fire protection: The seismic isolators shall be protected by appropriate fire suppression systems
(e.g., operating fire sprinklers), as determined by relevant plant specific analyses (e.g., Plant Fire
Hazards Analysis).

11.3 Design criteria
A. Elastomeric or lead-rubber bearings

1. Shear strain due to lateral deformation, calculated as D,, divided by the total thickness

of rubber in the isolator, shall not exceed 300%.

2. Strain due to axial loads shall be calculated considering the overlap area for D,, .

3. Strain due to a rotation of no less than 0.003 radians shall be calculated.

4. Total shear strain at D,, shall not exceed 600%.
5. The overlap area at D,, shall be used to calculate buckling capacity.

B. Friction pendulum bearings
1. Axial stiffness shall be calculated at zero horizontal displacement.

2. Retainer rings, if present, shall not engage at a displacement less than 1.5D,, .

11.4 Design calculations
A. Variables, formulas, and assumptions shall be reported in the design calculations.

B. For design calculations, the following load combinations apply, where for each type and size of
each bearing, D = maximum dead load, L = maximum live load, S = maximum snow load, E =

maximum earthquake-induced axial force due to horizontal and vertical TPG shaking:
1. Vertical load combination 1: 1.0D+0.5L; co-existing horizontal displacement = 0.

2. Vertical load combination 2: Maximum of 1.4D, 1.2D+1.6L+0.5S, and
1.2D+1.6S+0.5L; co-existing horizontal displacement = 0.

3. Vertical load combination 3: 1.2D+0.5L+0.2S+E; co-existing horizontal displacement =
D, .

4. Vertical load combination 4: 0.9D-E; co-existing horizontal displacement = D, .
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C. Calculations for each type and size of each bearing to resist the forces resulting from Section
11.4.B of this specification, with the corresponding factors of safety (FoS):

1.FoS=3.0
2.FoS=2.0
3.FoS=11
4.FoS=11

D. LRFD calculations per AISC 360 for mounting plates and threaded anchor rods to resist the

forces resulting from Section 11.4.B of this specification.

E. Calculations for each type and size of each bearing for the verification of vertical stiffness in

accordance with the requirements of this section.

F. Calculations for each type and size of each bearing for the verification of the horizontal force-

displacement relationship in accordance with the requirements of this section.

G. LRFD calculations per AISC 360 for temporary locking assemblies to resist 5 kips (22 kN) of

horizontal load applied in any horizontal direction at each seismic isolator.
11.5 Testing
A. Testing, reporting, and acceptance criteria shall be in accordance with this section.
B. Qualification testing
1. See Section 6.3 of this report for purpose.

2. A waiver of qualification testing based on available test results for a similar or identical

isolators in an isolation system requires prior written approval by the DE.
3. See Section 6.3 of this report for testing requirements.

C. Prototype testing
1. See Section 6.4.1 of this report for purpose.

2. A waiver of prototype testing based on available test results for a similar or identical

bearings requires the prior written approval by DE.
3. See Section 6.4.2.2 of this report for testing requirements.

4. See Section 6.4.2.3 of this report for acceptance criteria.
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5. See Section 6.4.2.3 of this report for required actions if acceptance criteria are not met.
D. Production testing
1. See Section 6.5.1 of this report for purpose.
2. See Section 6.5.2.2 of this report for testing requirements.
3. See Section 6.5.2.3 of this report for acceptance criteria.
Part I11. Execution
I11.1 Fabrication and manufacturing
A. All seismic isolators
1. Plates with drilled holes: All plates requiring holes shall be drilled using a template.
2. Tolerances after manufacture and prior to testing:
a. External plan dimensions: + 0.50 in (12.7 mm).
b. Overall height: £ 0.25 in (6.4 mm).
c. Horizontal offset between top and bottom mounting plates: £ 0.25 in (6.4 mm).

d. Flatness of top and bottom mounting plates: < 0.10 in (2.5 mm). at all points
measured from straight edge laid in any direction across entire plate length or
width.

e. Out of parallel of top and bottom mounting plates: < 0.005 radians with respect
to the other

3. Exposed steel surfaces shall be blasted in accordance with SSPC-SP-6 and painted with
the Manufacturer’s zinc-rich primer and finish paint, unless additional corrosion protection
is required.

B. Elastomeric and lead-rubber bearings

1. All plate surfaces to be bonded to the elastomer shall be sandblasted and cleaned of oils,
water, surface coating, rust, and mill scale, before bonding. All edges on plate surfaces to
be bonded shall be rounded. All plan corners of plate surfaces to be bonded shall have a

minimum radius of 0.25 in (6.4 mm).

2. All molds shall have standard shop-practice mold finish.
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3. After fabrication, all elastomeric layers shall have equal thickness with no more than
0.10 in (2.5 mm). variation over the bonded diameter of the bearing.

4. The central hole of each bearing shall be pre-formed and smooth, and neither drilled nor

machined.
C. Friction pendulum bearings

1. All plate surfaces to be bonded to bearing liner material shall be sandblasted and cleaned

of oils, water, surface coating, rust, and mill scale before bonding.

2. The bearing liner material shall be bonded to the steel concave plates and slider under
controlled temperature, pressure, and time, as specified by the Manufacturer. The final liner

shall be free of bubbles, show no sign of delamination, and be fully bonded.
111.2 Identification
A. Unique serial numbers shall be assigned to each seismic isolator.

B. Each bearing shall be permanently marked with its unique serial number on two equally spaced
locations on the vertical faces of the bearing. The serial number shall also be marked on two faces

of the protective packaging used for freight and handling.
111.3 Delivery, storage, and handling

A. Delivery: The isolators shall be delivered to the jobsite in protective packaging, with temporary

locking assemblies installed.

B. Handling: The isolators shall be handled to prevent damage, breaking, denting, gouging, and

scratching. Damaged bearings will be rejected and must be replaced at the Manufacturer’s expense.

C. Storage: The isolators shall be stored in a clean, dry place prior to installation, protected from

dirt, fumes, construction debris, and physical damage.
111.4 Installation
A. Comply with the requirements of Section [456] “Structural Steel Framing”.

B. Carefully install isolators to prevent damage, breaking, denting, gouging, or scratching.

Damaged isolators will be rejected and must be replaced at the Manufacturer’s expense.

C. Welding of steel in contact with a bearing shall be performed to avoid heat transfer into the
bearing. The temperature of the mounting plates immediately adjacent to a bonded interface shall

not exceed the lesser of 200°F (93°C) and the temperature specified by the Manufacturer.
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D. Remove temporary locking assemblies in accordance with the Manufacturer’s instructions but

not before substantial completion of the construction of the building.
E. Clean the area around each isolator of all debris and construction materials.

F. Confirm the clearance (i.e., no obstructions or debris) in the final condition such that the seismic
isolators can displace no less than D, in any horizontal direction.

7.3 1D Fluid Viscous Dampers

Part I. General
I.1 Related documents

A. Drawings and general provisions of the Contract, including General and Supplementary

Conditions and Division [123], apply to this section.
1.2 Summary
A. This section includes the following:
1. Engineering design, design calculations and shop drawings of 1D fluid viscous dampers
2. Fabrication of 1D fluid viscous fluid dampers
3. Prototype and production testing of 1D fluid viscous fluid dampers
4. Delivery, storage, and handling of materials to the site
5. Installation of 1D fluid viscous dampers
B. Related sections include the following:
1. Section [123] “Structural Steel”
2. Section [456] “Topic 2”
1.3 Definitions

A. Damper: an energy dissipating element, including a pressure vessel, a piston rod, viscous fluid

medium, seals, and housing.
B. Production damper: a damper to be used for construction.
C. Prototype damper: a damper used for prototype testing in accordance with this section.
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Prototype damper may be rebuilt for construction, subject to successful production testing and the
prior approval of the Dedicating Entity (DE).

D. Viscous damping device (VDD): a damper together with mounting brackets. The components
of a VDD include the damper, clevis plates, spherical bearings, and pins and fasteners necessary to

connect the individual elements in accordance with the Contract Documents.

E. Force-velocity relationship: The relationship between the damping force in the VDD and the

relative velocity between the ends of the VDD, as determined by testing specified in this section.

F. Target mechanical properties: The force-velocity relationships assumed for the analysis and

design of the VDDs in the seismic isolation system.
1.4 Action submittals

A. Design calculations: Submit calculations bearing the signature and seal of the Engineer of
Record (EOR), who must be a licensed structural engineer registered in the United States. The DE
shall approve the design calculations for the prototype and production damper units prior to the

manufacture any damper units.

B. VDD drawings: Submit VDD drawings bearing the signature and seal of the EOR. The DE shall
approve the drawings of the prototype and production dampers prior to their manufacture. The
VDD drawings shall include, but not be limited to fabrication drawings, installation drawings,

setting diagrams, bolting templates and schedules of materials, and the following:
1. For each type and size of VDD, dimensions, weights, and material types.
2. All VDD components, including mounting and connection hardware.
3. Method of corrosion protection for all VDD components.

C. Product data: Submit product data including, but not limited to, that listed below. The DE shall

approve the product data prior to the start of damper manufacture.

1. Manufacturer’s specifications: Clearly identify any proprietary processes that are part of
the fabrication process. Include manufacturer’s literature and data on any seals and coatings

used in VDD components.
2. Manufacturer’s quality assurance program.

D. Proposed test procedures: Submit annotated and drafted illustrations of the proposed test

apparatuses and the procedures for the prototype and production tests required by this section. The
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DE shall approve the procedures prior to the start of testing.

E. Test reports: Submit the following reports, written and signed by the Manufacturer’s testing

engineer, for approval by the DE.

1. Prototype damper test reports: Submit test data, including plots, for each prototype VDD
tested. The DE shall approve these reports prior to the manufacture of any production

dampers.

2. Production damper test reports: Submit test data, including plots, for each production

VDD within fourteen (14) calendar days of completing the last production test.

3. Final test report: Submit a final report summarizing the test results for all prototype and

production dampers within thirty (30) calendar days of completing the last production test.

F. Damper dimensions: Submit external dimensions for each production damper, measured after

production testing, to the DE, to show compliance with the tolerances specified in this section.

G. Provide documentation that describes requirements for all jobsite storage, handling, and

installation requirements, for prior approval by the DE.

H. Operations and maintenance manual: Provide an Operations and Maintenance Manual, for
approval by the DE, that shall include, as a minimum:

1. Procedure for removal and reinstallation of VVDDs.

2. Instructions for inspection and maintenance requirements for a period of twenty-five

years®, including.
a. Visual inspection in the event of a fire.

b. Visual inspection in the event of flooding, with standing water within 6 inches
(152 mm) of the underside of the VDD.

c. Visual inspection of all VDDs after an earthquake producing shaking at the site

with a peak horizontal acceleration of 0.2g.

19 A user can modify this requirement based upon relevant data and operating experience.
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1.5 Informational submittals
A. Product durability data: Submit technical data in accordance with Section [123].
B. Certifications: Submit the following documents:

1. Certification signed by an approved independent testing agency that all testing
equipment has been calibrated by appropriate standards for the purpose of this
specification. Certification shall be deemed current if issued within the preceding 12
months and shall be maintained for the duration of the Manufacturer’s testing activities for

the project.

2. Certified mill test reports signed by an approved independent testing agency for all

metals to be used as components of the VDDs.

3. Certification signed by the Manufacturer’s representative stating that the prototype and
production VDDs meet all requirements of applicable codes and standards, and this section.

Submit the certification within fourteen (14) calendar days of completing all testing.
1.6 Manufacturers

A. Approved VDD manufacturers, with no need to execute the qualification tests of Section I11.5B
of this specification, are:

1. ABC

B. Viscous damper manufacturers not listed above may be considered acceptable after submission

of qualification data per Section 11.5.B of this specification and approval by the DE.
1.7 Quality assurance

A. Dampers shall be manufactured under an established and maintained quality assurance program
by the Manufacturer, including written process specifications and procedures. The system must
ensure that manufacturing, process, inspection, and testing are accomplished in accordance with

the following:

1. Manufacturing control: Maintain a system that complies with the requirements of the
commercial grade dedication program approved by the DE, ISO 9001, or an equivalent

approved by the DE.
2. Process control: Maintain a system that includes, as a minimum, all the following

a. Specific raw material traceability
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b. Special process certification traceability

c. Detailed manufacturing instructions that identify the work performed by

operation and machine
d. Inspection instructions

e. In-process and final detail component inspection instructions with actual

dimensions

3. Change control: Any change or substitution of material, dimensions, processes, or other
characteristics, after either design approval or hardware delivery, whichever occurs first,

must be approved by the DE prior to incorporation.

4. Calibration control: All devices used to measure, gauge, test, inspect or otherwise
examine items to determine compliance with specification and/or contractual requirements
shall be calibrated to a measurement standard traceable to the National Institute of

Standards and Technology (NIST), or approved equivalent.
Part Il. Products
11.1 VDD components
A. All VDD components
1. Threaded anchor bolts: ASTM F1554, Grade 105.

2. Paint: Manufacturer’s standard zinc-rich primer and finish coat intended for an exterior

environment.
3. Corrosion protection, if other than Manufacturer’s standard primer and finish coat.
B. Dampers:

1. Pressure vessels: The pressure vessel components of the damper shall not be of tie-rod

type construction and shall not include externally supported heads or end caps.

2. Castings: Castings are prohibited for pressure vessel parts, or any other parts subjected
to tensile or bending stresses, except for parts such as covers, handles, etc., the failure of
which would not affect the structural integrity or performance characteristics of the

damper.

3. Piston rods: Base metal shall be wrought or forged steel only and shall be either stainless

steel or chrome plated.
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4. Fluid viscous medium: The fluid viscous media used in the dampers shall be chemically
inert, OSHA-approved, non-toxic, non-corrosive, and non-flammable. Petrochemical
materials shall not be used.

5. Seals: The damper’s seals shall not leak or weep under operating conditions.

6. Piston rod protection: The VDD shall be designed to prevent dusting, scratching, dinging
or otherwise marring of the piston rod surface. If a protective cover is used, it shall be fitted

with an inspection hatch to allow easy inspection of the damper unit seals and piston rod.

7. Reservoirs and plumbing: External reservoirs, external plumbing and/or viscous medium

level indicators are not permitted.
C. VDD components other than the damper:

1. Spherical bearings shall have an inner ring with a spherical outer surface and an outer
ring with a spherical inner surface. Bearings shall be fabricated with stainless or high alloy

steel and may be of the lined type with non-metallic liners.

2. Pins shall be machined and hardened to be compatible with design requirements of the

clevis plates and spherical bearings.
3. Clevis plates shall be ASTM A36, ASTM A572, or approved equivalent.
D. Finish requirements:

1. The damper casing exterior surfaces shall either be nickel plated or painted with a primer

coat. A finish coat of paint shall be applied on top of the nickel plating or primer coat.

a. Primer paint: Manufacturer's standard, complying with all limitations of the DE.

Coating thickness shall be no less than 0.0001 inch (25 microns).

b. Finish paint: In accordance with manufacturer’s standards. Coating thickness

shall be no less than 0.0001 inch (25 microns).
1.2 Product life and maintenance

A. Damper mechanical properties shall not change by more than 20%, from the target values used
for design, over their design life in an environment like that of the installation, including operating
temperature, relative humidity, exposure to moisture and radiation, aging, and creep. Damper units
shall be maintenance-free for their design life, where maintenance-free means that refilling of the

fluid or replacement of parts is not required.
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B. Environmental protection: All materials subject to deterioration or corrosion shall be protected,
by methods including, but not limited to, coating, plating, and painting.

C. Installation: The VDDs shall be constructed such that installation, and removal and replacement,
if necessary, shall not require any special tools or methods.

D. Fire protection: The VDDs shall be protected by appropriate fire suppression systems (e.g.,
operating fire sprinklers), as determined by relevant plant specific analyses (e.g., Plant Fire Hazards

Analysis).
11.3 Design criteria

A. The damper shall be designed for a target force-velocity (F-v) relationship:
F=C,\V
where C, is a damping coefficient and ¢ is a velocity exponent.

B. The VDD shall be designed for the operating conditions of Section 11.3.D below and for the
extreme loads imposed by DB and TPG ground motions. Extreme load response of damper units is

evaluated by prototype and production testing per Section I11.5.C and 11.5.D.

C. Operating conditions: The VDD shall be designed for the operational loadings below, capable
of performing according to the target force-velocity relationship of Section 11.3.B when operating
at the temperatures, installed duration, wind and seismic duty cycles, and other environmental

conditions specified herein, without degradation of performance, as measured by Section 11.3.E.
1. Annual wind duty cycles: £0.abc inch amplitude at 0.de Hz for fghi cycles.
2. Annual seismic duty cycles: k.l inch amplitude at 0.mn Hz for 5 cycles.

3. Ambient operating temperature: Ambient temperatures ranging from +23°F to +120°F
(-5°C to 50°C).

4. Humidity: Relative humidity up to 100 percent, including condensation due to

temperature change.

D. The force developed by the damper shall be within the following tolerances, when cycled about

any point under any loadings associated with operating and non-operating conditions:

1. Force: The damper force output shall be no less than 85% and no more than 115% of the

value given by the target F-v relationship of Section 11.3.B.
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2. Cyclic force difference: The force output developed by the damper in one direction of
travel shall be no less than 90% and no more than 110% of the force developed in the
opposite direction of travel for a given piston-rod position, velocity, and temperature.

E. The VDD shall be designed and detailed to accommodate the following:

1. The VDD shall include provisions for overall length adjustment. The minimum length
adjustment provided shall be +£0.25 inch (6 mm) from the neutral position. Slotted bolted

holes shall not be used to provide the required length adjustment.

2. Total stroke: The VDD shall have a total stroke sufficient to allow a complete cycle of
displacement as shown on the structural drawings. The complete cycle of displacement

shall be measured from the installed, at-rest position.

3. Articulation: The end attachments of the VDD shall accommodate rotations of £20° in

the plane of isolation and a minimum of £3° in the perpendicular plane.

F. No leakage: The dampers shall not leak under either operating conditions or extreme loads
consistent with DB and TPG shaking, as demonstrated by production and prototype testing per
Sections 11.5.C and 11.5.D, respectively.

11.4 Design calculations
A. Variables, formulas and assumptions shall be reported in the design calculations.
B. Stresses in metallic VDD components shall be less than yield for the following loadings:

1. Simultaneous application of 2Vpe and a lateral acceleration of 1g, at any piston-rod
position, under any of the requirements in Section I11.5, with a factor of safety on yield of
2.

2. Application of an internal pressure of 200% of maximum operating pressure, but not less
than 20000 psi (138 MPa), with a factor of safety on yield of 1.1.

11.5 Testing
A. Testing, reporting, and acceptance criteria shall be in accordance with this section.
B. Qualification testing

1. See Section 6.3 of this report for purpose.

2. A waiver of qualification testing based on available test results for similar or identical

dampers in an isolation system requires prior written approval by the DE.
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3. See Section 6.3 of this report for testing requirements.
C. Prototype testing
1. See Section 6.4.1 of this report for purpose.

2. A waiver of prototype testing based on available test results for similar or identical
dampers requires the prior written approval by DE.

3. See Section 6.4.5.2 of this report for testing requirements.
4. See Section 6.4.5.3 of this report for acceptance criteria.
5. See Section 6.4.5.3 of this report for required actions if acceptance criteria are not met.
D. Production testing
1. See Section 6.5.1 of this report for purpose.
2. See Section 6.5.5.2 of this report for testing requirements.
3. See Section 6.5.5.3 of this report for acceptance criteria.
Part I11. Execution
I11.1 Fabrication and manufacturing

A. Unless suitably protected against electrolytic corrosion, dissimilar materials shall not be used in
contact with each other. Dissimilar metal joints shall not be permitted without a non-metallic
separator or gasket with a thickness of no less than 0.06 inch (1.5 mm). The use of aluminum,

aluminum alloys, magnesium, magnesium alloys, and beryllium and beryllium alloys is prohibited.

B. The damper shall contain provisions to limit internal positive or negative pressures as may be
caused by thermal expansion and/or contraction of the hydraulic medium and that would otherwise

result in seal failure, and leakage or damage to the VDD.

C. Non-filled cavities of the damper shall be sealed against external contamination and moisture

and shall be constructed of materials protected against corrosion.
D. Only non-nutrient materials shall be used in the VDD.

E. All non-metallic packings, seals, wipers, or gaskets shall be of non-age sensitive materials.
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111.2 Identification

A. Unique serial numbers shall be assigned to each VDD. The individual numbers shall be
assigned according to the Manufacturer’s standard practice unless otherwise specified in the

purchase order or contract.

B. Each damper shall be permanently marked with its unique serial number on a vertical face on
each side of the unit. The serial number shall also be marked on two faces of the protective

packaging used for freight and handling.
111.3 Delivery, storage, and handling

A. Delivery: Each VDD shall be delivered to the jobsite in protective packaging, with temporary

locking assemblies, if any, installed.

B. Handling: Each VDD shall be handled to prevent damage, breaking, denting, gouging, and

scratching. Damaged VDDs will be rejected and must be replaced at the Manufacturer’s expense.

C. Storage: Each VDD shall be stored in a clean, dry place prior to installation, protected from dirt,

fumes, construction debris, and physical damage.
I11.4 Installation
A. Comply with the requirements of Section [456] “Structural Steel Framing”.

B. Carefully install VDDs to prevent damage, breaking, denting, gouging, or scratching. Damaged

production VDDs will be rejected and must be replaced at the Manufacturer’s expense.
C. Welding of steel in contact with a VDD is not permitted.

D. Remove temporary locking assemblies, if any, in accordance with the Manufacturer’s

instructions but not before substantial completion of the construction of the building.
E. Clean the area around each VDD of all debris and construction materials.

F. Confirm the clearance (i.e., no obstructions or debris) in the final condition such that the VDDs

can displace no less than 1.15D,; in any horizontal direction.
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SECTION 8
COMMERCIAL GRADE DEDICATION OF SEISMIC ISOLATORS AND
DAMPERS

8.1 Background

Commercial-grade dedication (CGD) is a process by which a commercial-grade item (CGl) is designated
for use as a basic component in a nuclear power plant. This acceptance process is undertaken to provide
reasonable assurance that a CGl to be used as a basic component will perform its intended safety function
and, in this respect, is deemed equivalent to an item designed and manufactured under a 10 CFR Part 50,
Appendix B, quality assurance program and thus may be used in structures, systems, and components that
have been designated as safety-related. This assurance is achieved by identifying the critical characteristics
of the item and verifying their acceptability by inspections, tests, or analyses by the purchaser or third-party
dedicating entity.

8.2 Purpose

For the application of seismic isolation (SI) to US nuclear power plants, the most common elements to be
considered for CGD are elastomeric bearings, spherical sliding bearings, and 1D FVDs—hardware
produced and widely used in the US for non-nuclear applications. Although the presentation below focuses
on this U.S.-manufactured hardware and points to specifications in Section 7 that address them, the plan
could be extended to 1D guided and 3D spring isolators and 3D viscoelastic dampers, described elsewhere

in this report.

This section of the report provides a template for performing the technical evaluation tasks required by 10
CFR 21 (USNRC 2004a) and 10 CFR 50 Appendix B (USNRC 2004b) for CGD.

The entirety of a Licensee or Supplier’s CGD process is beyond the scope of this document. This document

addresses the technical evaluation process described in Section 4 of EPRI (2014).

