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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 non-traditional seismic isolation solution for designers of safety-