8.3 Regulatory Guidance

In June 2017, the NRC published Regulatory Guide 1.164 Rev. 0 “Dedication of commercial grade items
for use in nuclear power plants” (USNRC 2017b). This RG endorses, in part, the Electric Power Research
Institute (EPRI) report 3002002982, Rev. 1 to EPRI NP-5652 and TR-102260, “Plant engineering:
guideline for the acceptance of commercial-grade items In nuclear safety-related applications” (EPRI
2014).
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8.4 Industry Guidance

As endorsed by USNRC (2017b), EPRI (2014) is the basis for the model plan for CGD presented below.

8.5 Plan for Commercial Grade Dedication

The model plan for CGD of seismic isolators and dampers reflects the guidance of EPRI (2014). References
to steps or section numbers map to that EPRI document. This model plan makes a series of assumptions for
steps 1, 2, and 3 for the scope of SI components considered. Key to the entire CGD process is the formal

Technical Evaluation, Acceptance Plan, and Acceptance Activities.

This model plan is agnostic to the type of seismic isolation technology. As the different types of seismic
isolation hardware (e.g., isolators, dampers, 1D, 2D, or 3D) have different technical attributes, practical
implementation of this model plan will need to address the unique characteristics of the hardware under

consideration.

8.5.1 Step 1: identify the item being procured

This model CGD plan considers the following components, which are both manufactured in the US and

used in non-nuclear sectors at this time:

o Elastomeric isolators: LDR and LR
o Spherical sliding isolators: SFP and TFP
e 1D FVDs

Other isolators and VDDs, as identified in Section 8.2, should follow this model plan, with necessary
adjustments. In a practical application of the EPRI (2014) guidance, the component identification
characteristics such as the part number, model number, original shop order number, and drawing number
should be specified, as required per Sections 7.2 and 7.3 of this report for 2D isolators and 1D FVDs,

respectively.

As described further in Section 5.2 of EPRI (2014), USNRC regulations prohibit certain items from being
accepted using the CGD process. For nuclear power plant applications, the main reason a component would
be ineligible for CGD is if it must comply by law with specific codes and standards (e.g., a reinforced
concrete shear wall). Although standards are used for the analysis and design of isolators and dampers, this
regulation does not apply because the standards a) do not prescribe how to design and detail the hardware,
unlike, for example, a reinforced concrete shear wall, and b) mandate physical testing for design basis

(production items) and beyond-design-basis (prototype items) shaking.
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8.5.2  Step 2: determine if the item performs a safety function

The reactor plant designer designates which structures, systems, and components (SSCs) perform a safety
function needed for the protection of the public and environment. For the purposes of this model CGD plan,

the seismic isolation components are presumed to perform a safety function.
The safety functions of seismic isolation components will likely include the following:

e Structural integrity: Being installed between a foundation and a basemat, seismic isolators will
form part of the gravity load path from the safety-related components, such as the reactor vessel,
to the building structure to the ultimate foundation during both normal static (operating) conditions
and during a dynamic event such as earthquake shaking.

e Protection from earthquake shaking: The seismic isolation devices mitigate the effects of strong
ground shaking on the supported building and its safety-related components, limiting accelerations
and displacements to values within the design basis.

8.5.3  Step 3: determine if the item will be procured as a commercial grade item

Because there is no market demand at the time of this writing, there are no suppliers of nuclear safety-
related seismic isolators and dampers in the U.S., nor have suppliers announced plans to either produce or
qualify nuclear safety-related isolators and dampers on an ongoing basis. Thus, for application of seismic
isolators and dampers to a nuclear safety-related function, the components must be purchased as a CGl and

appropriately dedicated.

8.5.4 Step 4: identify and document safety function(s) and the FMEA

The preparer of the CGD technical evaluation process must clearly define and document 1) safety
function(s), and 2) either the detailed design information or the failure modes and effects analysis (FMEA)
for the components. For 2) and application to seismic isolators and dampers, detailed design information
shall be provided, as listed in Sections 7.2 and 7.3, for 2D isolators and 1D FVDs, respectively. As stated
in EPRI (2014), the technical evaluation must provide the basis for:

e The logic behind the selection of the critical characteristics

o How critical characteristics are related to safety function(s)

o How critical characteristics are related to either 1) detailed design information, or 2) the postulated
failure modes and mechanisms that could prevent the item from performing its intended safety-
related function(s). (Option 1 is followed here because detailed design information is provided for
every isolator and damper, as noted above.)
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Isolators and VDDs have been implemented in non-nuclear buildings (e.g., hospitals) and infrastructure
(e.g., offshore platforms, liquid storage tanks) for more than three decades. These decades of in-service
operation paired with both academic and industrial testing provides a robust technical body of knowledge
to select critical characteristics and tie those critical characteristics to the nuclear safety functions.

The use of seismic isolation devices in US nuclear power plants will be in new construction for which
design information for both the entire nuclear island and the individual SI components will be available to
the supplier/dedicating entity. As described in EPRI (2014) Section 4.5, when such design information is
known, the critical characteristics can be derived from that design information in lieu of failure modes and

effects analysis.

8.5.,5 Step 5: identify and document critical characteristics

Critical characteristics of a component considered for CGD for use in a nuclear power plant are defined in
10 CFR 21.3 Definitions (USNRC 2004a) as “those important design, material, and performance
characteristics of a commercial grade item that, once verified, will provide reasonable assurance that the

item will perform its intended safety function.”

The critical characteristics identified during the technical evaluation, for isolators and dampers via design
information, are those that are then verified and/or validated during the acceptance process.

Critical characteristics for 2D isolators and 1D FVDs include:
e Elastomeric isolators

e |solator geometry per the Action Submittal of Section 7.2 of this report

e Number of internal rubber layers and thickness

e  Lead core diameter, if provided

e  Axial load capacity per the Action Submittal of Section 7.2 of this report

o  Force-displacement relationships for design-basis shaking per the testing requirements of

Section 6.5.2 of this report
e Spherical sliding isolators

e Isolator external geometry per the Action Submittal of Section 7.2 of this report

e Isolator internal geometry, including sliding surfaces, sliders, and thickness of liner
e  Axial load capacity per the Action Submittal of Section 7.2 of this report

e  Coefficient(s) of friction on sliding surfaces

e  Force-displacement relationships for design-basis shaking per Section 6.5.2 of this report
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e 1D FVDs

e  Element geometry, including pin-to-pin distance, per the Action Submittal of Section 7.3
of this report

e  Stroke per the Action Submittal of Section 7.3 of this report

e  Proof pressure capacity per Section 6.4.5 of this report

o  Force-velocity-displacement relationships for design-basis shaking per Section 6.5.5 of

this report

8.5.6  Step 6: select acceptance criteria methods and develop and document acceptance criteria

Section 4.6 of EPRI (2014) identifies four Acceptance Criteria Methods as listed below:

Special tests and inspection (Method 1)

Commercial-grade surveys (Method 2)

Source verification (Method 3)

An acceptable item and supplier performance record (Method 4)

Each of these methods is recognized as an acceptable means of satisfying the USNRC regulations regarding
CGD. Two or more methods may be combined to provide reasonable assurance that the subject component
will perform its safety function. As described below, some of these methods are better suited to seismic
isolators and dampers for future nuclear power plants than others, for a variety of technical, administrative,
and practical reasons. Below, the methods are introduced, and nuances associated with the CGD of seismic

isolators and dampers are identified.

Method 1 — special tests and inspection

Method 1 is the most straight-forward means of accepting any physical component. This method involves
the physical inspection, testing, and verification of the critical characteristics of the component to be

dedicated after the item is received.

For isolator and VDD critical characteristics that are readily checked by exterior physical inspection and
measurement, this method is readily applicable. However, validating some of the critical characteristics
associated with high forces and large displacements requires special testing equipment that no dedicating
entity (DE) will possess. In non-nuclear sectors, this is addressed by requiring 1) independent observation
of all prototype and production tests (see Sections 7.2 and 7.3 of this report for 2D isolators and 1D FVDs,
respectively) and reporting of supplier (manufacturer) generated test data to the DE, 2) supplier submission

of all test reports (see Sections 7.2 and 7.3 of this report for 2D isolators and 1D FVDs, respectively), and
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3) acceptance of all test reports by the DE, before any production devices are shipped to the jobsite. This
three-step process, which has been used for seismic isolators and dampers in non-nuclear sectors in the US
for more than 30 years, is an expanded version of Method 3, as introduced below.

Method 2 — commercial-grade survey

EPRI describes this method as “...a performance-based assessment of a supplier conducted to determine
the adequacy of supplier quality controls that are directly related to ensuring that the critical characteristics

of the product being dedicated are acceptable.”

Reputable domestic US manufacturers of isolators and VDDs, as identified in Section 2 of this report, have
extensive and long-running Quality Control (QC) programs with detailed records. These suppliers provide
components for mission-critical infrastructure, such as hospitals and long-span bridges, owned by both
public agencies and private companies, which, while not the same as Nuclear Quality Assurance programs
under 10 CFR 50 Appendix B (USNRC 2004b), have their own demanding procurement requirements
including for supplier QC. Per all US standards for seismic isolators and dampers, including ASCE/SEI 7-
22 (ASCE (2022), buildings), ASCE/SEI 4-16 (ASCE (2017), nuclear structures), and ASCE/SEI 43-19
(ASCE (2021), nuclear structures), each production isolator and VDD is tested for DB loadings and must
be shown to perform adequately before it is shipped to the jobsite (see the discussion on Method 1). One
example of past and present rigorous regulator review of seismic isolators and dampers and design of
seismic isolation systems for mission-critical infrastructure is by the State of California Department of
Health Care Access and Information (HCAI, formerly the Office of Statewide Health Planning and
Development, OSHPD) for applications of the technology to hospitals.

The DE will prepare a survey plan of the manufacturer, based on the previously identified component
critical characteristics, which includes the programmatic and process controls necessary to provide

assurance that the subject isolators and dampers will perform their intended safety functions.

Method 3 — source verification

For this acceptance method, the DE performs verification of critical characteristics during the manufacture
and testing of the subject component. Under this method, the DE either independently performs the
verification actions or witnesses the performance of measurements and testing executed by the component

manufacturer during the production process (see Method 1 above).
Method 4 — item/supplier performance record

The long-term performance of the product and manufacturer in similar applications may be considered as

an acceptance method and is fully expected by NRC to be considered by the DE in selecting and
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implementing the other acceptance methods. Although isolators and VDDs have not been used in
domestic US nuclear applications, the technology has a long service history in the US, with similar or
more aggressive environmental conditions (e.g., bridge and marine applications) and seismic demands

(i.e., installations at sites of very high seismic hazard).

8.5.7  Step 7: conduct acceptance activities

The acceptance activities, performed in accordance with one or more of the Methods described above, are
performed by the DE. Once the DE has determined that the critical characteristics of the isolators and/or
dampers are satisfactory and the appropriate documentation completed, the DE is responsible for ensuring
that the components are marked in an identifiable manner and tracked according to the dedicating entity’s
processes and procedures such that traceability is maintained—see Sections 7.2 and 7.3 of this report, for

2D isolators and 1D FVDs, respectively.

Among the four methods defined by EPRI (2014), none are excluded from the CGD of seismic isolators

and VDDs. However, the methods will play different roles, as recommended below:

¢ Method 1, augmented by Method 3 as noted above, should form the backbone of CGD of isolators
and VDDs, with all visual inspections and measurements, all physical testing performed, and all
isolators and VDDs accepted for construction, before the devices are shipped to the jobsite.

¢ Method 2 alone cannot be used for project-specific CGD. However, the proven quality procedures
demanded of a supplier (or manufacturer) of hardware to mission-critical sectors (e.g., hospitals in
California, as regulated by the CA HCAI; defense applications) in regions of high seismic hazard
in the US, could be applied directly to nuclear power plants.

¢ Method 4 alone cannot be used for project specific CGD. However, the performance record of a
supplier (or manufacturer) of hardware to non-nuclear sectors in the US is part of the mandated

qualification process identified in Section 6.3 of this report.

Note that the DE may delegate the performance of some or all acceptance activities to a service provider
with the appropriate competencies and capabilities to perform the acceptance activities under a QA
program, which satisfies 10 CFR 50 Appendix B (USNRC 2004b).
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APPENDIX A
SEISMIC HAZARD AND GROUND MOTION DEVELOPMENT

A.l Introduction

This appendix presents the process used to develop seismic hazard curves, response spectra, and ground
motion time series for a hypothetical site to enable dynamic analysis of a base-isolated nuclear power plant
(NPP). This process utilizes seismic hazard data developed by the United States Geological Survey (USGS).
Given that the site is hypothetical, and that one goal of the analysis was to demonstrate the utility of seismic
isolation for a wide range of soil conditions, a SSHAC-type process per NUREG-2213 (USNRC 2018) was

not followed to generate seismic demands.

The seismic hazard and ground motion is developed for a site in the Central and Eastern United States
(CEUS) at the East Tennessee Technology Park in Oak Ridge, Tennessee (TN), near Clinch River. The
near-surface geology is assumed to be soft rock or stiff soil. The soft rock site (stiff soil site) is represented
by the boundary between site classes B and C (C and D) and characterized by an average shear wave
velocity of 760 m/sec (360 m/sec) in the upper 30 m of the soil column, per ASCE/SEI 7-22 (ASCE 2022)%,
Three-component ground motion time series are spectrally matched to UHRS at the Clinch River site. The
spectrally matched motions are used for dynamic analysis of the base-isolated reactor building introduced
in Section 4.

Section A.2 presents seismic hazard calculations and the derivation of UHRS at the Clinch River site.
Section A.3 describes the generation of spectrum-compatible ground motion time series for dynamic
analysis of 3D models of the NPP building per US nuclear industry practice. Section A.4 addresses
variability in ground shaking between two orthogonal horizontal components of motion in an (H1, H2) pair,
used in Appendix C to develop a composite logarithmic standard deviation for a fragility function for a
seismic isolation system, and in Section D.3 to adjust a seismic displacement demand curve derived using

spectrally matched ground motions.

20 Section 3.7.1-2 of Revision 4 of the Standard Review Plan (USNRC 2014) identifies competent material, suitable for founding
a nuclear power plant, as soil with a shear wave velocity of 1,000 feet/sec (305 m/sec) and higher. The shear wave velocity of
360 m/sec, consistent with a CD site per ASCE/SEI 7-22, is close to the lower bound identified in the Standard Review Plan.
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A.2  Seismic Hazard and Response Spectra

Seismic hazard curves for the Clinch River site are generated using the database for the National Seismic
Hazard Model developed by the United States Geological Survey (USGS 2018). The USGS database
provides seismic hazard for assumed locations in the US, defined using a latitude-longitude pair and a site
class that characterizes near-surface geology. The seismic hazard data present mean annual frequencies of
exceedance (MAFE) for spectral accelerations of geomean horizontal shaking at numerous periods ranging
between 0 (peak ground acceleration, PGA) and 10 seconds, for 5% critical damping. The data enable the

generation of uniform hazard response spectra (UHRS).

The (latitude, longitude) pair for the Clinch River site is assumed to be (35.94°N, 84.40°W). The near-
surface geology is assumed to be soft rock and stiff soil, represented by BC and CD soil, respectively. The
average shear wave velocities in the upper 30 m of the soil column for BC and CD soils are 760 m/sec and
360 m/sec, respectively, per ASCE/SEI 7 (ASCE 2022). Figure A.1 presents seismic hazard curves at the
Clinch River site generated using the USGS database for spectral periods of 0 (PGA), 0.1 second, and 2

seconds and the two soils (or site classes).
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Figure A.1. Seismic hazard curves, geomean horizontal shaking, Clinch River, BC and CD soils,
5% damping
The ordinates of the seismic hazard curves at a given MAFE for eighteen periods are used to generate a
UHRS. Figure A.2 presents geomean horizontal acceleration response spectra for return periods (reciprocal
of MAFE) of 1,000, 10,000, and 25,000 years, 5% critical damping, and BC and CD soil. Table A.1 lists
the ordinates of the UHRS of Figure A.2. For a given return period, spectral ordinates for soil BC are greater
for short periods (0 to 0.2 second) and those for soil CD are greater for long periods (0.2 to 4 seconds).
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Figure A.2.Uniform hazard response spectra (UHRS), return period of 1,000, 10,000, and 25,000
years, geomean horizontal shaking, Clinch River, BC and CD soils, 5% damping
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Table A.1. Ordinates of the UHRS shown in Figure A.2, return periods of 1,000, 10,000, and
25,000 years, geomean horizontal shaking, Clinch River, BC and CD soils, 5% critical damping

(a) 1,000 years, BC

Period (sec) 0 0.01 | 0.02 | 0.03 | 0.05 |0.075| 0.1 | 015 | 0.2
Spectral acceleration (g) 0.18 | 019 | 029 | 035 | 043 | 045 | 043 | 0.37 | 0.27
Period (sec) 025 | 0.3 0.4 05 | 0.75 1 2 3 4
Spectral acceleration (g) 022 | 019 | 015 | 0.13 | 0.09 | 0.07 | 0.04 | 0.02 | 0.02
(b) 10,000 years, BC
Period (sec) 0 0.01 | 0.02 | 0.03 | 0.05 |0.075| 0.1 | 015 | 0.2
Spectral acceleration (g) 068 | 0.74 | 113 | 1.37 | 163 | 1.68 | 1.56 | 1.28 | 0.90
Period (sec) 025 | 0.3 0.4 05 | 0.75 1 2 3 4
Spectral acceleration (g) 0.71 | 058 | 044 | 036 | 0.27 | 0.20 | 0.11 | 0.07 | 0.05
(c) 25,000 years, BC
Period (sec) 0 0.01 | 0.02 | 0.03 | 0.05 |0.075| 0.1 0.15 0.2
Spectral acceleration (g) 106 | 1.16 | 1.78 | 213 | 251 | 259 | 240 | 1.96 | 1.38
Period (sec) 025 | 0.3 0.4 05 | 0.75 1 2 3 4
Spectral acceleration (g) 108 | 0.88 | 0.66 | 0.53 | 0.38 | 0.29 | 0.16 | 0.10 | 0.07
(d) 1,000 years, CD
Period (sec) 0 0.01 | 0.02 | 0.03 | 0.05 |0.075| 0.1 0.15 0.2
Spectral acceleration (g) 0.18 | 0.20 | 028 | 0.33 | 041 | 043 | 0.44 | 0.40 | 0.34
Period (sec) 025 | 0.3 0.4 05 | 0.75 1 2 3 4
Spectral acceleration (g) 031 | 028 | 023 | 0.21 | 0.15 | 0.12 | 0.06 | 0.04 | 0.03
(e) 10,000 years, CD
Period (sec) 0 0.01 | 0.02 | 0.03 | 0.05 |0.075| 0.1 0.15 0.2
Spectral acceleration (g) 0.62 | 068 | 1.02 | 1.16 | 1.33 | 1.37 | 1.35 | 1.18 | 1.00
Period (sec) 0.25 0.3 0.4 0.5 0.75 1 2 3 4
Spectral acceleration (g) 087 | 0.77 | 066 | 058 | 0.45 | 0.36 | 0.19 | 0.12 | 0.08
(f) 25,000 years, CD
Period (sec) 0 0.01 | 0.02 | 0.03 | 0.05 |0.0715| 0.1 0.15 0.2
Spectral acceleration (g) 092 | 1.01 | 154 | 1.73 | 194 | 198 | 195 | 1.70 | 1.45
Period (sec) 0.25 0.3 0.4 0.5 0.75 1 2 3 4
Spectral acceleration (g) 125 | 111 | 0.96 | 0.84 | 0.65 | 052 | 0.27 | 0.17 | 0.12
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The UHRS for vertical shaking are generated by scaling the ordinates of the corresponding horizontal
spectrum using a factor (V/H) of 2/3 (=0.67) per ASCE/SEI 7-22 (ASCE 2022) for the CEUS. Figure A.3
presents the 5%-damped UHRS at 25,000 years for horizontal and vertical shaking at the Clinch River, and
BC and CD soil.
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Figure A.3. UHRS for a return period of 25,000 years, geomean horizontal and vertical shaking,
V/H=0.67, Clinch River, BC and CD soils, 5% damping

A3  Generation of Spectrum Compatible Ground Motion Time Series

Three-component ground motion time series, compatible with the 25,000-year UHRS for the Clinch River
site, shown in Figure A.3, are generated for dynamic analysis of 3D building models. The seed motions are
extracted from the ground motion database provided by the Pacific Earthquake Engineering Research
Center (PEER 2021). Thirty* seed-motion triplets are selected based on a disaggregation of the seismic

hazard at Clinch River into magnitude-distance (M , r,, %) pairs.

up

Figure A.4 presents disaggregation data generated using the USGS unified hazard tool (USGS 2021) for
the 1-sec spectral acceleration, MAF of exceedance of 10, and site class BC, at the Clinch River site. The

bins represent the contribution of earthquakes for different (M , r. ) pairs. The spectral period of 1 second

is representative of the seismically isolated reactor building. Disaggregation data for site class CD or MAFE

2L Thirty sets of three-component ground motions are used in Appendix C.2.2.2 to establish dispersions, consistent with the
number used in Huang et al. (2009).

22r

wup = Closest distance from the site to the fault rupture plane
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smaller than 10 are not available. The (M , e ) PIr Of (6.1, 12 km), identified by an orange arrow in

Figure A.4, is the peak contributor and representative of the surrounding data cluster. This pair is used for
selecting seed-motion triplets for the two site classes. (The tall bin identified by a green arrow in Figure

Adisan (M, r, ) pairof (7.8, 448 km). The site-to-source distance of 448 km is great and the contribution
of this bin to the total hazard at 1 second is not significant. Consequently, this (M, r, ) pair is not
considered further.) Table A.2 presents the PEER record numbers and (M, r,,, ) pairs of the 30 selected
seed-motion triplets for the BC and CD sites. All listed (M, r,,,) pairs are close to that of the peak bin

(6.1, 12 km) shown in Figure A.4.

=y § J

(7.8, 448 km)

m m Mm M MM mmmmmMmmm

1 I 1 I A 1 A 1 | N | |

HENEN

Figure A.4. Disaggregation data, 1-sec spectral acceleration, MAF of exceedance of 10, BC soil

The time-domain procedure of RSPMatch2005 (Hancock et al. 2006) is used to match the seed-motion
triplets listed in Table A.2 to the 25,000-year UHRS presented in Figure A.3 for horizontal and vertical
shaking. For a given site class, the two horizontal components of each triplet are matched to the blue
spectrum, and the vertical component is matched to the yellow spectrum shown in Figure A.3. Figure A.5
presents the 5%-damped acceleration spectra of the matched motions and the UHRS in the three directions

(x =H1,y=H2, and z = V) for BC soil, with respect to a linear scale in period and a logarithmic scale in
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frequency. There are 30 matched motion spectra (grey) in each panel. Figure A.6 presents the companion
spectra for CD soil.

Section 2.6.2 of ASCE/SEI 4-16 (ASCE 2017) requires that the three orthogonal components in a ground
motion triplet be statistically independent. The statistical independence is determined using a correlation
coefficient between two components of each triplet. For a given set of ground motion triplets, the mean
value of the coefficients for the set must be no greater than 0.16, with a maximum value for any one pair of
0.3. Table A.3 lists the correlation coefficients for any two components (x-y, X-z, and y-z) and the mean of
the three coefficients for each matched motion triplet. The matched motions have correlation coefficients
that comply with ASCE/SEI 4-16.
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Table A.2. Record numbers (record sequence numbers, RSNs) and magnitude-distance pairs (M ,
rRup) for the 30 selected seed-motion sets from the PEER database, BC and CD soils

(a) BC
Set # 1 2 3 4 5 6 7 8 9 10
RSN 236 2391 | 2399 | 2632 | 2635 | 2658 31 405 4069 | 4085
M 5.9 5.9 5.9 6.2 6.2 6.2 6.2 5.8 6.2 6

Fgp (KM) 12.4 | 104 | 12.0 9.3 9.8 12.8 | 129 | 115 9.5 13

Set # 11 12 13 14 15 16 17 18 19 20
RSN 4129 | 4136 | 4138 | 4139 413 4140 | 4141 | 4143 | 4144 | 4145
M 6.0 6.0 6 6 5.8 6 6.0 6.0 6.0 6.0

Fgp (KM) 12.5 9.7 10.1 10 11.7 10 9.6 9.6 9.6 9.6

Set # 21 22 23 24 25 26 27 28 29 30
RSN 4146 | 4148 | 4149 | 4478 | 4513 460 527 8118 | 8124 | 8134
M 6 6.0 6.0 6.3 5.6 6.2 6.1 6.2 6.2 6.2

Fgp (KM) 9.1 9.5 9.4 11.2 | 112 | 121 12 9.1 9.4 11.3

(b) CD
Set # 1 2 3 4 5 6 7 8 9 10
RSN 130 136 1666 | 236 2386 | 2391 | 2632 | 2635 30 31
M 5.9 5.9 6.1 5.9 5.9 5.9 6.2 6.2 6.2 6.2

Fagp (KM) 11 122 | 113 | 124 | 107 | 104 9.3 9.8 9.6 12.9

Set # 11 12 13 14 15 16 17 18 19 20
RSN 3473 | 4069 | 4075 | 4085 408 4124 | 4129 | 4136 | 4138 | 4139
M 6.3 6.2 6 6 5.8 6 6 6 6 6

Fgp (KM) 11.5 9.5 10.8 13 11.1 | 115 | 125 9.7 10.1 10

Set # 21 22 23 24 25 26 27 28 29 30
RSN 4142 | 4144 | 4146 | 4148 | 4478 | 4513 460 527 8118 | 8134
M 6.0 6.0 6 6.0 6.3 5.6 6.2 6.1 6.2 6.2

Fay (KM) 9.6 9.6 9.1 9.5 11.2 | 11.2 | 121 12 9.1 11.3
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A4 Variability in Horizontal Components of Shaking around the Geometric Mean Spectrum

In the US nuclear industry, both horizontal ground motions in a pair used for seismic analysis are generally
matched to a horizontal geometric mean spectrum, which is the product of a seismic probabilistic hazard
analysis. For a recorded pair of horizontal ground motion time series, H1 and H2, the geometric mean

spectrum (Sa,,, ) computed frequency by frequency as Sa, :N/SamSaHz , Where Sa,,,and Sa,,, are the

geo
spectra computed using the H1 and H2 time series. The two horizontal components can be rotated in plane
to determine an axis of strongest shaking, termed maximum direction shaking by Huang et al. (2007, 2008,
2009a)%. The ordinates of the maximum direction spectrum are greater than those of the geometric mean
spectrum. The ordinates of the minimum direction spectrum, on the orthogonal axis to the maximum
direction spectrum are less than those of the geometric mean spectrum. The orientation of the maximum
direction of shaking with respect to the causative fault is random for site-to-source distances of 5+
kilometers (Huang et al. 2009b).

The use of spectrally matched ground motions for seismic analysis of NPPs is appropriate given the planar
framing (e.g., reinforced concrete shear walls) used in conventional nuclear power plants and the random
orientation of the strongest horizontal shaking. Seismic input along a direction perpendicular to the axis of
the planar framing will generally result in a small or negligible increase in component force demands (e.g.,
in-plane shear in a wall). Conversely, the seismic isolators and the 3D viscoelastic damper introduced in
Section 2 are axisymmetric devices, with force-displacement hysteresis along one horizontal axis being
dependent on the displacement response on the orthogonal horizontal axis, and the device guaranteed to
experience the strongest shaking. The use of spectrally matched motions for dynamic analysis of a
seismically isolated reactor building will underpredict maximum horizontal displacement demand on
axisymmetric isolators and dampers, and that is explicitly addressed in this report. Coexisting axial loadings
on isolators, delivered by planar framing above the isolation interface, can be computed using spectrally

matched ground motions per current practice.

Huang et al. (2007, 2008) studied the ratio of maximum to geomean spectral demands using 147 pairs of
ground motion records from earthquakes with moment magnitude of 6.5 and greater and a closest site-to-
source distance of 15 km and less. Such shaking might be assigned to Western US sites only. In those

studies, the maximum spectral demand at a given period was defined as the maximum of the spectral

2 Huang et al. (2007, 2008, 2009a) provide the technical basis for maximum-direction ground motions and spectra, as
implemented first in ASCE/SEI 7-10 (ASCE 2010) and subsequently in ASCE/SEI 7-16 (ASCE 2016) and ASCE/SEI 7-22
(ASCE 2022).
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accelerations at orientations between 0° to 180° for a pair of two horizontal components of ground motions.
Figure 3-7a of Huang et al. (2009a) presents the 16th, 50th (median) and 84th percentiles of the ratio of the
maximum demand to GMRotI50, which is an orientation-independent geomean demand defined in Boore
et al. (2006). The median (0) of the ratio varies between 1.25 and 1.35 at periods greater than 0.4 second.
Figure 3-7b of Huang et al. (2009a) presents the logarithmic standard deviation (B) of the ratio, varying

between 0.10 and 0.13 at periods greater than 0.4 second.

Beyer and Bommer (2006) investigated the ratio of the maximum to recorded geomean spectral demands
using 949 earthquake records with moment magnitude ranging between 4.2 and 7.9 and hypocentral
distance ranging between 5 and 200 km. Such shaking could address Eastern US, Central US, and Western
US sites. Beyer and Bommer reported that the median of the ratio varied between 1.2 and 1.3, depending
on the period (the dotted line in Figure 3-7a of Huang et al. (2009a)): a very similar outcome to that of
Huang et al. (2008).
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Table A.3. Correlation coefficients between two components of each triplet, 30 matched motions,
BC and CD soils

(@ BC
Triplet # 1 2 3 4 5 6 7 8 9 10
X-y 028 | 0.16 | 0.03 | 002 | 010 | 0.09 | 0.11 | 001 | 0.13 | 0.00
X-Z 001 | 004 | 0.05 | 003 | 009 | 0.04 | 010 | 0.07 | 0.03 | 0.01
y-z 012 | 003 | 0.23 | 004 | 008 | 0.02 | 005 | 0.06 | 0.14 | 0.06
Mean 0.14 | 008 | 0.10 | 003 | 0.09 | 0.05 | 009 | 0.04 | 0.10 | 0.02
Triplet # 11 12 13 14 15 16 17 18 19 20
X-y 023 | 007 | 010 | 023 | 022 | 0.02 | 0.12 | 0.10 | 0.08 | 0.08
X-Z 0.00 | 008 | 0.03 | 000 | 026 | 0.06 | 0214 | 0.11 | 0.18 | 0.00
y-Z 0.08 | 005 | 0.12 | 0.08 | 003 | 0.08 | 0.01 | 0.06 | 0.05 | 0.03
Mean 0.0 | 007 | 0.08 | 010 | 0.16 | 0.06 | 009 | 0.09 | 0.10 | 0.04
Triplet # 21 22 23 24 25 26 27 28 29 30
X-y 0.14 | 000 | 0.03 | 010 | 006 | 0.03 | 0.11 | 0.10 | 0.07 | 0.06
X-Z 0.09 | 000 | 010 | 016 | 022 | 011 | 0.05 | 0.00 | 0.00 | 0.02
y-z 0.07 | 008 | 0.03 | 015 | 008 | 0.09 | 005 | 0.06 | 0.07 | 0.05
Mean 0.10 | 003 | 0.06 | 024 | 012 | 0.08 | 0.07 | 0.05 | 0.05 | 0.04
(b) CD
Triplet # 1 2 3 4 5 6 7 8 9 10
X-y 0.08 | 005 | 0.05 | 028 | 003 | 0.13 | 0.01 | 0.16 | 0.04 | 0.03
X-Z 0.00 | 010 | 001 | 002 | 007 | 002 | 008 | 0.11 | 0.00 | 011
y-z 0.10 | 002 | 015 | 020 | 0.00 | 0.07 | 001 | 010 | 0.1 | 0.01
Mean 0.06 | 006 | 0.07 | 016 | 003 | 0.07 | 003 | 0.13 | 0.05 | 0.05
Triplet # 11 12 13 14 15 16 17 18 19 20
X-y 0.02 | 009 | 017 | 001 | 019 | 0.08 | 020 | 0.03 | 0.10 | 0.17
X-Z 0.04 | 001 | 0.03 | 003 | 005 | 0.02 | 001 | 008 | 0.06 | 0.05
y-z 0.03 | 008 | 0.12 | 003 | 0.03 | 0.00 | 012 | 0.06 | 0.11 | 0.09
Mean 003 | 006 | 011 | 0.02 | 009 | 0.03 | 0.11 | 006 | 0.09 | 0.10
Triplet # 21 22 23 24 25 26 27 28 29 30
X-y 0.02 | 010 | 0.07 | 005 | 012 | 0.12 | 0.01 | 0.08 | 0.04 | 0.00
X-Z 0.00 | 015 | 0.08 | 002 | 015 | 0.15 | 0.11 | 0.01 | 0.00 | 0.04
y-z 004 | 001 | 010 | 003 | 0.17 | 0.00 | 008 | 0.01 | 0.09 | 0.02
Mean 0.02 | 009 | 0.08 | 003 | 0.15 | 0.09 | 0.07 | 0.03 | 0.04 | 0.02
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APPENDIX B
SCALE FACTORS FOR DERIVING DESIGN BASIS SPECTRA

B.1 Introduction

Two levels of earthquake shaking are used to design a seismic isolation system: 1) target performance goal
(TPG) shaking, and 2) design basis (DB) shaking. Consistent with the approach of Table 1-1 of ASCE/SEI
43-19 (ASCE 2021), given a seismic design category (SDC), the DB spectrum at a period is computed as
the product of a scale factor (SF) and the uniform hazard response spectrum (UHRS) with a mean annual
frequency of exceedance at the TPG. In this appendix, the SF is calculated for SDC 3, SDC 4, and SDC 5,
eight sites of nuclear-energy facilities in the United States, and two soil types per site. The calculations

utilize seismic hazard data developed by the United States Geological Survey (USGS 2018).

The eight sites are identified in Section B.2. Section B.3 provides calculations for the SF.

B.2 Sites of Nuclear-Energy Facilities

Figure B.1 (Kumar et al. 2017) identifies the eight sites considered in this appendix: 1) Diablo Canyon, 2)
Hanford Site, 3) Idaho National Laboratory, 4) Los Alamos National Laboratory, 5) Oak Ridge National
Laboratory, 6) Vogtle, 7) Summer, and 8) North Anna. The (latitude, longitude) pairs for the sites are listed
in Table B.1. These sites include regions of low, moderate, and high seismic hazard. Two near-surface
geologies are considered for each site, represented by site classes BC (soft rock) and CD (stiff soil) per
ASCE/SEI 7-22 (ASCE 2022), for which the average shear wave velocity in the upper 30 m of the soil
column is 760 m/sec and 360 m/sec, respectively. The (latitude, longitude) pairs and the site classes are
used to extract seismic hazard data from the 2018 USGS database to generate the uniform hazard response

spectra (UHRS) presented in Section B.3.

[ ]
Hanford

[ ]

Idaho National Lab

North Anna
Diablo Canyon L4

L Ozk Ridge L Summer

Los Alamos .
* Vogtle

Figure B.1. Eight sites of nuclear-energy facilities (Kumar et al. 2017)
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B.3 Scale Factor Calculations

Per Section 2.2 of ASCE/SEI 43-19 (ASCE 2021), given a seismic design category (SDC), the spectrum
describing DB earthquake shaking, termed a design response spectrum (DRS), is computed as the product

of SF and the UHRS at the TPG:

DRS = SF xUHRS,,

(B.1)

where H, is a mean annual frequency of exceedance (MAFE) equal to the TPG, and SF is calculated at

each spectral period per Egs. (2-3a) to (2-3d) in ASCE/SEI 43-19:

Table B.1. Latitude and longitude for eight sites of US nuclear facilities

Site Latitude (°N) Longitude (°W)
Diablo Canyon 35.21 120.86
Hanford Site 46.63 119.65
Idaho National Laboratory 43.52 112.05
Los Alamos National Laboratory 35.84 106.29
Oak Ridge National Laboratory 35.94 84.40
Vogtle 33.13 81.77
Summer 34.30 81.32
North Anna 38.06 77.79

SF = Maximum SF,, SF,, SF,
SE =A"
SF, =0.6A, %

SF, =0.45

(B.2)
(B.3)
(B.4)

(B.5)

where A, is a slope factor at a spectral period, defined using the spectral ordinate, Sa, of the UHRS at

H, and H, (=10H,):

(B.6)



For SDC 3, 4, and 5, the TPG are 10*, 4x 10° and 10, respectively, per Table 1-1 of ASCE/SEI 43-19.
To compute the SF, the geomean horizontal UHRS at H, (=TPG) and H, (=10 H ) are generated using
the USGS Hazard Tool (USGS 2022) and the (latitude, longitude) pairs listed in Table B.1, for the eight
sites and BC and CD soils. The 5%-damped UHRS at H,, = 10% 4x10°®, and 10° (H, =103, 4x10* and
10%), for SDC 3, 4, and 5, respectively, are presented in Figure B.2 using solid (dash-dotted) lines. Each
panel in Figure B.2 presents the UHRS at the six MAFE (i.e., three values each of H, and H ) for a given

location and site class.

Scale factors are calculated for 19 spectral periods ranging between 0 and 4 seconds using the ordinates of
the presented UHRS. The SF at each spectral period is taken as the maximum of SF,, SF,, and SF,. Table

B.2 and Table B.3 present the SFs at 12 periods for BC and CD soil, respectively. The geomean horizontal
DRS for 5% of critical damping can then be calculated per Eq. (B.1) using the SF and the UHRS at H,
(=TPG), shown as solid lines in Figure B.2.

The SF lies between 0.45 and 0.55, for the eight sites, three SDCs, and BC and CD soils. A value of 0.5 for
the SF across all SDCs, soil types, and periods is a most reasonable assumption and so is used in this report
with no loss of accuracy, given that DB analysis of the isolated building is performed solely to generate

displacements and forces for production testing of isolators and dampers.
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Figure B.2. Uniform hazard response spectra at H, = 10% 4x10°, and 10°, H, = 103, 4x10%,
and 10, SDCs 3, 4, and 5, geomean horizontal shaking, BC and CD soils, 5% damping (cont.)
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Figure B.2. Uniform hazard response spectraat H, = 10% 4x 1075, and 10°, H, = 10 4x 10%,

and 10, SDCs 3, 4, and 5, geomean horizontal shaking, BC and CD soils, 5% damping (cont.)



Table B.2. Scale factors for calculating design response spectra using the uniform hazard

response spectra of Figure B.2, 5% damping, 12 spectral periods, SDC 3 (H, = 10*), SDC 4

(H, =4x10®) and SDC 5 (H, = 10?), eight sites, BC soil

Period (sec)
0 |002|005| 01|02 03|04 05| 1| 2| 3| 4

Site SDC Scale factor
3 | 048|048 | 048|048 | 048 | 0.48 | 0.48 | 0.48 | 0.47 | 0.48 | 0.48 | 0.48
g;ss:; 4 | 050050050050 050 050|049 | 049 | 0.49 | 0.49 | 0.49 | 0.49
5 |053|053|052|052|052|052]|052|052| 051051051051
3 | 048|048 | 047 | 047 | 047 | 047 | 0.47 | 0.47 | 0.48 | 0.49 | 0.48 | 0.48
Hanford | 4 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.50 | 0.50 | 0.50
5 |052| 051|051 |051 051051051051 05L|052]|052|052
3 | 050 050|049 | 049 | 049 | 050 | 0.50 | 0.50 | 0.50 | 0.51 | 051 | 0.51
ldaho | 4 | 050|050 | 050|050 | 050|050 | 051|051 051|051 051|051
5 |051|051|051|051 051051051051 051052052052
3 | 045|045 | 045|045 | 0.45 | 0.45 | 0.45 | 0.45 | 0.45 | 0.45 | 0.45 | 0.45
AI';‘::OS 4 | 047 | 047 | 0.47 | 0.47 | 0.46 | 0.46 | 0.46 | 0.46 | 0.46 | 0.46 | 0.46 | 0.47
5 | 050|050 | 049 | 050 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49
3 | 046|046 | 046 | 046 | 0.47 | 0.48 | 0.48 | 0.48 | 0.48 | 0.48 | 0.47 | 0.47
R?;ge 4 | 047047047047 | 048|048 | 049 | 049 | 0.49 | 0.50 | 0.49 | 0.49
5 | 049|049 | 049 | 0.49 | 0.49 | 0.49 | 050 | 0.50 | 0.50 | 0.51 | 051 | 0.51
3 | 047|046 | 046 | 047 | 047 | 0.47 | 0.47 | 0.47 | 0.47 | 0.47 | 0.47 | 0.48
Vogtle | 4 | 048|048 | 048 | 049 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.50
5 | 050|049 | 050|050 | 051|051 051|051 051051051051
3 | 046|045 | 046 | 046 | 0.47 | 0.47 | 0.48 | 0.48 | 0.48 | 0.48 | 0.48 | 0.48
Summer | 4 | 0.47 | 0.46 | 0.47 | 0.48 | 0.48 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.49 | 0.50
5 | 048|048 | 048|049 | 050|050 | 050 | 0.50 | 0.51 | 0.51 | 051 | 0.51
3 | 045|045 | 045 | 045 | 0.45 | 0.45 | 0.46 | 0.46 | 0.47 | 0.47 | 0.47 | 0.47
';'\‘::2 4 | 045|045 | 045 | 0.45 | 0.46 | 0.46 | 0.46 | 0.47 | 0.48 | 0.48 | 0.48 | 0.49
5 | 047|047 | 048 | 048 | 0.48 | 0.47 | 0.48 | 0.48 | 0.48 | 0.49 | 0.50 | 0.50
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Table B.3. Scale factors for calculating design response spectra using the uniform hazard

response spectra of Figure B.2, 5% damping, 12 spectral periods, SDC 3 (H, = 10*), SDC 4

(H, =4x10°)and SDC 5 (H, = 107®), eight sites, CD soil
Period (sec)
0 002|005 01| 02| 03| 04| 05 1 2 3 4
Site SDC Scale factor

3 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.49 | 0.49 | 0.48 | 0.48 | 0.48 | 0.48 | 0.48

g;f?)%?' 4 051051051051 |051|051|050|050]|0.49] 049|049 049
5 055|054 |053]053|054|052)|052|052|051|051]051]0.51

3 048 | 049 | 048 | 049 | 049 | 048 | 048 | 048 | 0.48 | 0.48 | 0.48 | 0.48

Hanford 4 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.49 | 0.49 | 0.49 | 0.50 | 0.50 | 0.50
5 052 | 052|052 ]052)|052]|052|051|051|051|051]0.52]0.52

3 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.51 | 0.51 | 051 | 0.51 | 0.51

Idaho 4 051051051051 |051|051|051|051|051|051]051]0.51
5 052 | 052|052 ]052]|052]|052)|052|052|052]| 052|052 ]| 0.52

3 0.46 | 0.46 | 0.46 | 0.47 | 0.46 | 0.46 | 0.45 | 0.45 | 0.45 | 0.45 | 0.45 | 0.45

AII;roT;Sos 4 048 | 048 | 048 | 0.49 | 049 | 048 | 047 | 047 | 0.46 | 0.46 | 0.46 | 0.46
5 051051051051 |051|050|050|050]|0.49]|049 049|049

3 047 | 046 | 047 | 048 | 048 | 049 | 049 | 049 | 0.48 | 0.48 | 0.47 | 0.47

R(i)jge 4 0.48 | 048 | 049 | 049 | 049 | 050 | 0.49 | 0.50 | 0.49 | 0.50 | 0.49 | 0.49
5 0.50 | 050 | 050 | 0.51 | 051 | 051 | 050 | 0.50 | 0.50 | 0.51 | 0.51 | 0.51

3 047 | 047 | 047 | 048 | 048 | 048 | 048 | 048 | 0.47 | 047 | 0.47 | 0.48

Vogtle 4 049 | 048 | 049 | 049 | 050 | 049 | 049 | 0.49 | 0.49 | 049 | 0.49 | 0.49
5 050 | 050051051052 |052|051|051|051|051]051]0.51

3 047 | 046 | 047 | 0.48 | 048 | 0.48 | 048 | 0.48 | 0.48 | 0.48 | 0.48 | 0.48

Summer 4 0.48 | 0.47 | 048 | 0.49 | 050 | 049 | 049 | 0.49 | 0.49 | 049 | 0.49 | 0.50
5 049 | 049 | 050|050 | 051|051 051051051051 |051]0.51

3 045|045 | 045|045 | 046 | 0.46 | 0.46 | 0.47 | 0.47 | 0.47 | 0.47 | 0.47

xi:z 4 046 | 046 | 0.46 | 0.47 | 0.47 | 0.47 | 0.47 | 0.47 | 0.48 | 0.48 | 0.48 | 0.49
5 048 | 048 | 049 | 049 | 049 | 049 | 048 | 0.48 | 0.48 | 0.49 | 0.50 | 0.50
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APPENDIX C
ACHIEVING A PERFORMANCE TARGET FOR A SEISMIC ISOLATION
SYSTEM

Cl Purpose

This appendix provides information on the derivation of a fragility function for an isolation system (Section
C.2) and presents performance-related data for isolation systems (Section C.3) not addressed in Section 5.
The sensitivity of the calculated risk to the chosen value of the composite logarithmic standard deviation is
presented in Section C.4. Section C.5 investigates the change in risk associated with the truncation of the
isolation-system fragility function based on data from production testing.

The terms variability and uncertainty are used interchangeable in this appendix without distinction between
aleatory and epistemic sources since the composite dispersion of Section C.2 includes both sources.

Seismic risk is typically computed by integrating a fragility function over a seismic hazard curve. Herein,
the target performance goal for the seismic isolation system is achieved by incrementing the median
capacity of an isolation-system fragility function until the convolution of the fragility function and the
seismic displacement demand curve produces a mean annual frequency of unacceptable performance equal
to or lower than the TPG.

C.2 Deriving an Isolation-System Fragility Function

C.2.1 Introduction

The fragility function for an isolation system uses horizontal displacement as the demand parameter because
performance is measured as the unrestricted horizontal movement of the base-isolated building, namely, no
collision with adjacent construction or buildings. In the vertical direction, it is assumed that there is no

restriction on upwards displacement of the isolated building.

Following conventional practice in the nuclear industry, the fragility function for an isolation system
(including both isolators and VDDs) is assumed to be a cumulative lognormal distribution defined by a

median displacement capacity, ¢, and a logarithmic standard deviation, £ . The median and logarithmic

standard deviation are assumed to be independent.

The median horizontal displacement capacity of an isolator and/or a damper is confirmed by prototype

testing, as described in Section 6.4. Given the acceptance criteria for prototype tests, which does not permit
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device failure, median capacity will be underestimated by prototype testing, and perhaps by a wide margin.
Further, the loss of horizontal stiffness in one isolator due to excessive displacement does not compromise
the lateral stiffness of the isolation system, and so the median capacity of an isolation system, as judged by
prototype testing of individual isolators for coexisting demands of displacement D,, and maximum axial

loads, is likely conservatively biased, with the resultant risk being overestimated.

The logarithmic standard deviation S is a composite parameter, accounting for uncertainties in the

isolation-system displacement capacity due to the device-to-device variability and differences between the
field conditions and those assumed for analysis and device testing. Although a fragility function is used to
describe the displacement capacity of the isolation system, those uncertainties in the response not addressed

by the seismic displacement demand curve are included in g . The logarithmic standard deviation S is
computed as

B=Ap+B: (C.1)
where B, is the dispersion in the displacement demand and g, is the dispersion in the displacement
capacity. Dispersions g, and g, are calculated using the variables listed in Table C.1, which is adapted

from EPRI (1994), and similar to the presentation in EPRI (2018).

Table C.1. Variables affecting demand and capacity (from EPRI (1994))

Demand Capacity
. Ground motion
. Modeling
. Damping

8. Strength

. Mode combination . i
9. Inelastic energy absorption

. Input time series
. Foundation-structure interaction

~N o O AW N P

. Earthquake component combination

C.2.2 Variability in demand

C.2.2.1. Introduction

Dynamic analysis of a base-isolated building is more straightforward and accurate than that for a
conventional nuclear power plant (NPP) structure because response is dictated by the behavior of the
seismic isolation system, whose materials (e.g., rubber, lead, stainless steel) and devices are well

characterized, and the manufacturing of isolators and dampers is of high quality. The isolation-system
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displacement response is accurately described using two horizontal modes, which is taken advantage of
herein. Therefore, the demand-related discussion below focuses solely on the horizontal displacement
response of the seismic isolation system.

Many of the variables listed in EPRI (1994) do not apply to the fragility analysis of an isolation system;
these are numbered 3 through 9 in Table C.1. Descriptions of these variables can be found in Section 3 of
EPRI (1994). The damping ratio (energy dissipated per cycle, #3) of isolators and VDDs is confirmed by
prototype and production testing, variability is expected to be very small in production devices, based on
US non-nuclear experience, and the force-displacement hysteresis (or damping) is included explicitly in the
dynamic analysis. Importantly, since an isolation system will generally be composed of 10s to 100s of
isolators and VDDs, system variability will be smaller than that of an individual device. Uncertainty
associated with modal combinations (#4) is negligible because isolation-system response is dominated by
one mode in each horizontal direction. Variability in the input time series (#5) is explicitly accounted for
in the probabilistic demand curve using the acceleration time series ensemble. The variability in foundation-
structure interaction (#6) is not considered because soil-structure-interaction is of no importance for isolated
nuclear structures because its frequency is well removed from that of the supporting soil domain (Lal et al.
2024). Combining responses (#7) from shaking components (e.g., H1 and H2) is explicitly performed time
step by time step and its variability is accounted for in the probabilistic demand curve. Variables numbered
8 and 9 in Table C.1 are described in Section C.2.3.

Variability in ground motion (#1) and modeling of isolator, damper, and structure (#2), bolded in Table
C.1, affect the horizontal displacement demand, and must be addressed. The accuracy of modeling of the
isolation system is related to the identification of its mechanical properties and supported mass, and

uncertainty in the fidelity of the model®. Accordingly, the dispersion in the displacement demand g, is

associated with four sources and is calculated as:

Bs =B+ B+ B2+ B (C2)
where g, B, B,,and g, are the dispersions in the displacement demand due to the uncertainty and/or

variability in ground motion, mechanical properties of the isolation system, distribution of mass in the

isolated superstructure, and model fidelity, respectively.

24 Uncertainty in fidelity of the model addresses the uncertainty in the model itself rather than its parameters: mode shape
uncertainty per EPRI (2018)).
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Dispersions are derived below for nonlinear systems, which include all isolation systems listed in Table
4.4, aside from System 1, which can be accurately modeled using a linear spring and a dashpot in parallel,
with a damping coefficient that is independent of frequency, temperature, and displacement. Systems 2 and
6 of Table 4.4, which include 1D and 3D VDDs, respectively, are nonlinear, noting that the response of the
3D viscoelastic damper of system 6 is dependent on frequency, temperature, and displacement. There are
insufficient data from which to derive a default dispersion for linear systems, which will be smaller than
those for nonlinear systems. The dispersions developed for nonlinear systems can be applied to linear

systems.

C.2.2.2. Derivation of dispersions

Variability in isolator displacement response?® due to ground motion is due to the difference between the
distribution of earthquake shaking and the inputs used for dynamic analysis. Herein, ground motions are
matched to a target UHRS, which is developed by probabilistic seismic hazard assessment and addresses
both variability and uncertainty in the calculation of spectral demands at each annual frequency of

exceedance.

The dispersion in the horizontal displacement response of the isolation system due to ground motion is
computed by parsing g, into g, and g as:

B =\ B3 + o

where g, is the dispersion associated with analysis using spectrally matched horizontal motions and 3,

is the additional dispersion due to variability in the two horizontal components around the geometric mean
(see Section A.4), denoted 3, .

Equation C.2 can then be rewritten as:

By =B+ B+ B+ B2+ B} (C3)
Two sources of data were used to develop B, and g, . Data generated in the study that supported the
writing of this report is used to determine $,, building on the data presented in Huang et al. (2009, 2013).

The data of Huang et al. (2009, 2013) is used to determine g__, for which a median of 1.3 and a logarithmic

mm !

standard deviation of 0.13 was used to define the ratio of maximum to geomean spectral demands. These

% Variability in the vertical-to-horizontal V/H ratio per EPRI (2018), which supersedes the recommendations of EPRI (1994), is
not considered here because it does not affect the horizontal displacement response of an isolation system.
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studies used 30 sets of ground motions per bin to ensure that the sample dispersion approximates the
population dispersion. (Eleven sets of motions can be used to ensure that the sample mean approximates
the population mean.)

Huang et al. (2009, 2013) considered three sites of very different seismic hazard: 1) Eastern United States
(EUS), North Anna, Virginia, 2) Central and Eastern United States (CEUS), Vogtle, Georgia, and 3)
Western United States (WUS), Diablo Canyon, California. The ground motions developed for analysis were
consistent with a design response spectrum (DRS) and 150% DRS for an SDC-5 nuclear power plant. All
the input motions included two horizontal and one vertical components: see Huang et al. (2009, 2013) for

details.

The Huang et al. studies utilized ground motions matched to a geometric mean UHRS. Thirty seed ground
motion triplets were first selected from recorded ground motions in the PEER database. The two horizontal
components in the triplet, H1 and H2, were then separately matched to the target geometric mean UHRS
using the process described in Appendix A, producing two different acceleration times series: the GO

motions introduced next.

Huang et al. generated 4 datasets: 1) GO, spectrum compatible ground motions, best estimate model of the
isolation system, 2) MO, maximum-minimum (max-min) ground motions, best estimate model of the
isolation system, 3) M1, max-min ground motions, varied mechanical properties of the isolation system (+
10% of best estimate), and 4) M2, max-min ground motions, varied mechanical properties of the isolation
system (x 20% of best estimate). The max-min ground motions for analysis set M0, M1, and M2 were

generated by Huang et al. using maximum direction spectra, as introduced in Section A.4.

Table C.2 through Table C.4 present the median displacements and logarithmic standard deviations,
extracted from Huang et al. (2013), for the three sites, different isolation systems, DRS and 150% DRS

shaking, together with reference to specific tables in that paper. (The subscriptsto 6 and g in these tables

denote the analysis sets.)
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Table C.2. Compilation of data from Table 111 of Huang et al. (2013), Eastern United States, North Anna

DRS shaking 150% DRS shaking
1
Model o (;Mn:) (ri“:;) (iMnj) oo | Buo | B | Bur | o (anrr:) (:]“:;) (anr;) Boo | Buo | Bur | Bus
LR_T2Q3 31 35 35 35 0.1 0.12 0.12 0.13 43 50 50 50 0.13 0.13 0.14 | 0.14
LR_T3Q3 35 40 40 40 0.11 0.13 0.13 0.14 50 58 58 58 0.13 0.17 0.17 | 0.18
LR_T4Q3 37 43 43 43 0.11 0.14 0.15 0.15 52 63 63 62 0.12 0.17 0.17 0.17
FP_T2Q3 9.4 11 11 11 0.18 0.25 0.24 0.25 18 23 23 23 0.19 0.23 0.23 0.25
FP_T3Q3 10 12 12 12 0.2 0.24 0.24 0.24 19 24 24 24 0.2 0.23 0.23 0.24
FP_T4Q3 11 13 13 13 0.21 0.23 0.23 0.24 20 25 25 25 0.21 0.23 0.23 0.25
LDR_T2 61 70 70 69 0.12 0.1 0.1 0.1 92 105 105 104 0.12 0.1 0.1 0.1
LDR_T3 63 72 72 72 0.11 0.1 0.1 0.1 94 109 109 108 0.11 0.1 0.1 0.1
LDR_T4 63 73 73 73 0.12 0.12 0.12 0.12 95 110 110 110 0.12 0.12 0.12 0.12

1.

LDR = low damping rubber, LR = lead-rubber, FP = Friction Pendulum; T* =* second period, Q* = zero-displacement force-intercept normalized by supported

weight
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Table C.3. Compilation of data from Table V of Huang et al. (2013), Central and Eastern United States, Vogtle

DRS shaking 150% DRS shaking

1
Model Oso Ao Oy O > B B B B, Oso Onmo Oy On -

ﬂGO ﬁMO ﬁMl ﬁMZ
(mm) | (mm) | (mm) | (mm) (mm) | (mm) | (mm) | (mm)

LR_T3Q3 | 289 | 349 348 347 0.13 0.18 0.18 0.19 | 467 | 558 | 557 | 555 | 0.12 0.15 0.15 | 0.16

LR_T3Q6 | 204 | 264 263 263 0.16 0.24 0.23 0.24 368 | 456 | 455 | 454 0.15 0.21 021 | 0.22

LR_T4Q3 | 227 | 274 274 274 0.13 0.2 0.2 0.2 352 | 425 | 426 | 427 0.11 0.18 0.18 | 0.18

LR_T4Q6 | 195 | 238 238 238 0.15 0.23 0.23 0.23 309 | 373 | 374 | 374 0.16 0.23 0.23 | 0.23

FP_T3Q3 | 246 | 303 303 303 0.14 0.2 0.19 0.2 433 | 523 | 523 | 523 | 0.12 0.15 0.15 | 0.15

FP_T3Q6 | 140 | 190 190 189 0.21 0.3 0.3 031 | 308 | 391 | 391 | 391 | 0.18 0.25 024 | 0.25

FP_T4Q3 | 193 | 240 240 240 0.15 0.22 0.22 0.22 325 | 403 | 403 | 403 0.12 0.19 0.19 | 0.19

FP_T4Q6 | 128 | 168 168 168 0.20 0.29 0.28 0.29 255 | 319 | 319 | 319 0.18 0.26 025 | 0.26

1. LR =lead-rubber, FP = Friction Pendulum; T* =* second period, Q* = zero-displacement force-intercept normalized by supported weight
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Table C.4. Compilation of data from Table X of Huang et al. (2013), Western United States, Diablo Canyon

DRS shaking 150% DRS shaking
1
Model o (::;’) (:1“:;) (‘gm“”nj) S I SR S (‘gm“”n;’) (i“”r;) (:”nj) Boo | Buo | Pur | Bus
LR T2Q3 | 488 572 573 576 0.1 0.13 0.13 0.14 792 932 932 936 0.09 0.12 0.12 0.13
LR T2Q6 | 401 473 473 472 0.14 0.2 0.2 0.21 678 797 797 798 0.12 0.16 0.16 0.17
LR_T2Q9 | 338 404 404 405 0.19 0.25 0.25 0.25 595 703 703 702 0.14 0.21 0.21 0.21
LR _T3Q6 | 494 584 585 585 0.19 0.26 0.25 0.25 862 | 1039 | 1039 | 1041 0.18 0.22 0.22 0.22
LR _T3Q9 | 404 471 472 472 0.2 0.28 0.28 0.28 729 863 864 865 0.2 0.26 0.26 0.26
LR T4Q9 | 418 493 493 495 0.21 0.29 0.29 0.29 779 951 951 950 0.19 0.24 0.24 0.24
FP_T2Q3 492 571 571 572 0.11 0.14 0.14 0.14 819 953 953 953 0.11 0.13 0.13 0.13
FP_T2Q6 392 461 461 461 0.15 0.22 0.21 0.22 686 800 801 801 0.13 0.17 0.17 0.17
FP_T2Q9 321 385 385 384 0.21 0.26 0.26 0.27 593 697 697 697 0.16 0.22 0.22 0.22
FP_T3Q6 471 555 556 557 0.21 0.28 0.27 0.28 852 | 1006 | 1006 | 1007 0.18 0.23 0.23 0.23
FP_T3Q9 374 442 443 443 0.23 0.29 0.29 0.3 707 832 833 834 0.21 0.28 0.27 0.27
FP_T4Q9 382 462 462 463 0.24 0.31 0.31 0.31 756 925 925 928 0.2 0.24 0.23 0.24

1. LR = lead-rubber, FP = Friction Pendulum; T* =* second period, Q* = zero-displacement force-intercept normalized by supported weight
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Derivation of g,

The maximum dispersion in the horizontal displacement response of an isolation system for the GO dataset,
computed using data from Table C.2 through Table C.4, is 0.24 for the nonlinear systems: see the
highlighted cell in Table C.4.

Analysis of the data generated in support of the writing of this report is focused on one site, two soil
conditions (BC and CD per Section 4.6), six horizontal isolation systems (per Table 4.4), and a broader
range of earthquake shaking than that considered in Huang et al., but also using spectrally matched motions,

yielded a slightly greater maximum dispersion, as explained next.

Per Section 5.2, seismic hazard curves are parsed into 11 bins spanning 4 decades in MAFE. Dynamic
analysis is performed for each ground motion pair (GM 1 to 30) in each bin to compute a maximum resultant
horizontal displacement for isolation systems 1 through 6 in Table 4.4. The logarithmic standard deviation
of the maximum resultant horizontal displacement is calculated for each bin. The average of the values in
bins 5 through 8, is reported in Table C.5. The dispersions for bins 1 through 4 are set aside because a) the
displacements are very small and of no significance to the risk calculation, and b) production testing of
isolators and dampers will preclude device failure at small displacements. The dispersions for bins 9, 10,
and 11 are set aside because a) the risk contributions are small for the associated AFE, and b) the values
are smaller than those in the mid-range of the 11 bins, for the nonlinear systems: a conservatism. (Detailed
results are tabulated in the annex to this appendix: see Table C.11 to Table C.22.) Dispersions are listed for
BC and CD soils. The dispersions are the lowest for the lightly damped linear system (1) and highest for
the nonlinear systems (2, 4, and 5). The dispersions for the heavily damped linear system (3) fall midway

between those for the lightly damped linear and the nonlinear systems.

Table C.5. Values of g, for isolation systems 1 through 6 of Table 4.4

Isolation system
1 2 3 4 5 6
BC soil 0.10 0.21 0.17 0.19 0.20 0.13
CD soil 0.10 0.22 0.19 0.28 0.24 0.17

Based on the data presented in Table C.5, g, is set equal to 0.28, in the absence of project- and site-

specific calculations to support the use of a lower value, noting that such calculations might support the

use of a substantially smaller value for a) linear isolation systems, and b) nonlinear systems on firm soil
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or rock sites. Project-specific estimates of g, should be made with results of analysis using 30 sets of

ground maotions.

Derivation of g and B,

Huang et al. (2009, 2013) characterized the variability in the horizontal displacement response of an
isolation system due to both ground motion orientation and the mechanical properties of the isolation
system: the M2 dataset.

The mechanical properties of the isolation systems considered by Huang et al. were allowed to vary by up
to 20% from the values used for analysis and design, which is the limit set in Section 9.2.2.1 of ASCE/SEI
43-19 (ASCE 2021) and Section 3.4.2.1 of this report. The mechanical properties of the isolation system
were assumed to be distributed normally with a coefficient of variation (i.e., the ratio of the standard
deviation to the mean) of 0.10 (Huang et al. 2009).

The additional dispersion introduced using max-min components of horizontal ground shaking for analysis
(instead of spectrally matched components) and consideration of variability in the mechanical properties of

the isolation system is computed using the data from Table C.2 through Table C.4 for the nonlinear systems.

For each row in these tables, the value of \/ﬁnim + B = \/ﬁfM — pE, is calculated for DBE and 150% DBE

shaking. The average of the 52 values is 0.14, and it is used hereafter.

Adjustment to mean displacement demand and derivation of associated dispersion g,

The analysis performed in this report is analogous to analysis set GO per Huang et al. (2013), that is, analysis
of a best estimate model of an isolation system using ground motions spectrally matched to a geometric
mean spectrum. Accordingly, adjustments are made to the displacement demand curve, based on the results
of response-history analysis using spectrally matched motions, to partly account for the variability in ground
shaking around the geometric mean and in the properties of the isolation system: see Section D.3. The

remaining variability is addressed via the logarithmic standard deviation assigned to the fragility function.

The average values of the ratio of 6,,, / 9, for DRS and 150% DRS shaking presented in Table C.2 through

Table C.4 are reported in Table C.6. The average value of the ratio is 1.2. The logarithmic standard deviation

of the distribution of the ratio, 8, , is 0.05, and it is included in the fragility function as follows:

Bs =B+ B+ B2+ B2+ B =B + 1By — Bo) + BT+ B+ (C4)
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Derivation of mass uncertainty, g,

In-service differences from design assumptions, including mass of the isolated superstructure and its
distribution in plan, could alter the horizontal displacement response of the isolation system. However, the
changes are expected to be very small because a) much of the reactor building mass is reinforced concrete,
for which the as-built construction should closely follow the design drawings, b) the masses of large pieces
of equipment will be included in the numerical model used for analysis, and c) the isolation system will be
designed to minimize torsional response. The dispersion in the displacement response associated with

uncertainty in the distribution of mass of the isolated superstructure, 3., is assumed to be 0.05.

Derivation of model fidelity uncertainty, g,

Per Section 5.4.3.2 of EPRI (2018), model fidelity uncertainty should be in the range of 0.05 to 0.15, noting
that the “...former value [= 0.05] is applicable to structures whose responses are dominated by fundamental
modes with simple mode shapes...” Because the response of a seismically isolated building will be
dominated by its isolated modes, each with simple shape, the model fidelity uncertainty is set here to the
bottom of the range, namely, 0.05.

C.2.2.4 Recommendations for g,

The uncertainty in demand, j,, per Equation C.4 is

By = B3+ By~ B2o) + B+ B2+

= /0.28? +(0.142) +0.05% +0.05 +0.05?

=0.33
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Table C.6 Ratio of medians, 6,,, and 6,,, for different sites and isolation
systems, and two levels of shaking, using data from Table C.2 through Table

C4

(a) Eastern United States, North Anna

Model Oy, 1 05, » DRS shaking Oy, 1 05, , 150% DRS shaking
LR_T2Q3 1.1 1.2
LR_T3Q3 1.1 1.2
LR_T4Q3 1.2 1.2
FP_T2Q3 1.2 13
FP_T3Q3 1.2 1.3
FP_T4Q3 1.2 13
LDR_T2 1.1 1.1
LDR_T3 1.1 1.1
LDR_T4 1.2 1.2

(b) Central and Eastern United States, Vogtle

Model* O, ! 95, DRS shaking O, ! 05, 150% DRS shaking
LR_T3Q3 1.2 1.2
LR_T3Q6 1.3 1.2
LR_T4Q3 1.2 1.2
LR_T4Q6 1.2 1.2
FP_T3Q3 1.2 1.2
FP_T3Q6 14 1.3
FP_T4Q3 1.2 1.2
FP_T4Q6 1.3 1.3

(c) Western United States, Diablo Canyon

Model* O, ! 05, DRS shaking O, ! 05, 150% DRS shaking
LR_T2Q3 1.2 1.2
LR_T2Q6 1.2 1.2
LR_T2Q9 1.2 1.2
LR_T3Q6 1.2 1.2
LR_T3Q9 1.2 1.2
LR_T4Q9 1.2 1.2
FP_T2Q3 1.2 1.2
FP_T2Q6 1.2 1.2
FP_T2Q9 1.2 1.2
FP_T3Q6 1.2 1.2
FP_T3Q9 1.2 1.2
FP_T4Q9 1.2 1.2

156




C.2.3 Variability in capacity

The two variables associated with capacity in Table C.1 are strength and inelastic energy absorption (or
damping). These variables were proposed for conventional reinforced concrete nuclear construction and

not for seismically isolated nuclear structures.

The capacity of a seismic isolator and/or a damper, measured in terms of force-displacement hysteresis, is
confirmed by prototype testing of each type and size of device planned for construction, and production
testing of every device prior to shipment to the construction site. A lower bound on median capacity is
established by prototype testing. There may be device-to-device variability, but for an isolation system
which is comprised of many devices, the system-level variability is expected to be insignificant.

Accordingly, . is set equal to 0.05. Variations in mechanical properties are addressed in 3, above.
C.2.4 Composite logarithmic standard deviation, S

The value of the composite dispersion, £ = w/ﬂdz + B2 for all isolation systems, in lieu of project- and site-

specific calculations is:

B =+/0.33" +0.05* =0.34

The recommended default value for £, is based on the calculation above, rounded to the nearest 0.05,
namely, § = 0.35. The calculations presented hereafter and in Section 5 use g = 0.35 for all sites and

isolation systems, although project- and site-specific derivations of dispersions, such as those presented in
this section will likely support the use of a substantially smaller value for a) lightly damped linear isolation

systems, and b) non-linear systems on firm soil or rock sites.
C3 Performance Calculations for Other Seismic Isolation Systems

C.3.1 Introduction

Section 5 of the report presents a process to compute the required median displacement capacity of an
isolation system given a user-specified target performance goal. The process was demonstrated for systems
1 and 3 per Table 4.4 and Table 4.5: a 2-second linear system, and a 2-second linear system and nonlinear
FVDs, respectively. In this section, results are provided for isolation systems 2, 4, 5, and 6 per Table 4.4
and Table 4.5: a 2-second nonlinear system, a 2-second nonlinear system with nonlinear FVDs, a 3-second
nonlinear system, and a 3D linear system composed of spring isolators and 3D viscoelastic dampers,

respectively. The horizontal displacement response of the 3D hybrid isolation system shown in Figure 2.3h
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would be identical to that of the 2-second nonlinear system and so is not analyzed.

Performance-related calculations are presented for the Clinch River site, and the BC and CD soils described
in Section 5.2. Seismic hazard data are presented in Figure 5.4 and Figure 5.8 and are not repeated here.

C.3.2 Supplemental performance calculations

The 2DOF model of Section 4.5 was analyzed per Section 5 to generate seismic displacement demand
curves for isolation systems 2, 4, 5, and 6. Figure C.1 presents the demand curves for BC and CD soils, and
all six isolation systems. The choice of isolation system has a significant effect on the displacement demand

curve, as evident in Figure C.1.

3 2-s linear system 3 2-s linear system
10 2-s nonlinear system 10 2-s nonlinear system
= == == 2-s linear system + nonlinear FVDs = == == 2-s linear system + nonlinear FVDs
== == 2-s nonlinear system + nonlinear FVDs \ \— = = 2-snonlinear system + nonlinear FVDs
3-s nonlinear system 3-s nonlinear system
10'4 L\ 3D linear system 10'4 E 3D linear system

N
e
[
N
e
[

Mean annual frequency of exceedance

Mean annual frequency of exceedance

107 107
0 200 400 600 800 0 500 1000 1500
Horizontal displacement (mm) Horizontal displacement (mm)
(a) BC soil (b) CD soil

Figure C.1. Displacement demand curves, 6 isolation systems, Clinch River, BC and CD soils
Table C.7 presents risk calculations, including results from Table 5.1. The default composite logarithmic
standard deviation, g, of 0.35 is used for the calculations. The median displacement capacities assumed

for the isolators and dampers are given in the second column of the table, leading to the risk numbers
presented in the last two columns. Table C.8 presents the required median displacement capacity of the six
isolation systems to achieve different target performance goals at the Clinch River site for BC and CD soils.

C.4  Sensitivity of the Calculated Risk to the Value of g

Values of g smaller than the recommended default of 0.35 might be justified by project- and isolation-
system-specific analysis. To understand the impact of the use of a smaller value of £ on the calculated

risk, the calculations of Section C.3.2 are repeated for # equal to 0.25 and 0.30. Results are presented in
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Table C.9 and Table C.10 for isolation systems 1 through 6 as percentage changes from the values
calculated using g = 0.35, rounded to the nearest 5%.

The calculated mean annual frequency of unacceptable performance is not affected in a meaningful way by
the value of g inthe range considered, with appreciable changes only observed for the short period, heavily

damped 3D isolation system that could be assigned a g smaller than 0.35 (as g, for this system is smaller

than 0.28 per Table C.5).

Table C.7. Risk calculations, Clinch River, BC and CD soils, g =0.35

dian disol MAF of unacceptable
Isolation system? Median displacement performance
capacity (mm) - -
BC site CD site
) 200 6.6x10° | 2.4x10*
1 2-sec linear system
250 3.6x10° | 1.5x10*
] 200 1.0x10° | 5.8x10°
2 2-sec nonlinear system
250 6.5x10% | 4.0x10°
) ) 200 1.1x10° | 6.0x10°
3 2-sec linear system + nonlinear FVDs
250 6.3x10° | 3.8x10°
A 2-sec nonlinear system + nonlinear 200 45x10° | 2.8 x10°
FVDs 250 27x10° | 1.9%105
) 300 6.7x10° | 3.6x10°
5 3-sec nonlinear system
350 49x10% | 2.8x10°
) 50 9.7x10° | 3.7x10*
6 3D linear system, T, =1.1s
100 15x10° | 8.2x10°%

1. Isolation systems are numbered 1 through 6 per Table 4.4 and Table 4.5
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Table C.8. Median displacement capacity, D,,, to achieve different TPGs, Clinch River, BC and

CD soils, g =0.35

Median displacement capacity?, D,, (mm)

BC soil CD soil
Target performance goal Target performance goal
Isolation system per Table 4.52 1x10% | 4x10° | 2x10° | 1x10* | 4x10° | 2x10°

1 2-sec linear system 170 242 310 294 424 542
2-sec nonlinear system 54 94 140 140 248 360

3 2-sec "ng‘]:i';‘g;f“F‘i;‘;g’Stem * 68 | 110 | 152 | 152 | 244 | 334
4 2-sec nonlinear system + nonlinear 36 62 94 90 162 240

FVDs

5 3-sec nonlinear system 62 112 168 160 284 416
6 3D linear system, T, =1.1s 50 70 90 92 132 170

The risk calculations for different TPGs presented in this table use the same demand curve: i.e., the curve attached to motions matched
to a target spectrum corresponding to a return period of 25,000 (TPG = 4 x 10-5). The risk numbers for TPGs other than 4 x 10-5 are

approximate.

Isolation systems are numbered 1 through 6 per Table 4.4 and Table 4.5

Table C.9. Risk calculations, Clinch River, BC and CD soils, g =0.25, % differences in MAF
calculated using g =0.35 per Table C.7

i Median displacement | Percentage differences
Isolation system? . - -
capacity (mm) BC site CD site
. 200 -20 -15
1 2-sec linear system
250 -20 -15
. 200 -10 -5
2 2-sec nonlinear system
250 -10 -10
. . 200 -20 -10
3 2-sec linear system + nonlinear FVDs
250 -20 -10
2-sec nonlinear system + nonlinear 200 -15 -5
4
FVDs 250 -15 -10
. 300 -10 -5
5 3-sec nonlinear system
350 -10 -10
. 50 -15 -10
6 3D linear system, T,,, =1.15s
’ 100 -35 -15

1. Isolation systems are numbered 1 through 6 per Table 4.4 and Table 4.5
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Table C.10. Risk calculations, Clinch River, BC and CD soils, g =0.30, % differences in MAF
calculated using g =0.35per Table C.7

] Median displacement Percentage differences
Isolation system? .
capacity (mm) BC site CD site
] 200 -10 -10
1 2-sec linear system
250 -10 -5
) 200 -5 -5
2 2-sec nonlinear system
250 -5 -5
) ) 200 -10 -5
3 2-sec linear system + nonlinear FVDs
250 -10 -5
2-sec nonlinear system + nonlinear 200 -5 -5
4
FVDs 250 -10 -5
] 300 -5 -5
5 3-sec nonlinear system
350 -5 -5
. 50 -10 -5
6 3D linear system, T, =1.1s
100 -15 -5

1. Isolation systems are numbered 1 through 6 per Table 4.4 and Table 4.5

C.5  Truncation of the isolation-system fragility function

Figure C.2a presents the displacement demand curve for the 2-second linear isolation system with nonlinear
fluid viscous dampers: isolation system 3 per Table 4.4 and Table 4.5, Clinch River site, and BC soil. Figure
C.2b and Figure C.2c present a fragility function with a median displacement (6 ) of 110 mm and the
corresponding risk density plot, respectively. A value of D,, =110 mm achieves the TPG of
4 x 10° per Table C.8. The bar chart in Figure C.2c enables a reader to disaggregate the total risk into

displacement bins, which in turn can be associated with mean annual frequencies of hazard per Figure C.2c.

Production testing of isolators and VDDs per Section 6 requires that the tested units suffer no damage for
DB shaking. Recognizing that the isolators and VDDs will have significant margin on no damage (and

VDDs must suffer no damage for prototype testing at displacement D, ), the fragility functions of Figure
C.2b are truncated for the purpose of this calculation at a displacement of 0.67D,, (= 74 mm), namely, the

probability of failure at a displacement less than or equal to 74 mm is zero. Figure C.2d and Figure C.2e

present the truncated fragility function and the corresponding risk-density plot.
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Figure C.3 presents similar calculations for CD soil, noting that the median displacement capacity required
to achieve the TPG at the CD soil site is 244 mm per Table C.8.
Truncating the fragility functions at 0.67D,, reduces the risk from 4 x 10~ to 3.6 x 10~ for both BC and

CD soils. For a target performance goal of 4 x 10, the median displacement capacities of 110 mm and 244
mm for BC and CD soils (see Table 5.2), respectively, are reduced to 102 and 225 mm, respectively, if the
fragility function is truncated at 0.67D,, .

Although not part of the pathway recommended in this report, truncating the isolation-system fragility
function based on the required outcomes of production testing of isolators and VDDs is technically sound.
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Annex to Appendix C: Derivation of g,

Table C.11 through Table C.16 present the calculation of the dispersions for isolation systems 1 through 6
of Table 4.4 for BC soil. Table C.17 to Table C.22 present the companion calculations for CD soil. Isolation
system 1 is a lightly damped linear system. Isolation systems 3 and 6 are heavily damped linear systems,
noting that the model used to analyze system 6 is greatly simplified. Isolation systems 2, 4, and 5 are
nonlinear systems.

In each of these tables, the maximum resultant horizontal displacements (units of mm) is listed for each
ground motion (GM) and each bin. The second-to-last line in the tables presents the average maximum
resultant displacement for each bin. The last line in the tables presents the logarithmic standard deviation

of the 30 displacements in the bin.
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Table C.11. Calculation of p,, system 1, 2-second linear system, 5% damping, BC soil

Bin
1 2 s | 4 | s | e | 7 | 8 | 9 | 10| n
GM Maximum resultant displacement (mm)
1 17 32 52 80 114 154 204 273 356 464 623
2 20 38 61 93 133 180 237 318 415 541 726
3 17 32 52 79 112 152 200 269 351 457 614
4 20 37 60 92 131 177 234 314 410 534 716
5 20 38 61 93 133 180 237 318 415 540 725
6 19 37 60 91 130 175 231 310 405 527 708
7 19 37 60 92 130 176 232 312 407 530 711
8 18 34 54 83 118 160 211 283 370 482 646
9 21 39 64 98 139 188 248 332 433 564 758
10 17 32 52 79 113 152 201 269 352 458 615
11 18 35 56 85 122 164 217 291 380 495 664
12 20 37 60 92 131 177 234 314 410 534 717
13 20 39 63 96 136 184 243 326 426 555 744
14 18 34 55 84 119 161 212 285 372 484 650
15 19 37 60 91 130 175 231 310 405 527 708
16 19 36 58 88 126 170 224 301 393 512 687
17 20 38 61 94 133 180 238 319 416 542 728
18 17 33 54 82 117 158 208 279 365 475 638
19 23 44 71 109 155 209 276 370 483 630 845
20 18 34 54 83 118 160 211 283 369 481 646
21 17 32 52 80 113 153 202 271 354 461 619
22 22 41 67 103 146 198 261 350 456 595 798
23 17 32 51 78 111 150 198 266 347 452 607
24 18 34 56 85 121 164 217 290 379 494 663
25 17 32 52 79 113 153 202 271 353 460 617
26 21 39 63 97 138 187 246 330 431 562 754
27 23 43 70 106 151 205 270 362 473 616 826
28 18 34 55 85 120 163 215 288 376 490 658
29 23 44 71 108 154 209 275 369 482 628 842
30 20 39 63 96 136 184 243 326 425 554 743
Average 128 173 229 307
Po 010 | 010 | 010 | 0.0
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Table C.12. Calculation of p,, system 2, 2-second sliding system, BC soil

Bin
1 | 2 | 3 | 4 5 | 6 7 g | o | 10 | n
GM Maximum resultant displacement (mm)
1 4 6 13 31 56 94 143 211 304 435 623
2 4 7 10 29 62 107 164 244 346 481 682
3 3 7 12 21 34 53 81 121 183 317 522
4 3 5 12 26 49 86 141 222 329 471 681
5 2 5 14 28 49 79 119 173 246 358 566
6 3 6 12 26 47 73 112 179 268 388 570
7 2 4 9 17 37 63 96 170 274 411 657
8 3 5 11 21 38 65 105 175 259 391 590
9 3 6 15 30 57 94 149 228 332 468 683
10 5 9 16 26 37 48 81 136 218 331 501
11 3 6 12 25 41 77 126 200 300 444 657
12 2 5 11 24 47 77 117 167 251 382 585
13 2 9 18 24 40 79 135 215 316 441 681
14 5 8 19 35 57 81 102 130 195 300 469
15 3 7 15 24 41 68 113 183 278 406 604
16 4 6 7 14 29 56 98 159 233 360 560
17 3 5 8 18 33 61 103 170 259 396 650
18 4 7 9 16 33 59 98 160 243 357 528
19 3 8 13 24 51 84 135 209 325 490 743
20 3 7 13 21 37 72 114 166 225 331 528
21 4 7 10 20 31 45 75 133 207 321 511
22 3 5 9 19 34 55 87 147 272 444 706
23 2 5 11 22 37 50 74 129 217 337 510
24 4 6 9 19 38 70 120 193 287 411 609
25 3 5 11 21 46 85 138 221 323 450 631
26 4 7 14 24 36 50 78 126 193 333 573
27 3 5 12 23 46 80 125 198 332 541 843
28 3 5 8 17 36 60 112 199 310 449 647
29 4 5 10 20 40 72 123 198 296 438 677
30 3 6 8 17 44 86 142 220 316 436 622
Ave 42 71 114 179

B 019 | 022 | 021 0.20
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Table C.13. Calculation of p,, system 3, 2-second linear system with FVDs, BC soil

Bin
1 2 s | 4 | s | e | 7] 8 | 9 | 0] n
GM Maximum resultant displacement (mm)
1 4 10 22 38 62 94 135 193 267 363 508
2 3 10 23 44 73 111 160 229 316 431 601
3 3 8 15 24 38 57 83 121 175 250 375
4 4 11 23 42 68 102 148 212 295 405 571
5 4 12 24 42 65 94 133 186 254 344 482
6 3 9 19 34 57 88 130 188 265 367 520
7 2 6 15 28 46 69 104 158 231 328 474
8 3 6 13 26 47 75 111 164 235 330 472
9 4 11 23 39 60 94 139 203 285 393 555
10 3 7 14 27 46 71 108 162 231 324 463
11 4 10 19 32 49 79 119 179 257 361 519
12 3 10 21 37 60 89 127 183 259 362 519
13 3 8 20 37 63 98 143 206 286 388 540
14 4 11 20 32 47 69 98 139 196 280 407
15 4 8 15 30 52 82 123 182 258 357 507
16 2 6 14 27 44 70 103 149 207 298 438
17 2 7 14 28 49 77 116 171 241 335 476
18 3 8 17 31 49 74 110 162 230 319 454
19 3 8 18 33 54 83 122 184 268 383 558
20 3 7 14 29 51 79 114 161 218 289 397
21 3 8 14 22 36 56 86 133 194 276 405
22 3 8 16 27 44 67 98 146 220 326 492
23 3 7 14 23 37 62 97 148 214 302 435
24 3 7 16 30 52 84 124 182 258 357 506
25 3 8 20 40 69 106 154 220 303 409 566
26 3 8 16 26 41 62 90 131 186 259 396
27 3 10 21 38 61 91 129 183 253 354 506
28 2 7 16 28 47 78 121 183 262 367 522
29 3 9 19 34 57 88 129 188 266 370 532
30 2 8 19 37 62 95 138 199 278 382 539
Ave 53 82 120 175

B 019 | 018 | 017 | 0.6
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Table C.14. Calculation of p,, system 4, 2-second sliding system with FVDs, BC soil

Bin
1 | 2 3 s | s | e | 7] 8 ] o | 10| n
GM Maximum resultant displacement (mm)
1 1 4 8 18 36 62 97 154 229 330 484
2 2 5 7 14 32 64 110 177 265 384 564
3 2 5 10 18 29 43 62 91 133 191 284
4 1 4 9 18 34 58 94 151 234 348 526
5 1 4 10 20 37 61 95 145 211 294 428
6 1 4 9 16 29 50 79 124 192 290 445
7 1 3 6 11 21 39 66 106 159 240 406
8 1 3 6 14 25 38 63 104 171 267 407
9 2 4 8 17 32 56 95 152 236 350 526
10 3 7 11 19 31 45 59 92 144 224 365
11 1 4 8 19 33 50 73 119 193 297 462
12 1 4 8 14 29 53 86 134 197 281 417
13 2 6 12 22 31 45 81 140 223 337 508
14 2 6 13 25 44 67 93 127 165 217 324
15 1 3 10 19 30 45 69 116 186 287 450
16 1 4 7 10 18 31 56 96 158 244 370
17 2 3 6 10 21 38 62 106 173 269 421
18 1 4 8 12 21 39 66 105 165 253 395
19 2 5 11 18 29 51 86 135 204 303 486
20 1 4 8 15 26 36 67 118 183 268 382
21 2 6 8 13 25 39 55 78 122 200 329
22 1 3 6 13 24 42 63 98 148 221 381
23 1 4 7 16 28 43 61 84 118 206 348
24 2 5 7 12 23 40 68 119 195 299 460
25 1 3 6 13 24 47 87 149 235 355 534
26 2 4 11 18 31 45 64 92 135 202 312
27 1 4 9 17 30 53 87 139 207 301 470
28 1 3 7 13 23 38 64 102 180 295 479
29 1 4 8 14 27 46 76 127 202 306 469
30 1 3 8 13 21 45 85 146 227 338 505
Ave 28 47 76 121

B 020 | 019 | 019 | 0.0

170




Table C.15. Calculation of p,, system 5, 3-second sliding system, BC soil

Bin
1 | 2 3 | a4 5 | 6 7 g | o | 10 | n
GM Maximum resultant displacement (mm)
1 4 6 14 34 63 104 153 223 321 501 806
2 4 9 14 31 72 121 198 323 490 711 1040
3 3 10 16 27 44 70 103 149 244 390 642
4 3 5 14 33 60 102 163 255 375 541 789
5 2 5 15 30 55 91 141 215 320 466 693
6 3 7 12 27 49 85 137 206 329 536 916
7 3 5 10 19 43 72 112 167 234 366 670
8 3 6 12 28 52 75 133 242 404 632 993
9 4 7 14 28 52 92 147 246 398 600 901
10 5 9 16 26 37 58 114 211 338 503 741
11 4 7 14 32 66 110 171 276 421 619 922
12 2 6 12 29 61 107 166 279 436 641 941
13 2 10 24 36 49 102 179 290 437 619 890
14 6 8 19 37 65 99 125 157 229 352 573
15 3 7 18 30 50 86 137 226 353 530 808
16 5 7 8 15 36 74 126 217 351 535 824
17 3 6 8 18 34 58 91 153 269 454 768
18 4 9 10 20 38 73 127 228 394 640 1009
19 3 9 17 34 64 85 114 158 278 447 718
20 3 8 15 25 39 72 129 217 339 522 788
21 5 9 12 24 40 62 89 156 249 372 549
22 3 6 10 26 46 78 124 187 279 451 739
23 3 6 13 28 53 87 129 192 275 438 760
24 4 6 11 19 36 68 118 220 372 582 893
25 3 6 12 27 53 102 175 285 437 645 975
26 4 9 18 30 46 67 104 165 262 402 615
27 3 5 12 26 53 97 160 252 384 566 864
28 3 5 9 21 47 80 135 220 338 507 754
29 4 6 13 25 45 80 132 196 273 431 708
30 3 7 9 19 47 91 147 238 356 517 770
Ave 50 85 136 218 340 517 802
B 020 | 019 | 019 | 021 | 021 | 019 | 0.16
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Table C.16. Calculation of p,, system 6, 3D viscoelastic system, BC soil

Bin
1 | 2 3 | a4 5 | 6 7 g | o | 10 | n
GM Maximum resultant displacement (mm)
1 6 12 19 29 41 56 74 99 129 168 225
2 7 12 20 31 44 59 79 105 137 179 240
3 5 9 14 22 31 42 55 74 96 125 168
4 6 11 19 28 40 55 72 97 126 165 221
5 6 11 17 26 37 50 66 89 116 151 203
6 7 14 23 35 50 68 89 120 156 203 273
7 5 10 16 24 34 46 61 81 106 139 186
8 6 12 19 29 41 55 73 98 127 166 223
9 6 12 20 31 43 59 77 104 136 177 237
10 5 10 16 25 35 47 62 83 109 142 190
11 7 13 20 31 44 60 79 106 138 180 242
12 5 9 15 22 32 43 57 76 100 130 174
13 5 9 15 23 33 45 60 80 104 136 182
14 6 11 18 27 38 52 68 92 120 156 209
15 6 12 19 29 41 55 73 97 127 165 222
16 5 9 15 22 32 43 57 76 99 129 174
17 5 10 15 24 34 45 60 80 105 137 183
18 5 10 17 26 36 49 65 87 114 148 199
19 6 12 19 30 42 57 76 101 132 172 231
20 5 10 16 25 35 48 63 85 111 144 193
21 4 8 14 21 29 40 53 71 92 120 161
22 5 9 15 23 33 45 59 80 104 135 181
23 5 9 15 23 33 45 59 79 104 135 181
24 5 10 17 25 36 49 64 86 113 147 197
25 5 10 16 25 35 48 63 84 110 144 193
26 5 9 15 23 33 45 59 80 104 136 182
27 6 12 19 29 41 56 73 99 129 168 225
28 5 10 16 25 35 47 62 84 109 142 191
29 6 12 19 30 42 57 75 101 132 172 231
30 5 10 16 25 35 47 63 84 109 143 191
Ave 37 50 67 89

B 013 | 013 | 013 | 013
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Table C.17. Calculation of p,, system 1, 2-second linear system, 5% damping, CD soil

Bin
1 | 2 3 s | s | e | 7] 8 ] o | 10| n
GM Maximum resultant displacement (mm)
1 29 56 91 136 195 267 355 462 616 808 1054
2 30 58 93 140 200 274 365 474 633 831 1083
3 32 61 98 147 211 289 384 500 667 875 1141
4 32 62 100 150 214 293 390 507 677 889 1158
5 37 71 115 173 247 339 450 586 782 1026 1338
6 37 71 116 173 248 340 452 588 785 1030 | 1343
7 33 64 103 155 221 303 403 524 700 919 1197
8 33 63 101 152 218 298 397 516 689 904 1178
9 29 55 89 133 191 261 347 452 603 791 1032
10 36 69 112 168 240 329 438 569 760 997 1300
11 35 68 110 164 235 322 428 557 744 976 1272
12 30 57 92 137 197 269 358 466 622 816 1064
13 38 72 117 176 252 345 459 597 797 1045 | 1363
14 29 55 89 134 192 262 349 454 606 795 1037
15 41 78 126 189 270 370 492 640 855 1122 | 1462
16 37 70 113 170 244 334 444 577 771 1011 | 1319
17 34 65 105 158 226 310 412 536 716 939 1223
18 32 61 99 148 212 290 386 502 670 879 1146
19 37 70 113 170 244 334 444 577 771 1011 | 1318
20 34 65 105 157 225 308 410 533 712 934 1217
21 29 56 91 136 195 268 356 463 618 811 1057
22 34 64 104 156 223 305 406 528 705 925 1206
23 31 59 96 144 206 283 376 489 653 856 1116
24 37 70 114 171 244 334 445 578 772 1013 | 1321
25 30 58 94 140 201 275 366 476 636 834 1088
26 29 56 91 137 196 268 357 464 619 812 1059
27 33 63 102 153 218 299 398 518 691 907 1182
28 40 76 123 185 264 362 482 627 837 1097 | 1430
29 31 60 96 145 207 284 377 491 655 859 1120
30 34 65 105 158 226 310 412 536 716 939 1224
Ave 222 304 405 526
B 010 | 010 | 0.10 | 0.10
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Table C.18. Calculation of p,, system 2, 2-second sliding system, CD soil

Bin
1 | 2 3 | a4 5 | 6 7 g | o | 10 | n
GM Maximum resultant displacement (mm)
1 5 13 43 88 145 221 314 435 638 884 1194
2 4 8 25 62 126 217 329 465 654 880 1204
3 6 19 45 83 136 210 304 431 618 851 1146
4 4 13 36 77 137 216 314 443 630 867 1175
5 3 7 22 55 109 177 264 390 663 1020 1493
6 4 9 30 70 138 228 340 481 697 1016 1438
7 3 7 20 46 98 180 287 422 617 890 1342
8 4 11 23 49 85 143 215 329 567 922 1361
9 3 8 19 30 58 107 182 320 520 775 1152
10 4 7 17 38 103 197 306 467 726 1048 1456
11 5 20 50 95 160 246 356 493 699 982 1346
12 4 11 34 71 120 194 286 397 546 731 1061
13 3 9 28 63 139 238 360 515 741 1031 1408
14 6 16 26 33 64 108 201 325 510 740 1028
15 6 24 53 105 178 278 405 566 800 1096 1478
16 4 10 40 92 164 258 377 523 760 1052 1422
17 4 12 29 57 108 198 326 488 715 991 1334
18 3 5 14 33 74 136 241 376 572 821 1202
19 4 9 24 62 114 183 275 421 644 935 1326
20 4 14 35 63 98 128 165 282 523 896 1425
21 3 12 41 88 151 229 315 421 591 821 1122
22 3 5 16 33 65 141 260 410 630 916 1286
23 4 10 26 52 90 143 235 370 580 849 1199
24 3 10 27 53 92 187 329 507 750 1043 1404
25 5 10 27 56 112 190 288 413 595 828 1138
26 3 11 23 49 85 161 259 381 555 853 1244
27 3 9 25 60 107 176 281 424 637 899 1226
28 4 14 35 71 129 227 348 560 861 1235 1708
29 2 6 13 42 97 190 306 440 626 854 1148
30 4 7 19 49 95 157 251 377 585 881 1279
Ave 113 189 291 429
B 028 | 024 | 021 | 0.16
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Table C.19. Calculation of p,, system 3, 2-second linear system with FVDs, CD soil

Bin
1 | 2 3 s | s | e | 7] 8 ] o | 10| n
GM Maximum resultant displacement (mm)
1 7 23 49 85 133 194 270 364 500 673 895
2 7 22 46 79 125 193 277 383 534 724 968
3 9 24 50 87 138 206 291 398 552 748 1000
4 8 23 47 84 136 202 284 388 543 741 996
5 7 22 46 80 126 185 260 354 490 665 894
6 7 20 41 76 129 199 288 402 569 784 1064
7 6 18 40 72 118 179 257 358 508 701 953
8 6 16 31 52 87 131 188 263 375 540 764
9 5 12 27 50 81 123 175 253 378 541 757
10 4 16 37 69 117 182 265 370 522 716 965
11 12 32 62 105 162 237 331 451 623 842 1126
12 9 26 52 88 137 200 278 377 518 697 927
13 6 18 40 75 129 202 295 414 588 811 1102
14 5 11 25 49 88 142 214 307 442 617 843
15 10 30 61 107 169 252 358 490 683 930 1249
16 9 29 62 109 171 252 352 476 653 876 1161
17 6 16 36 65 113 185 275 390 556 766 1038
18 4 13 30 56 94 153 229 327 470 656 898
19 8 24 48 83 129 189 268 373 530 736 1007
20 7 18 34 54 78 110 168 246 358 502 719
21 9 27 56 95 146 210 290 389 531 711 944
22 4 11 23 46 83 138 212 307 450 637 883
23 7 16 34 65 108 166 239 331 465 634 851
24 7 18 34 59 105 174 264 382 557 783 1075
25 6 17 41 76 123 184 260 354 490 666 896
26 6 16 33 58 98 155 227 318 450 617 832
27 6 20 42 76 126 193 280 301 552 757 1021
28 8 21 45 78 130 199 286 395 554 757 1020
29 4 12 32 65 114 179 260 361 508 692 930
30 5 16 34 60 97 147 216 307 442 621 860
Ave 120 182 262 364
B 021 | 019 | 0.18 | 0.16
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Table C.20. Calculation of p,, system 4, 2-second sliding system with FVDs, CD soil

Bin
1 | 2 3 s | s | e | 7] 8 ] o | 10| n
GM Maximum resultant displacement (mm)
1 2 7 20 51 98 162 245 350 503 697 941
2 2 6 15 36 76 135 214 335 512 737 1025
3 2 9 27 56 98 158 237 341 500 714 995
4 2 7 20 47 91 151 236 347 508 719 1003
5 2 6 13 32 68 126 201 297 439 622 864
6 3 5 13 37 74 135 227 347 526 759 1066
7 2 5 13 28 55 105 180 284 442 651 932
8 2 7 17 33 57 94 143 220 336 488 719
9 2 5 12 25 42 65 114 184 287 460 735
10 2 6 10 21 42 98 181 294 466 683 968
11 2 10 31 66 119 191 285 407 586 816 1116
12 2 5 17 45 88 147 224 325 474 660 897
13 2 4 12 34 71 126 225 357 552 805 1141
14 3 10 20 33 43 71 111 184 325 521 786
15 2 10 33 68 122 200 305 442 649 918 1270
16 2 5 19 53 109 188 292 424 618 865 1181
17 2 6 18 37 67 112 171 295 492 751 1082
18 2 3 8 17 38 79 137 217 375 585 866
19 2 5 11 35 78 136 209 304 449 658 964
20 1 7 22 44 77 117 159 209 262 424 662
21 2 7 21 53 105 175 262 371 523 706 954
22 1 4 9 17 36 64 113 206 367 593 895
23 2 5 15 33 59 101 156 246 389 578 824
24 1 4 15 37 66 105 158 268 467 735 1093
25 3 9 17 36 67 118 201 308 462 657 917
26 1 6 17 32 60 100 154 249 402 600 855
27 2 7 14 32 70 123 192 294 461 688 996
28 1 6 20 44 80 138 219 344 530 770 1145
29 1 4 9 20 43 93 173 291 469 691 971
30 2 5 11 24 55 100 162 242 383 579 856
Ave 72 124 196 299
B 033 | 030 | 027 | 023
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Table C.21. Calculation of p,, system 5, 3-second sliding system, CD soil

Bin
1 | 2 3 | a4 5 | 6 7 g | o | 10 | n
GM Maximum resultant displacement (mm)
1 5 15 49 94 143 219 332 482 705 1031 | 1490
2 4 9 31 85 160 259 384 540 767 1093 | 1548
3 6 21 50 99 165 264 390 559 868 1330 | 1942
4 5 15 44 92 162 256 375 527 755 1060 | 1457
5 4 7 24 65 144 257 407 603 896 1275 | 1763
6 4 10 36 74 135 230 347 509 754 1250 | 1902
7 3 7 24 59 113 203 322 477 753 1106 | 1553
8 4 12 28 54 92 149 224 419 774 1258 | 1903
9 3 9 21 43 67 131 230 358 578 910 1376
10 4 9 18 38 104 203 328 493 739 1163 | 1786
11 5 22 57 115 200 315 459 637 930 1324 | 1886
12 5 12 40 83 156 264 397 567 830 1190 | 1666
13 3 10 30 71 132 211 308 445 675 1051 | 1539
14 7 17 26 37 77 157 286 440 637 986 1451
15 6 26 54 112 198 310 445 627 905 1268 | 1784
16 5 10 47 113 207 327 475 664 939 1299 | 1797
17 4 12 33 69 114 194 341 538 819 1178 | 1628
18 3 7 16 38 110 213 342 504 768 1139 | 1632
19 4 10 23 69 137 229 344 494 731 1033 | 1420
20 4 13 32 65 108 150 218 365 577 841 1278
21 4 11 44 100 179 281 407 568 818 1171 | 1662
22 4 6 17 37 67 122 204 363 630 997 1492
23 4 11 30 60 103 165 271 405 625 958 1451
24 4 10 27 58 104 160 279 419 633 972 1398
25 6 13 27 59 103 216 383 596 907 1303 | 1809
26 3 11 23 50 82 143 260 446 734 1102 | 1572
27 4 12 27 67 120 198 306 448 720 1088 | 1569
28 4 15 43 88 164 266 434 657 082 1401 | 1955
29 3 7 15 42 96 215 348 511 748 1067 | 1601
30 5 8 20 56 108 172 257 394 636 979 1401
Ave 128 216 337 502
B 030 | 026 | 023 | 0.18
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Table C.22. Calculation of p,, system 6, 3D viscoelastic system, CD soil

Bin
1 | 2 3 s | s | e | 7] 8 ] o | 10| n
GM Maximum resultant displacement (mm)
1 12 23 38 57 81 111 148 193 257 338 440
2 10 19 30 46 65 89 119 155 206 271 353
3 13 25 40 60 87 119 158 205 274 359 468
4 11 21 34 51 73 100 133 173 231 303 395
5 10 18 30 45 64 88 117 152 203 266 346
6 11 20 33 49 70 96 128 167 223 292 381
7 11 21 33 50 72 98 131 170 227 298 388
8 9 17 27 40 57 79 105 136 182 238 311
9 9 18 29 43 61 84 112 145 194 254 331
10 9 17 28 41 59 81 108 140 187 245 320
11 13 25 41 61 88 120 160 208 278 365 476
12 11 21 34 51 72 99 132 172 229 301 392
13 14 26 42 63 90 124 165 214 286 375 489
14 9 16 27 40 57 78 104 136 181 237 310
15 16 30 49 73 105 144 191 248 332 435 567
16 13 25 40 60 86 117 156 203 271 355 463
17 10 20 32 48 69 94 125 162 217 284 371
18 8 15 24 36 51 70 94 122 163 214 278
19 10 19 31 47 67 92 122 159 212 279 363
20 11 20 33 49 70 96 128 167 222 292 380
21 13 24 39 59 84 115 153 199 266 349 455
22 8 15 24 35 50 69 92 120 160 209 273
23 10 20 32 49 69 95 127 165 220 288 376
24 10 19 30 45 65 89 119 154 206 270 352
25 10 19 30 45 65 89 118 154 205 269 351
26 9 17 28 42 61 83 110 144 192 251 328
27 9 17 28 42 61 83 110 144 192 251 328
28 11 21 33 50 72 98 131 170 227 298 389
29 9 17 27 41 58 80 106 138 184 242 315
30 9 17 27 40 58 79 105 137 182 239 312
Ave 70 95 127 165

B 017 | 017 | 017 | 017
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APPENDIX D
GENERATING A SEISMIC DISPLACEMENT DEMAND CURVE

D.1  Purpose

This appendix builds on Section 5 and provides information on the selection of ground motion intensities
to support response-history analysis and performance calculations (Section D.2), and the generation of a
displacement demand curve for a specific isolation system (Section D.3). An alternate approach for
generating a displacement demand curve is presented in Section D.4. Section D.5 presents the rationale

behind the use of 11 ground motions for analysis as recommended in Section 5.2.2.

D.2  Selecting Ground Motion Intensities

A site, soil class, and TPG are assumed to illustrate the selection of ground motion intensities for response-
history analysis: soil BC, Clinch River, and 4 x 10° (=1/25,000), respectively. The UHRS for the Clinch
River site, a BC soil, and a return period of 25,000 years (the reciprocal of the TPG), used also for the
analyses in Section 5, is presented in Figure D.1. The 30 sets of two horizontal component, spectrally

matched ground motions, used in Section 5, are adopted herein.

N
&)

N

Spectral acceleration (g)
- 4]

o
&)l

0 1 2 3 4
Period (sec)

Figure D.1. Uniform hazard response spectra, BC soil, Clinch
River
Figure D.2 presents the 2-second seismic hazard curve for BC soil at Clinch River. Note that the ticks on
the vertical scale of the plot are in a base-10 log scale, termed log scale hereafter. The 2-second hazard
curve is chosen here for ground-motion scaling because longer period, 2D seismic isolation systems are a
focus of this report. (Prior studies (Yu et al. 2018) make clear that risk outcomes are not sensitive to the
choice of period attached to the seismic hazard curve, which is 2 seconds here.) The logarithm of the TPG
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is marked on the vertical axis of the plot and the corresponding spectral acceleration is marked as SAreg On
the horizontal axis.
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Figure D.2. 2-second hazard curve, BC soil, calculation of scale factors for return periods other
than 25000 years, TPG = 4x10™

This section answers two questions: 1) what span of return periods in log space, around the TPG, should
be considered for analysis? and 2) how many ground motion intensities (bins) should be considered to
accurately capture the risk? See Figure C.2 where a span of 4 decades and eleven bins of equal width in log
space on the vertical scale are shown. The boundaries of the eleven bins are defined by twelve equally
spaced points in the closed interval [log(TPG) - span/2, log(TPG) + span/2], such that the width of each
bin is 0.364 (=span/11=4/11) in log space. For this example, log (TPG) = -4.4, log (TPG) - span/2 = -4.4 -
4/2 = -6.4, and 104 =4 x 107, as shown in the figure.

Table D.1 presents the data associated with the bins shown in Figure D.2. To explain the data presented in
the table, bin 4 is considered here. The boundaries of the bin on the MAFE axis, in log space, are defined
by -3.48 and -3.85. The center of the bin on the MAFE axis in log space is then defined by the average of -
3.48 and -3.85, that is, -3.67. The width of a bin on the MAFE axis in linear space is denoted as AE' . For
i=4, AE' is obtained by subtracting 1038 from 102, Similarly, for bin 6, the boundaries are defined
by -4.21 and -4.57 in log space and the center of the bin on the MAFE axis in log space is the average of -
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4.21 and -4.57, that is -4.40. (Bin 6 is centered on the TPG. The logarithm of 4 x 10%is -4.40.) The MAFE

and the 2-second spectral acceleration associated with the i"-bin, denoted E' and SA', respectively, in

Figure C.2, are read from the plot at the center of the i"™-bin in log space (red dots in Figure D.2).

Table D.1. Defining eleven bins on the 2-second hazard curve of Figure D.2

Bin Bin boundaries, MAFE at Width o_f bin, ZS-Seegt(; 2? Scale
number MAFE, log center of bin, MAF, linear acceleration at facto_r for
space log space space center of bin (g) motions
1 (-2.39, -2.76) -2.58 2.27x10°® 0.02 0.13
2 (-2.76, -3.12) -2.94 9.82x10* 0.03 0.19
3 (-3.12, -3.48) -3.31 4.25x10* 0.05 0.31
4 (-3.48, -3.85) -3.67 1.84x10* 0.08 0.50
5 (-3.85,-4.21) -4.03 7.97x10° 0.12 0.75
6 (-4.21, -4.57) -4.40 3.45x10° 0.16 1.00
7 (-4.57, -4.94) -4.76 1.49x10° 0.21 1.31
8 (-4.94, -5.30) -5.13 6.46x10° 0.28 1.75
9 (-5.30, -5.67) -5.49 2.80x10® 0.36 2.25
10 (-5.67, -6.03) -5.85 1.21x10® 0.47 2.94
11 (-6.03, -6.39) -6.22 5.24x107 0.63 3.94

There are options for scaling ground motions to E' for response-history analysis of the 2DOF model of the
isolation system to produce a displacement demand curve, including: 1) use one spectral shape appropriate

for the 4 decades in frequency space, and amplitude scale the motions generated for TPG shaking for the
ith-bin by SA'/ SA.. , and 2) characterize spectral space by decade, generate sets of two-component ground

motions (i.e., H1, H2) for use in each decade, and scale the motions in each bin to E'. Option 1 is sufficient
for these example calculations because the displacement response of the isolation system is dependent on
spectral demands in a narrow frequency band. Thirty sets of motions (i.e., more than 11) are used for the

analysis described below for the reason given in Section 5.2.2.

Risk calculations are made for three combinations of span and number of bins for Systems 2 (2-second
nonlinear) and 5 (3-second nonlinear) per Table 4.4, considering BC and CD soil, respectively. The three
combinations of span and number of bins are 3 and 11, 4 and 11, and 5 and 21. (The choice of an odd

number for the number of bins is only for reasons of presentation as it ensures that one bin is centered at
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the TPG; see Figure D.2 where 11 bins are shown, and the 6" bin is centered on TPG.) The three chosen
combinations represent increasing levels of computational effort, with the first and the third combinations
being the least and the most computationally expensive, respectively. The first combination (span = 3, and
number of bins = 11) represents a narrow range of MAFE on the 2-second hazard curve and a fine
discretization in terms of ground motion intensities chosen for analysis, whereas the third combination
(span = 5, and number of bins = 21) represents a wide range of MAFE and a very fine discretization in

terms of ground motion intensities.

Table D.2 presents risk results for the two isolation systems on two different soils and the three
combinations of span and number of bins described above. Displacements calculated using spectrally
matched motions are increased by a factor of 1.2 to address variability in horizontal shaking about the
geometric mean and in isolator and damper properties per Section 5 and Appendix C. Calculations are
presented for isolation systems with different median displacement capacities. The recommended default

composite logarithmic standard deviation per Section 5 and Appendix C is used here, namely, g =0.35.

The benchmark is combination 3, although it must be noted that uncertainty drives seismic hazard
calculations for small MAFE, and that the risk number for combination 3 is likely no truer than that for

combination 2.

The risk numbers presented in Table D.2 indicate that the first combination of span and number of bins
(i.e., span = 3, bins = 11) results in values smaller than those resulting from combination 3 (span = 5, bins

= 21). However, the differences in risk calculated using combinations 2 and 3 are negligible.
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Table D.2. Risk calculations, three combinations of span and bins, two isolation systems,

£=0.35
] MAF of unacceptable performance!
Isolation _ Median Combinati
system displacement € (;r: _'gaté?gsl_ Combination 2 Combination 3
Capacity P _115 ~ | (span =4, bins=11) | (span =5, bins = 21)
8.9 x 10° 1.0 x 10°
System 2, 2- 200 mm 1.0 x 10°
second (-11%) (0%)
nonlinear 5 6
N 5.3x10 6.5x 10
BC soil 250 mm (-20%) (-4%) 6.8 x 10°
- 0 =470
3.5x10° 3.6 x10°
System 5, 3- 300 mm . . 3.6 x 10°
second (-3%) (0%)
nonlinear, 2.6 x 10 2.8 x10°%
CD soil 350 mm '(_7%) .(0%) 2.8x10°

1. Values in parenthesis indicate differences with respect to results from Combination 3

Risk calculations should be performed using eleven bins of ground motions, spanning 4 decades of MAFE

in log space, of equal width in log space.

D.3  Adjustments to the Seismic Displacement Demand Curve

The analysis performed in this report to generate a seismic displacement demand curve is analogous to set
GO per Huang et al. (2013), namely, analysis of a best estimate model of an isolation system using ground
motions spectrally matched to a geometric mean spectrum. Adjustments are made to this displacement
demand curve to address, in part, variability in ground shaking around the geometric mean (see the
discussion in Section A.4) and in the properties of the isolation system. The other part of the variability is
addressed via the logarithmic standard deviation assigned to the fragility function, as noted in Appendix
C.2.2.2 and it is characterized by 3, .

The displacement demand curve generated using spectrally matched motions is increased by the average

value of the ratio 6,,, /6, across Table C.2 through Table C.4, as summarized in Table C.6. The average

value of the ratio is 1.2 and it is recommended for use in generating all seismic displacement demand curves.

D.4  An Alternate Approach for Generating a Seismic Displacement Demand Curve

The recommended approach to generate a seismic displacement demand curve is described in the preceding
sections of this appendix. That approach is referred to as Approach 1 in this subsection. Section 3.5 of this

report recommends the use of 11 sets of three-component ground motions to compute the median
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displacement at each of 11 intensity levels. If 11 sets of motions are used, the dispersion associated with
analysis using spectrally matched horizontal motions, g,, should be set equal to 0.28, as described in
Section C.2.2.2. An alternate approach for generating a displacement demand curve is described herein,
and referred to as Approach 2. Approach 2 involves analysis using 30 sets of ground motions per intensity
level, such that the results of the analyses can be used to generate a displacement demand curve that directly
accounts for the dispersion in displacements associated with the use of spectrally matched horizontal

motions ( 3, ). The procedure to derive such a demand curve is described below.

Eleven (= 1) bins of 30 ground motions are used to generate the displacement demand curve. Displacements
calculated using spectrally matched motions are increased by a factor of 1.2 to address variability in
horizontal shaking about the geometric mean and in isolator and damper properties, as described in Section

D.3. The maximum horizontal displacements corresponding to the ith bin are arranged as a 30 x 1 vector,

D', where i = 1to 11. The vector D' has elements d} organized in increasing order, where j denotes the

index of the ground motion (j = 1 to 30) organized such that d, and d, are the minimum and maximum
displacements in the ith bin, respectively. Each bin is associated with a MAFE (i.e., the ordinate of the red
dot at the center of each bin in Figure D.2). The MAFE associated with the ith bin and the width of the bin

in the linear space are denoted E' and AE', respectively. Approach 2 involves tagging each displacement,
d] with a mean annual frequency of occurrence given by AE} = AE' /ngm, where n is the number of

ground motions in a bin (= 30 here). The displacement demand curve is then defined at a multiple query
displacement points that lie within the range d;, to d,* such that the MAFE associated with a particular

query displacement d__ is the summation of the mean annual frequencies of occurrence associated with

query

displacement data points greater than d__ across all bins. Enough (e.g., 20) query displacements are

query
chosen, and the associated MAFE are calculated to generate a smooth displacement demand curve?. Figure

D.3 illustrates the steps involved in Approach 2.

26 The maximum and the minimum displacements in the first and the last bin are d;, and d;*, respectively. Reliable information
on exceedance frequencies is not available outside this range.
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Figure D.3. Defining a displacement demand curve using results of response-history analysis,
Approach 2

Because the demand curve generated using Approach 2 directly accounts for the dispersion associated with

using spectrally matched horizontal motions, B, can be set equal to O in the calculation of g, per Section

C.2.2.4. That is,

By =B+ By~ Boo) + B+ B2+ B

= J0? +(0.14?) +0.05? +0.05% +0.05?

=0.17
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Thus, the composite logarithmic standard deviation per Section C.2.4 that should be used in performance
calculations adopting Approach 2 is?":

B=\BS +B
-/0.17% +0.05’

=0.18

Figure D.4 and Figure D.5 presents displacement demand curves for three isolation systems generated using
the two approaches for BC and CD soils, respectively, and the Clinch River site, as introduced previously.
Calculations are presented for isolation systems with median displacement capacities of 200 mm and 250

mm. A composite log standard deviation ( ) of 0.35 and 0.18 for Approaches 1 and 2, respectively, is used

here. Table D.3 presents the corresponding risk calculations, with Approach 1 serving as a benchmark. The
risk estimates from the two approaches do not differ significantly, but those from Approach 1 are higher.

Therefore, either approach could be used, but Approach 1 is simpler and is thus recommended.

27 The value of = 0.18 could be rounded to the nearest 0.05 per Approach 1, namely, to 0.20, but 0.18 is used for the calculations presented
herein.
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Table D.3. Performance calculations using two approaches for generating demand curve, Clinch
River, BC soil, g =0.35 for Approach 1 and 0.18 for Approach 2

(a) BC soail
Median MAF of unacceptable
displacement performance Percent difference
capacity (mm) | Approach 1 | Approach 2
S 200 6.6x105 | 5.4x10% 24
2-sec linear isolation system
250 3.7x10°% 2.8x10° 32
2-second sliding isolation 200 1.0x10° | 84x10° 21
system 250 6.5x10° | 51x10° 27
2-sec linear isolation system +. 200 11x10° | 86x10° 26
nonlinear FVDs 250 6.3x10% | 4.6x10° 35
(b) CD soil
S 200 24x10% | 2.1x10* 14
2-sec linear isolation system
250 1.5x10* 1.2x10* 21
2-second sliding isolation 200 58x10° | 54x10° !
system 250 40%x10° | 3.7x10° 7
2-sec nonlinear system + 200 2.8x10° | 2.6%10° 10
nonlinear FVDs 250 1.9%10% | 1.6x10° 13

D.5 Rationale for Using Eleven Sets of Ground Motions per Intensity Level

Appendix C of Huang et al. (2008) presents a detailed discussion on the number of ground motions, n, that
should be used in an intensity-based assessment to bound the median displacement response with a given
level of confidence. Huang et al. (2008) notes that the number n is a function of the required accuracy of
the response (e.g., 1 + X of the true value) and the required confidence in the estimate (e.g., Z%). Both X
and Z are related to the dispersion in the displacement response ( 8, per Appendix C of this report).

Equation C.8 in Huang et al. relates n, X, Z, and g, and is reproduced below:

a4 o
o (1_2)ﬁ0

X

2

nN=
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where @ is the inverse standard normal distribution and « is equal to1-Z% . Estimates of g, for
different isolation systems were presented in Table C.5. On average, S,= 0.18 across all isolation systems
and the two soil types considered in this report. (The largest of all g, values in Table C.5 was used in the
derivation of dispersions.) Using ,=0.18, X = 0.1 (i.e., selecting the bounds as + 10% of the true value),

and Z = 90% (i.e., 90% confidence in the 1 + X interval), n = 11. Thus, using 11 sets of motions ensures a
90% confidence that the obtained median response is within 10% of the true value.
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APPENDIX E
ISOLATION SYSTEM OPTIONS

E.1 Introduction

The purpose of this appendix is to illustrate isolation-system options available to engineers and analysts,
and how a system could be selected for a nuclear power plant. The isolation system provides flexibility in
either the two horizontal directions (2D systems) or three directions (3D systems), all between the basemat
and the foundation. The flexibility increases the fundamental period of the reactor building in the direction
of isolation, which substantially reduces earthquake-induced accelerations on the superstructure,
accompanied by an increase in displacements across the isolation plane, as described in Figure 4.3. Viscous

damping can be added to the isolation system to control displacements.

The reactor building and internal equipment presented in Section 4.2 and shaking for the Clinch River site
described in Appendix A, are used to illustrate the opportunities and tradeoffs associated with the choice of
a base isolation system. Cost is not addressed. The building is assumed to be supported by 17 identical
isolators below the basemat, as shown in Figure 4.4. Multiple seismic isolation solutions are considered,
and some include nonlinear fluid viscous dampers located per Figure 4.4b—four dampers along each
horizontal axis. None of the isolation systems were optimized, which is a project-specific activity.

The numerical model of the isolated building and the equipment presented in Section 4 is used for response-
history analysis. Tri-directional inputs at two levels of ground shaking intensity are used to highlight
outcomes of choosing one isolation system over another. The isolation system is simulated using link
elements, as described in Section 4.4. No attempt is made in this appendix to achieve a TPG for either the

isolation system or the supported equipment.

Sections E.2.2 provides sample results and preliminary observations for isolation-system displacements,
peak in-structure accelerations and acceleration response spectra, and forces in shear walls. Such
information would be used to design isolators and dampers, safety-related equipment, and shear walls,

respectively. Acceleration responses are compared in Section E.2.3 for systems 1 through 7.
E.2 Dynamic Analysis

E.2.1 Introduction

Response-history analysis of the finite element model is performed using SAP2000 (CSI 2020) for the

seven isolation systems identified in Section 4.4, namely:
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2D, 2-second linear system

2D, 2-second nonlinear system

2D, 2-second linear system + 1D nonlinear FVDs
2D, 2-second nonlinear system + 1D nonlinear FVDs
2D, 3-second nonlinear system

3D linear system + viscoelastic dampers

N o a k~ w b PE

3D isolation system composed of 2D 2-second nonlinear isolators, and vertically guided spring

isolators and 1D nonlinear FVDs
where the 2D nonlinear systems could be composed of either sliding bearings or LR bearings.

Thirty sets of input motions spectrally matched to the 25,000-year UHRS at the Clinch River site for soil
CD shown in Figure E.1 are used for the analysis. Per Figure E.1, the geomean, horizontal, peak ground
acceleration (PGA) is 1 g, and the vertical PGA is 0.67 g. Detailed information on the generation of the
ground motion time series is presented in Appendix A. The spectrally matched motions are also amplitude
scaled by a factor of 0.5 (50% UHRS), and both shaking levels, 50% and 100% UHRS, are used for the
dynamic analysis. The PGAs for the two shaking levels in the horizontal and vertical directions (H, V) are
(0.59,0.33g) and (1 g, 0.67 g). The MAFE for the 100% UHRS is 4 x 10 (reciprocal of 25,000 years),
and that for 50% UHRS is approximately 10, per the horizontal PGA hazard curves shown in Figure A.1
for the CD site. Parenthetically, 10* and 4x 10° are the TPGs per ASCE/SEI 43-19 (ASCE 2021) for

Seismic Design Categories 3 and 4, respectively.
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Figure E.1. UHRS for 25,000 years, geomean horizontal and vertical shaking, VV/H=0.67, Clinch
River site, CD site, 5% of critical damping (repeating Figure A.3)
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Section E.2.2 provides sample results and preliminary observations for isolation-system displacements, in-
structure accelerations, and response spectra of the reactor building. These responses are compared in
Section E.2.3 for systems 1 through 7.

E.2.2 Sample results and observations

Horizontal response data are presented in three formats in this section and Section E.2.3. Resultant

horizontal isolation-system displacement and floor acceleration for a given input motion are computed at
each time step in a response-history analysis (i.e., r(t) = \/x(t)z +Yy(t)*), and the maximum value for all

time steps is used for subsequent calculations. Geometric mean (or geomean; Sa__) acceleration response

geo

spectra are computed frequency by frequency as Sa,,, =, /SaX -Sa, . SRSS acceleration response spectra

are computed frequency by frequency as Saggs = /Sax2 + Say2 .

Figure E.2 presents x, y, geomean, and SRSS spectra on the basemat for one input motion and isolation
system. The ordinates of the geomean spectrum lay between those of the x and y spectra. The ordinates of
the SRSS spectra are greater than those of the x and y spectra.

All subsequent horizontal acceleration response spectra in this appendix are geomean, to present a
composite of the responses in the x and y directions. Isolation-system displacements and accelerations on
the building and equipment are reported in the three translational directions, for the seven systems and two
shaking levels. The geomean horizontal and vertical PGAs of the inputs for the two shaking levels are (H,
V)=(0.5¢g,0.33g)and (1 g, 0.67 g).
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Figure E.2. Acceleration spectra (Sa), x-directional, y-directional, and geomean, and SRSS, one
input motion, center of the basemat, system 1, 5% of critical damping, horizontal PGA=1 g,
vertical PGA =0.67 g
Table E.1 presents the means of the maximum horizontal displacements for the 30 inputs and the two
shaking levels. The displacements along the two principal axes (x and y; 2nd and 3rd columns) for each
isolation system are essentially identical. The resultant of the two components is calculated at each time
step, as noted above, and the mean of the 30 maxima is presented in the 4th column. For the linear systems
1 and 6, the x, y, and resultant displacements are doubled as the shaking intensity is increased from 0.5 g to
1 g. For the nonlinear systems (2, 3, 4, 5, and 7), the percentage increase in the displacements with the
doubling of the input is more significant; the 1.0-g displacements are 2.5 to 3.6 times their 0.5-g

counterparts.

The gravity-load vertical displacement of the 3D isolation systems 6 and 7 is 40 mm (in compression)—a
design decision that is a function of the frequency of the vertical isolation system. For these two systems,
the mean maximum vertical displacements generated by the vertical inputs at the two shaking intensities
are less than 21 mm, and so no uplift occurs. The vertical displacements of the five 2D systems are small
due to their high vertical stiffness (and thus short period: 0.03 second (36 Hz) and 0.04 second (26 Hz) per
Table 4.5).
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Table E.1. Mean maximum horizontal isolation-system displacements, units of mm, 30 inputs, seven
isolation systems per Section E.2.1

@ PGA=05¢g
Isolation system X y Resultant

1 128 128 152
2 46 47 58
3 59 59 71
4 28 29 36
5 52 53 67
6 39 39 48
7 45 46 57

(b PGA=1.09¢g
1 256 257 304
2 152 152 191
3 150 151 182
4 99 100 124
5 175 177 218
6 79 79 96
7 151 150 189

Accelerations and in-structure spectra are monitored at the locations listed below, and identified in Figure

E.3, to enable a comparison of results for different isolation systems:

A: center of the basemat, at the point of support of the reactor vessel

e B: center of the reactor head, at the point of support of head-mounted equipment
e C: 10 Hz oscillator mounted on the reactor head

e D: 20 Hz oscillator mounted on the reactor head

e E: upper support of RVACS, inside of shield wall

e [ center of the head to the reactor shield structure

G: point of attachment of the bridge crane on the steel frame
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Figure E.3. Finite element model of the reactor building, response-monitoring locations (A
through G) identified using red dots

Table E.2 and Table E.3 present the mean maximum horizontal and vertical accelerations, respectively, for
the 30 inputs, two shaking levels, seven systems, and seven monitoring locations. As the shaking intensity
increases from PGA = 0.5 g to PGA = 1 g, the acceleration at each monitoring location doubles for the two
linear systems (1 and 6), but not for the five nonlinear systems, for which the trends are obscured by a) the
coupled dynamics of the building and the equipment, b) the bilinear response of the isolators, and c) the
nonlinear response of the dampers. Per Table E.2, all of the maximum accelerations on the basemat
(location A) are substantially smaller than the PGA: between 0.11 gand 0.19 g (0.23 g and 0.41 g) for PGA
=0.59 (1 g). Comparisons of the 7 systems are provided in Section E.2.3.

Figure E.4 presents the mean of 30, 5% damped, geomean horizontal and vertical response spectra (Sa ) at
the center of the basemat (location A) and the reactor head (location B), for the seven systems and a PGA
of 1 g. The spectra in Figure E.4 are plotted to 50 Hz. Per Figure E.4a, for frequencies greater than 5 Hz,
which are often associated with equipment, the spectral accelerations on the basemat are generally less than
one-half of the PGA. Some of the spectral peaks in Figure E.4a are associated with the lateral frequencies
of the isolation systems (0.5 Hz for systems 1, 2, 3, and 7, 0.9 Hz for system 6), coupled vertical-horizontal
response of the isolation system (2.5 Hz for systems 6 and 7; 20 Hz and 30 Hz for systems 2, 4, and 5) and
building response (10 Hz). The spectral peaks in Figure E.4b are at the lateral frequencies of the isolation

system and around 12 Hz, which is the lateral frequency of the reactor vessel.

In Figure E.4c, the spectral peaks for systems 6 and 7 are at the vertical frequencies of the isolation systems,
namely, 2.5 Hz. (Greater reductions in spectral acceleration at 2.5 Hz could be achieved for system 7 by

increasing either the number of vertical dampers per isolator from 1 to 2 or C, for each vertical damper.)
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Per Table A.1, the vertical (and horizontal) UHRS ordinate peaks between 10 Hz and 20 Hz, and the
ordinates are essentially constant in that range. Per Section 4.4.3, much of the vertical mass in the isolated
building is associated with modes around 18 Hz for the linear isolation systems 1 and 3 (=58%) and around
20 Hz for the bilinear isolation systems 2, 4, and 5 (=43%). The spectral peaks at 18 and 20 Hz in Figure
E.4c and Figure E.4d for systems 1 to 5 are a consequence of significant modal response at the peak of the
vertical ground motion spectrum. (Such responses could be substantially reduced by adjusting the vertical
stiffness of the isolators, adding damping in the vertical direction, or vertically isolating per systems 6 and
7.) For frequencies greater than 5 Hz, the vertical spectral demands for systems 6 and 7 are less than those

for the other systems.

Table E.4 presents the peak ordinate of the mean of 30 geomean horizontal spectra over a frequency range
of 5 Hz to 50 Hz, for the two shaking levels, seven systems, and seven monitoring locations. (Five to 50
Hz is chosen here as a range for equipment qualification.) Using location B, system 4, and a horizontal
PGA=1 g as an example, the spectral acceleration presented in Table E.4b is 1.51 g, which is the peak

ordinate of the red dash-dotted line shown in Figure E.4b.
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Table E.2. Mean maximum horizontal acceleration, resultant of the two components, units of g,
30 inputs, seven locations, seven isolation systems per Section E.2.1

(a) Horizontal PGA = 0.5 g, vertical PGA = 0.33 g

Isolation A B c D E = G

system
1 0.16 0.16 0.17 0.16 0.16 0.16 0.68
2 0.16 0.20 0.87 0.44 0.17 0.25 0.81
3 0.11 0.15 0.53 0.32 0.11 0.15 0.71
4 0.19 0.27 1.20 0.58 0.17 0.32 0.92
5 0.15 0.19 0.87 0.42 0.14 0.24 0.80
6 0.18 0.20 0.42 0.26 0.19 0.25 0.37
7 0.15 0.18 0.98 0.36 0.12 0.18 0.40

(b) Horizontal PGA = 1.0 g, vertical PGA =0.67 g

1 0.31 0.31 0.35 0.32 0.32 0.32 1.37
2 0.41 0.44 1.65 1.08 0.44 0.57 1.36
3 0.23 0.26 0.72 0.44 0.23 0.26 1.36
4 0.37 0.42 1.80 0.98 0.38 0.52 1.51
5 0.27 0.31 1.28 0.74 0.30 0.41 1.33
6 0.35 0.41 0.84 0.52 0.38 0.49 0.73
7 0.28 0.29 1.17 0.47 0.26 0.31 0.51

198




Table E.3. Mean maximum vertical accelerations, units of g, 30 inputs, seven locations, seven

isolation systems per Section E.2.1
(a) Horizontal PGA = 0.5 g, vertical PGA=0.33 g

'23'3?2;” A B C D E F G
1 0.38 0.45 0.45 0.45 0.56 0.63 1.23
2 0.33 0.40 0.40 0.40 0.52 0.63 1.31
3 0.36 0.44 0.44 0.44 0.54 0.62 1.28
4 0.33 0.40 0.40 0.40 0.52 0.63 1.31
5 0.33 0.40 0.40 0.40 0.52 0.63 1.30
6 0.27 0.27 0.27 0.27 0.27 0.27 0.30
7 0.24 0.24 0.24 0.24 0.23 0.23 0.30

(b) Horizontal PGA = 1.0 g, vertical PGA =0.67 g
1 0.75 0.91 0.91 0.91 111 1.27 2.45
2 0.70 0.90 0.90 0.90 1.03 1.27 2.64
3 0.73 0.87 0.87 0.87 1.08 1.24 2.57
4 0.68 0.89 0.89 0.89 1.02 1.26 2.63
5 0.70 0.88 0.88 0.88 1.03 1.26 2.62
6 0.53 0.53 0.53 0.53 0.53 0.54 0.59
7 0.53 0.53 0.53 0.53 0.51 0.52 0.58
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Figure E.4. Mean acceleration spectra (Sa) for the 30 inputs, two locations, seven isolation
systems per Section E.2.1, 5% of critical damping, horizontal PGA=1 g, vertical PGA =0.67 ¢
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Table E.4. Maximum of the mean geomean horizontal spectral acceleration, 5 Hz to 50 Hz,
units of g, 30 inputs, seven locations, seven isolation systems per Section E.2.1

(a) Horizontal PGA = 0.5 g, vertical PGA =0.33 g

Isolation system A B C D E F G
1 0.14 0.14 0.33 0.17 0.16 0.16 0.79
2 0.27 0.76 4.40 1.76 0.31 0.92 1.45
3 0.18 0.58 2.48 1.40 0.14 0.56 1.08
4 0.36 1.05 5.79 2.48 0.42 1.17 1.77
5 0.26 0.75 4.32 1.77 0.29 0.90 1.42
6 0.19 0.32 1.97 0.65 0.18 0.27 0.46
7 0.39 0.69 5.37 1.57 0.26 0.46 1.15

(b) Horizontal PGA = 1.0 g, vertical PGA =0.67 g
1 0.27 0.29 0.66 0.34 0.32 0.31 1.57
2 0.73 1.27 7.65 3.00 1.01 1.58 241
3 0.27 0.77 3.27 1.84 0.25 0.72 1.76
4 0.63 1.51 8.54 3.55 0.81 1.68 2.64
5 0.56 1.10 6.34 2.59 0.69 1.30 2.25
6 0.39 0.64 3.93 1.29 0.36 0.54 0.92
7 0.39 0.84 6.00 1.92 0.28 0.55 1.13

Shear walls are key components of the seismic force-resisting system in all NPPs. These walls may be
required to provide functional confinement for some advanced and micro reactor designs, requiring
earthquake-induced damage to be minimal and crack widths to be small. To gage the effect of isolation-
system choice on the seismic response of the isolated superstructure, net shearing forces V, in both the x
and y directions, in the two safety-related perimeter walls (normal to the y and x directions, respectively),
immediately above the basemat, are reported. Table E.5 presents mean maximum shearing forces in kN
(rounded to the nearest 100), % of the reactive building weight W = 8920 tonnes, and average in-plane shear
stress 7 in the MPa. The presented results in the two directions are similar for each system and shaking
level. Note that the limiting design shear stress per ACI 318-19 (2019) is 2.62 MPa (= 380 psi) for 4000 psi
concrete. The in-plane shear stress is computed by dividing a half of the reported shearing force (0.5V ;
two walls in each direction) by the wall length (25 m) and thickness (1.2 m), where the wall thickness was
sized here for protection against wind-borne missiles. All in-plane shear stresses presented in Table E.5 are

significantly less than the limiting design value of 2.62 MPa per ACI 318-19 (2019), making clear that no
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seismic penalty is incurred for the construction of the shear walls in the reactor building, if isolated with
any of the seven systems considered here.

Data such as that presented in Figure E.4 and Table E.2 through Table E.4 could inform the design of
equipment and guide the selection of an isolation system. Alternate outcomes from those presented above
will result from analysis of different a) buildings and equipment, b) seismic hazard and soil type, and c)
isolation systems (e.g., 2D 3-second linear, 2D 2-second bilinear (lead-rubber), 2D 2-second bilinear
(sliding) with alternate 1D nonlinear fluid viscous dampers, 3D hybrid isolation system with vertically

guided spring isolators and alternate 1D nonlinear fluid viscous dampers).

The goal of the above presentation was to make clear that isolation systems have different attributes (e.g.,
larger isolation-system displacements versus smaller accelerations in equipment). Knowledge of equipment
capacities and clearance of the isolated building from adjacent construction, among other factors, may lead
an analyst to choose one isolation system over others, supported by analysis such as that presented above.

The cost of the isolation system and the supporting substructure may too be a consideration.

Section E.2.3 compares responses of different isolation systems, again, not with the goal of recommending
one system over others but rather to provide some insight to a reader with limited experience in the design

of seismic isolation systems.
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Table E.5. Mean maximum shearing forces in perimeter walls, 30 inputs, seven isolation systems
per Section E.2.1

(a) Horizontal PGA = 0.5 g, vertical PGA =0.33 g

x y
'z‘;/':t‘g%” V (kN) %W : (MPa) | V (kN) %W ¢ (MPa)
1 6,400 7 0.11 6,400 7 0.11
2 5,500 6 0.09 5,500 6 0.09
3 4,500 5 0.08 4,500 5 0.08
4 6,300 7 0.11 6,400 7 0.11
5 4,700 5 0.08 4,700 5 0.08
6 7,900 9 0.13 8,100 9 0.13
7 5,300 6 0.09 5,300 6 0.09
(b) Horizontal PGA = 1.0 g, vertical PGA =0.67 ¢
1 12,800 15 0.21 12,800 15 0.21
2 12,400 14 0.21 12,900 15 0.21
3 9,300 11 0.16 9,300 11 0.15
4 11,300 13 0.19 11,500 13 0.19
5 8,500 10 0.14 8,900 10 0.15
6 15,800 18 0.26 16,100 18 0.27
7 11,000 13 0.18 10,800 12 0.18

E.2.3 Comparison between responses for different isolation systems

Some of the responses of the isolated buildings are compared below for systems 1 through 7 using the data
presented in Table E.1, Table E.2 and Table E.3. Spectra for the 7 systems are extracted from Figure E.4 to
enable the comparison. The shaking is represented by horizontal PGA = 1 g and vertical PGA = 0.67 g,

unless noted otherwise.

System 1 versus system 2

Systems 1 and 2 are 2-sec linear and nonlinear systems, respectively. The maximum horizontal
displacement of the nonlinear system is substantially smaller than that of the linear isolation system. This
outcome is expected because the equivalent viscous damping in a bilinear isolation system (system 2) at
small displacements is much greater than 5% (system 1). The peak horizontal accelerations for system 2 at

all 7 monitoring locations are equal to or greater than those for system 1. Figure E.5 presents the mean of
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the 30 geomean spectra at the center of the basemat (location A) and the reactor head (location B) for the
two systems, horizontal PGA=1 g, and 5% of critical damping. The spectral demands for system 2 are
greater than those for system 1 for frequencies higher than 1.5 Hz at both monitoring locations. For system
1, the spectra at locations A and B are essentially identical, both of which peak at the isolation-system
frequency of 0.5 Hz. For system 2, the basemat spectrum peaks at 0.5 Hz (the frequency associated with
sliding of the isolation system) and between 10 and 30 Hz. The spectrum at location B, the reactor head,
peaks for system 2 at the first mode frequency of the reactor vessel (= 12 Hz), which amplifies the horizontal

acceleration at location C, 10-Hz oscillator on the reactor head.
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Figure E.5. Mean acceleration spectra (Sa) for the 30 inputs, geomean horizontal, two locations,
systems 1 and 2, 5% of critical damping, horizontal PGA=1 g, vertical PGA = 0.67 g

System 1 versus system 3

System 3 is composed of the 2-sec linear isolators of system 1 and nonlinear FVDs. The addition of the
dampers reduces the isolation-system displacements by a factor of approximately 1.6. The peak horizontal
accelerations are reduced at locations A, B, E, F, and G by the addition of the dampers, but are increased at
the remaining 2 monitoring locations: 10-Hz and 20-Hz oscillators on the reactor head (C and D). Figure
E.6 presents the mean of the 30 geomean spectra at the center of the basemat (location A) and the reactor
head (location B) for the two systems. Per Figure E.6, the dampers reduce the spectral demand on the
basemat (location A) for frequencies ranging between 0.1 and 50 Hz. On the reactor head, the dampers
suppress the acceleration at the isolation frequency (= 0.5 Hz) but increase the spectral demand for
frequencies between 8 and 19 Hz. The mean maximum aggregate force in the 17 isolators is 23,000 kN and
13,000 kN for systems 1 and 3, respectively, in each horizontal direction. The mean maximum aggregate

force in the 4 dampers along a horizontal axis in system 3 is 4,300 kN.
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Figure E.6. Mean acceleration spectra (Sa) for the 30 inputs, geomean horizontal, two locations,
systems 1 and 3, 5% of critical damping, horizontal PGA=1 g, vertical PGA = 0.67 g

System 2 versus system 4

The addition of nonlinear FVDs to system 2 (resulting in system 4) reduces the already small horizontal
displacements by a factor of approximately 1.6. Maximum accelerations are generally smaller for system
4. Figure E.7 presents the mean of the 30 geomean spectra at locations A and B for the two systems. The

secant stiffness on the bilinear F-u relationship, namely K, of Figure 4.6, is a function of the horizontal
displacement, which changes at each time step for a given input. The value of K, is similar to the first-
slope stiffness, K, at a small displacement, and similar to K, at a large displacement. The frequencies

associated with K, and K, are 4 and 0.5 Hz, respectively. The change in K, , between K, and K

iso, iso,h !

affects spectral shape, as evident in Figure E.7. The isolation-system displacement for system 4 is small (=

99 mm), and so the effect of K, on the spectral shape is greater than for system 2. Accordingly, the spectral

ordinate for system 4 is smaller at 0.5 Hz (associated with K. ) at both locations A and B. The first

iso,h
spectral peak on the basemat shifts from 0.5 Hz (system 2) to 2 Hz (system 4) because the isolation-system
displacements are smaller for system 4. The mean maximum aggregate force in the 17 isolators is 22,000
kN (23,000 kN) and 17,000 kN (17,000 kN) for systems 2 and 4, respectively, in the x (y) direction. The
mean maximum aggregate force in the 4 x- (y-) directional VDDs in system 4 is 3,900 kN (4,000 kN).

System 2 versus system 5

Systems 2 and 5 are composed of nonlinear isolators with T , = 2 and 3 seconds, respectively. The mean

maximum horizontal isolation-system displacements increase with T. The mean maximum horizontal

iso,h *

accelerations at the seven monitoring locations for system 5 are equal to or less than that for system 2.

205



Figure E.8 presents the mean of the 30 geomean spectra at locations A and B for systems 2 and 5. The
spectral demands are smaller for the 3-second sliding isolation system.
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Figure E.7. Mean acceleration spectra (Sa) for the 30 inputs, geomean horizontal, two locations,
systems 2 and 4, 5% of critical damping, horizontal PGA=1 g, vertical PGA = 0.67 g
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Figure E.8. Mean acceleration spectra (Sa) for the 30 inputs, geomean horizontal, two locations,
systems 2 and 5, 5% of critical damping, horizontal PGA=1 g, vertical PGA = 0.67 g

System 1 versus system 6

System 1 is a 2D linear system with T, , =2 seconds. System 6 is a 3D linear system with T,

iso,

=11
seconds and T, , = 0.4 second. Because the horizontal period of system 6 is less than that for system 1 and
is more heavily damped than system 1, the isolation-system displacement is much smaller. Conversely, the
peak horizontal accelerations at all monitoring locations except for G are greater for system 6. Location G
is a point of attachment of the bridge crane to the steel frame, where the horizontal response is affected by
a breathing mode that is excited by the vertical shaking. The peak horizontal acceleration at location G is

much smaller for system 6 because vertical isolation is provided, and the breathing mode is suppressed.
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The peak vertical accelerations at all monitoring locations are smaller for system 6. Figure E.9 presents the
mean of the 30 geomean horizontal and vertical spectra at locations A and B for systems 1 and 6. The
horizontal spectral demands for system 6 are greater than those for system 1 at the two locations for
frequencies between 0.7 and 50 Hz, but the vertical spectral demands are substantially smaller for
frequencies between 4 and 50 Hz. Note that the horizontal spectral demands for both systems are less than
the input horizontal PGA (= 1 g) for frequencies greater than 1 Hz.
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Figure E.9. Mean acceleration spectra (Sa) for the 30 inputs, two locations, systems 1 and 6, 5%
of critical damping, horizontal PGA=1 g, vertical PGA=1¢

System 2 versus system 7

System 7 uses the 2-sec nonlinear isolators of system 2 in the horizontal plane, and 0.4-sec guided spring
isolators and nonlinear F\VVDs for isolation in the vertical direction. The horizontal displacements of systems
2 and 7 are virtually identical, which is an expected outcome. The peak vertical accelerations are smaller in
system 7 because it is isolated and damped in that direction. The peak horizontal accelerations are generally

smaller for system 7 because these responses are related to Q for the sliding isolators (see Figure 4.6),

which is a function of the instantaneous vertical load, namely, gravity + earthquake loading. (The amplitude
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of the vertical earthquake shaking is mitigated by the vertical isolation system that forms part of system 7,
reducing the variation in Q and the transmitted acceleration.)

Figure E.10 presents the mean of the 30 geomean horizontal and vertical spectra at the center of the basemat
(location A) and the reactor head (location B) for the two systems. The fluctuations in the vertical load (i.e.,
gravity £ earthquake) on the sliding isolators, which affects Q and in turn the horizontal response, is

associated with the vertical isolation frequency of 2.5 Hz. Accordingly, the horizontal spectrum on the
basemat (location A) for system 7 peaks at both 0.5 and 2.5 Hz, which are the horizontal and vertical
isolation frequencies, respectively. The horizontal spectral demands on the reactor head for system 7 are
equal to or smaller than those for system 2. The vertical spectra for system 7 peak at the isolation frequency

of 2.5 Hz (=1/T,,, ), and the spectral demands are lower than those for system 2 for frequencies higher than

4 Hz, at both locations A and B. The peaks in the vertical spectra for system 2, evident in Figure E.10c and
d, result from the alignment of vertical frequencies of the isolated building with the peak ordinates of the
vertical UHRS, as noted in Section E.2.2.

E.3 Closing Remarks

The mechanical properties of the seven isolation systems considered here vary widely and so it is not
surprising that peak horizontal and vertical displacements and accelerations, for the same seismic inputs,
do too. All seven isolation systems considered here could be used to base isolate a reactor building. The
cost of the isolation system is not addressed but is not expected to be significant, as a fraction of the
construction cost, and likely of the same order or less than that of the conventional substructure supporting

the isolation system.

The major challenge to choosing an isolation system is the identification of building design constraints,

which are termed design spaces in Parsi et al. (2020). Possible building design constraints include:

e A standardized reactor building and equipment, of a design certified by the USNRC for
prescribed inputs described by horizontal and vertical acceleration response spectra

e Maximum horizontal clearance to adjacent construction

e Maximum horizontal and vertical accelerations of previously qualified safety-class equipment

(e.g., reactor vessels, head-mounted equipment such as control-rod drive mechanisms and pumps)

Once building design constraints are established, alternate isolation systems can be investigated for a given
site and seismic hazard. The goal of this appendix was to illustrate tradeoffs between in-structure

accelerations of building framing and equipment, and displacements of the isolation system. The merits of
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adding FVDs to the isolation system were identified, with positive, albeit different outcomes for use with
linear and nonlinear 2D isolation systems. Three-dimensional isolation systems, either proprietary (system
6) or customized (system 7) are effective at mitigating the effects of vertical earthquake shaking, which
may be more damaging than horizontal shaking for some equipment and reactor geometries.
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Figure E.10. Mean acceleration spectra (Sa) for the 30 inputs, two locations, systems 2 and 7, 5%
of critical damping, horizontal PGA=1 g, vertical PGA = 0.67 g
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APPENDIX F
CONSIDERATIONS FOR INSPECTIONS, TESTS, ANALYSES, AND
ACCEPTANCE CRITERIA

F.1 Introduction

A combined license (COL) issued under 10 CFR Part 52 enables a licensee to construct a NPP and to
operate it once construction is complete if certain standards identified in the COL are satisfied. These
standards are called Inspections, Tests, Analyses, and Acceptance Criteria (ITAAC). As required by 10
CFR 52.97(b), the ITAAC identified in the COL are necessary and sufficient, when successfully completed
by the licensee, to provide reasonable assurance that the facility has been constructed and will operate in
conformity with the COL, the provisions of the Atomic Energy Act of 1954, as amended, and the rules and
regulations of the US Nuclear Regulatory Commission (NRC). Generally speaking, a COL includes the
ITAAC submitted in the COL application and any ITAAC from referenced early site permits and standard

design certifications.

The overriding purpose of ITAAC is to give the regulator and the public confidence that a nuclear plant
licensed under 10 CFR Part 52 was built following the information reviewed and approved by the NRC.
The ITAAC identify key attributes promised by the design description used by the NRC to make their safety

determination.

F.2 Intersection of ITACC and Seismic Isolation Devices

The Westinghouse AP1000 Design Control Document, Rev. 19, Tier 1, Section 3.3 — Non-System Based
Design Descriptions and ITAAC — Buildings (USNRC 2011) provides one framework to accommodate
inspections, tests, analyses, and/or acceptance criteria for seismic isolation systems and associated
components. Because seismic isolators and VDDs would be part of the Seismic Category | structure in an
isolated NPP, much of the content in Section 3.3 of the AP1000 Design Control Document would already
be directly applicable.

Table 3.3-6 of USNRC (2011), Inspections, Tests, Analyses, and Acceptance Criteria would have addressed
the seismic isolation system (if included in the AP1000) via ITAAC 2.a.i.d for the design of the seismic
isolation system and ITAAC 13 for sufficient separation of the isolated building from adjacent construction,

to enable its unrestricted motion during earthquake shaking.

If details on the seismic isolation system (i.e., seismic isolators and VDDs) and associated components are

to be included in both the Tier 1 design description (e.g., Section 3.3 of USNRC (2011)) and as an ITAAC,
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the design of the seismic isolation system must be completed before any details are added to the ITAAC.
Any change to Tier 1 content after issuance of a COL requires the approval of a regulation exemption by
the Presidentially appointed Commissioners, which is increases project risk, cost, and construction schedule
beyond changes that can be approved alone by the NRC staff. The process described in Section 5 of this
topical report could be used to establish the minimum required clearances between an isolated building and
any adjacent construction, to be confirmed via ITAAC. Lessons learned from recent nuclear builds in the
US have made clear the importance of not imposing tolerances and dimensional constraints on civil
structures components tighter than those effectively used in non-nuclear construction, and this applies to
components attached to or supporting isolators and VDDs. One pathway would be to specify the number
of each type of isolator and/or VDD, and provide a marking plan for their installation, so that the Acceptance
Criteria could be objectively satisfied and easily checked by the NRC resident inspectors. What must be
avoided for seismic isolation systems and associated components is a table of ITAAC information that
would require detailed surveys and precision measurement equipment, which would add a significant
burden of increased construction time and cost but with no improvement in construction quality and

operational performance under operational and extreme loadings.

F.3 Considerations for Technical Specifications related to Seismic Base Isolation Equipment

As required by 10 CFR 50.36, a nuclear plant licensee must provide technical specifications as part the
license application and these technical specifications will become an attachment to the license when it is
granted. Technical specifications define the limits of plant operation to ensure that the plant is operated
within the boundaries established by the Safety Analysis and establish requirements for items such as safety
limits, limiting safety system settings, limiting control settings, limiting conditions for operation,

surveillance requirements, design features, and administrative controls.

Based upon industry examples, such as the Westinghouse AP1000 Standard Technical Specifications (STS)
presented in NUREG-2194 Volume 1 (USNRC 2024), a seismic isolation system (i.e., seismic isolators
and VDDs) and associated components need not be explicitly addressed in a plant’s Technical
Specifications. For example, the AP1000 STS does not generally address non-active (i.e., passive) structural
elements and all the seismic isolators and VDDs introduced in this report are passive. In practice, structural
elements forming Seismic Category | structures, which would like include seismic isolators and VDDs if
deployed, will generally be monitored under one or more ongoing plant engineering programs such as a
structural monitoring program or an aging management program associated with a planned and/or issued

license renewal.
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APPENDIX G
MUSINGS ON SELECTING A TARGET PERFORMANCE GOAL FOR A
SEISMIC ISOLATION SYSTEM

G.1 Introduction

Ideally, the risk target for a seismic isolation system supporting a reactor building should be based on a
Level 3 seismic probabilistic risk assessment® (SPRA) of the plant, but these are not yet available for

advanced and micro reactors. However, the mean annual frequencies assigned to the surrogates for seismic
core damage and seismic large early release frequency for advanced and micro reactors are anticipated to
be smaller than those values attached to the large light water reactors (LLWRs) in the current US operating
fleet because the new designs will take advantage of:

o Smaller inventories of radioactive material compared to LLWRs,
e Use of accident-tolerant fuel, and/or

o Operation at or near atmospheric pressure.

For advanced and micro reactor designs relying upon inherent features and or passive systems for safety,
the internal event frequencies for the advanced-reactor surrogates for core damage and large early release
may be notably lower than those for large LWRs. If the internal event frequencies of a reactor design are
sufficiently low, the risk profile may be shifted such that external hazards, such as earthquakes and extreme

winds, will be the dominant contributors to the core damage and large-early-release frequencies.

Sections G.2 and G.3 describe possible pathways to select a target performance goal for a seismic isolation
system in the absence of a level 3 PRA. Section G.2 treats the seismic isolation system as an SSC (structure,
system, and component) per ANS standards and ASCE/SEI 43-19 (ASCE 2021). Section G.3 enables an
order-of-magnitude, preliminary estimate to be made of the target performance goal (TPG) for an isolation
system, wherein much of the plant-level risk is assigned to the isolation system because the implementation
of an isolation system substantially reduces seismic demands on SSCs in the superstructure, reducing the
mean annual frequency of core damage and large early release, or their advanced-reactor surrogates, due to

failure of superstructure SSCs. Section G.3 is not intended to replace a level 3 PRA.

28 https://www.nrc.gov/about-nrc/regulatory/risk-informed/pra.html
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G.2 Isolation System Treated as an SSC

One product of a seismic probabilistic risk assessment of an isolated reactor building will be the assignment
of a seismic design category (SDC) or a TPG to the isolation system, treating it no differently than any
other SSC in the nuclear power plant. Per Table 1-1 of ASCE /SEI 43-19 (ASCE 2021), reproduced below
as Table G.1, the assigned SDC determines the level of ground shaking used to design the SSC per
consensus standards such as those promulgated by the American Society of Civil Engineers (for isolators
and dampers), the American Concrete Institute (for reinforced and prestressed concrete), the American
Institute for Steel Construction (structural steel), and the American Society of Mechanical Engineers

(mechanical components such as reactor vessels).

A SDC maps to a TPG, P., which is expressed as a mean annual frequency (MAF) of unacceptable

performance, where performance is user specified. Although convenient and traditional, it is not necessary
to attach an SDC to the isolation system, because Section 5 of this report accommodates any value of the
TPG.

Parenthetically, the TPG assigned to the isolation system should generally equal or be smaller than that for
all SSCs in the isolated reactor building. For example, if the highest SDC assigned to an SSC in the isolated
reactor building is 3, the TPG assigned to the isolation system shall be no greater than 1 x 10 (or SDC 3).
To do otherwise would require analysis of the isolated building for more intense shaking than that used to

size the isolation system that protects the supported SSCs.

Table G.1. Seismic design categories per ASCE/SEI Standard 43-19, adapted from Table 1-1 in
ASCE (2021)

Seismic design category
2 3 4 5
Target performance goal 4 x10* 1x10* 4 x10° 1x10°

DBE response spectrum or acceleration time series | SF x UHRS; Chapter 2 in ASCE 43

G.3  Target Performance Goal for an Isolation System Based on Quantitative Health Objectives

G.3.1 Introduction

One pathway to establishing a risk target for a seismic isolation system is to base the value on an acceptable
plant-level risk, which can be determined by Level 1 (frequency of accidents that cause damage to the
reactor core—that is, core damage frequency), Level 2 (frequency of accidents that release radionuclides

from the reactor building), and Level 3 (consequences of the release of radionuclides) Probabilistic Risk
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Assessments?®(PRASs). Level 3 PRAs for advanced and micro reactors are not yet available. An alternate,
interim pathway is presented below, building on an NRC-accepted approach for LLWRS, but recognizing
the attributes of many advanced and micro reactors and setting aside worst-case scenarios. The discussion
presented below is not intended to replace a Level 3 PRA but rather to enable the calculation of a
preliminary estimate of a target performance goal for a seismic isolation system.

In 2002, the USNRC published Appendix C, Quantitative Guidelines from the Framework for Risk-
Informing 10 CFR Part 50% (USNRC 2002). The guidelines introduce quantitative health objectives

(QHOs) and describe them as the basis for judging the effectiveness of NRC regulations, which at the time

addressed LLWRs only. The guidelines write “Unfortunately, the QHOs are difficult to apply in making
risk-informed changes to the [then] existing regulations. Therefore, the following two numerical objectives
were adopted in Regulatory Guide 1.174 (NRC 1998) as surrogates for the two QHOs:

e A core damage frequency (CDF) of <10™ per year as a surrogate for the latent cancer QHO [= 2 x
10" per year]
o A large early release frequency (LERF) of <10 per year as a surrogate for the early fatality QHO
[=5x 107 per year]
Appendix C in USNRC (2002) demonstrates how the two goals were derived from the QHOs. Results
presented below utilize the process presented in Appendix C of USNRC (2002) to derive a risk target for a
seismic isolation system, noting that the advanced and micro reactors have numerous safety attributes (e.g.,
one or more of accident tolerant fuels, non-water coolants, low operating pressures, much less nuclear fuel,
and passive safety systems) that the LLWRs considered in the development of Appendix C in USNRC
(2002) were not equipped with (e.g., Surry Unit 1, referenced in NUREG/CR-4551 (USNRC 1993), a 855
MWe Westinghouse Pressurized Water Reactor, operating license May 1972).

The QHOs provide quantitative guidelines in terms of the risk of radiation exposure to public. Mubayi and
Youngblood (2019) reflected on the QHOs, acknowledged zero fatalities attributed to the release of
radioactive materials from the 2011 Fukushima Daichi accident, noted that the Fukushima outcomes would

have satisfied the NRC health-related safety goals, but did not propose changes to the QHOs.

29 https://www.nrc.gov/about-nrc/regulatory/risk-informed/pra.html

30 https://www.nrc.gov/docs/ML0221/ML022120663.pdf
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The calculations presented below provide a starting point for analyzing and designing an isolation system
for an advanced or micro reactor by providing an order of magnitude estimate for the seismic risk target for

an isolation system.

G.3.2 Latent cancer fatality QHO

Appendix C.3 in USNRC (2002) notes that “Even at a densely populated US site, if the plant’s core damage
frequency is 10 or less, the latent cancer fatality QHO is generally met with no credit for containment.”
Core damage can be associated with internally initiated accident sequences (e.g., for Surry 1, station
blackout, loss of coolant accidents, anticipated transients without scram, other transients, and steam
generator tube rupture) and externally initiated accident sequences (e.g., seismic, fire). Other external event
sources were excluded from the Surry 1 analysis because of the low frequency of the initiating event (i.e.,

aircraft (accidental) crashes, hurricanes, tornadoes, external flooding).

The individual latent risk (ILR) is calculated, per Equation 6 of Appendix C in USNRC (2002), as the
product of the CDF (considering open containment) and the conditional probability of an individual
becoming a latent cancer fatality (CPLF). Values for CPLF were reported for LLWRs in NUREG 1150. A
Surry value for CPLF of 4 x 10™ was used for calculations, corresponding to a large opening in containment
and a very large release. Such worst-case scenarios are extraordinarily unlikely in a passively safe advanced
reactor incorporating accident tolerant fuels, non-water coolants, and operating near atmospheric pressure,
and enclosed by a robust reinforced concrete confinement structure, designed to resist wind-borne missiles

impacting at high velocity. Per Appendix C in USNRC (2002), the individual latent risk corresponding to
aCDF =10" per year is 4 x 107 per year and substantially smaller, by a factor of 5, than the latent cancer

QHO (2 x 10). Put differently, if the core damage frequency =5 x 10 per year, ILR=5 x 4 x 107 per
year =2 x 10 per year = latent cancer fatality QHO.

Setting aside the attributes of advanced and micro reactors identified previously, accepting the unrealistic
worst-case scenarios, and ignoring the smaller volumes of nuclear fuel in advanced reactors, the total CDF
in an isolated advanced reactor, if less than 5 x 10 would achieve the latent cancer QHO. Unlike LLWRs
in the operating fleet, the CDF surrogates for many advanced reactors, associated with internally initiated
events, are orders of magnitude smaller than those associated with externally initiated events such as
earthquakes and fires and can be ignored for preliminary risk calculations. Accordingly, the CDF for
externally initiated events is set equal to the total CDF. For an advanced reactor sited beyond a flood zone,

and equally weighting CDF due to seismic and fire, the seismic CDF for an isolated advanced reactor should

218



be no greater than 2.5 x 10, with significant increases possible if the worst-case scenarios are replaced by

realistic scenarios backed by risk assessment.

Possible contributors to the seismic CDF in an isolated advanced reactor are 1) failures of structures,
systems, and components (SSCs) above the basemat, computed using traditional PRA techniques, and 2)
failure of the isolation system to serve its intended function. The implementation of seismic isolation can

drastically reduce earthquake demands on structures, systems, and components, and the risk of their failure
(Huang et al., 2008). If core damage due to failure of SSCs can be limited to 1 x 10", the seismic risk target

for the isolation system, to achieve the latent fatality QHO, need to be no less than 1.5 x 10 (=2.5x 10 —

1x10%) , even if the volume of nuclear material at risk is identical to that in a LLWR.

Based on these arguments, a preliminary seismic risk target for an isolation system in an advanced or micro

reactor building, based on the latent fatality QHO, could be taken as 1.5 x 10,

G.3.3 Early fatality QHO

Appendix C.4 in USNRC (2002) notes that “The early fatality QHO is more restrictive than the latent cancer
QHO. If the plant’s LERF is 10® or less, the early fatality QHO is generally met.” The concept of large
early release was attached to large light water reactors (i.e., PWRs and BWRS), with a relatively large
inventory of traditional nuclear fuel contained in a pressurized reactor. In contrast, many advanced and
micro reactors use smaller volumes of accident tolerant fuels, non-water coolants, and operate at near

atmospheric pressure, making a release on the scale of a legacy nuclear reactor impossible.

Equation 2 in Appendix C.2 in USNRC (2002), and Equations 7 and 8 in Appendix C.4 in USNRC (2002),

provide a process to derive a limiting value of LERF and CDF given an early fatality QHO, or individual

early risk (IER) of 5x 10"

The IER is taken as the product of the conditional probability of an individual becoming a prompt (or early)
fatality (CPEF) and the frequency of a large early release capable of causing early fatalities (LERF),
summed across all accident sequences. Assuming one accident sequence (e.g., seismic) dominates early
fatality risk and LERF, LERF can be calculated as the product of the CDF and the conditional large early
release probability (CLERP) for that accident sequence. Herein, it is assumed that the LERF for internal
initiating events for advanced reactors is negligible for the purpose of risk calculations and the dominant
external initiating event, in terms of LERF, is earthquake shaking. Fire is another external initiating event,
but it is assumed here that confinement will not be meaningfully breached by fire and the core will not be

damaged.
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The calculation of Appendix C.4 in USNRC (2002) for large light water reactors assumed the worst case
(and unrealizable) scenarios of a) open containment, and b) “all of the conditions necessary for a large early
release”, and CLERP was set equal to 1.0. Accordingly, core damage was assumed therein to translate
directly to a large early release, namely, CDF = LERF.

For advanced and micro nuclear reactors, with their fuel types and small fuel volumes, coolants, and
operating pressures identified above, passive safety features, and a functional reinforced concrete building
envelope (confinement), sized at a minimum for wind-borne missile impact, CLERP is set equal here to
0.25 and LERF = 0.25x CDF.

Values for CPEF do not exist for advanced or micro reactors, released radionuclides, and modern
evacuation outcomes. In Appendix C.4 of USNRC (2002), values for CPEF were taken from the Surry
report (NUREG/CR-4551) referenced above (USNRC 1993). The reported largest value of CPEF for an

internal initiator in Table 4.3-1 of that NUREG/CR is 3 x 107 (The maximum value in Rev 1 of
NUREG/CR-4551, column 6, source term SUR-07-02, is 3.73 x 10'2.) Appendix C.4 reports that this value

of CPEF “corresponds to a large opening in containment and a very large release that is assumed to occur
early before effective evacuation of the surrounding population”, which is another worst-case scenario.

(The highest value of CPEF for a seismic initiator using the EPRI hazard description, in Tables 4.3-5 and

4.3-6 is 4.7 x 10 for source term SRD-11-2.) Assuming no large openings in the reinforced concrete

building envelope, and the attributes of advanced and micro reactors identified previously, a value of 1 x

107 is assigned here to CPEF.

If the total seismic CDF is 2 x 10, composed of equal contributions from the isolation system (= 1x 10*%)
and the SSCs (= 1x10™) in the isolated building, LERF is 0.25x CDF per the assumptions above, and

CPEF is 1x 107 IER is equal to (2x 10™)x 0.25x (1x 107) = 5x 10", which is the early fatality QHO.

Accordingly, to meet the early fatality QHO, a preliminary seismic risk target of 1 x 10" could be assigned

to an isolation system in an advanced or micro reactor building.

G4 Summary

Sections G.3.2 and G.3.3 present information that could be used to develop a preliminary target
performance goal for a seismic isolation system based on the established QHOs: 1.5 x 10 for latent fatality

and 1x10™ for early fatality. Accordingly, a preliminary target performance goal of 1x10™ could be

assigned to an isolation system, meeting both QHOs.
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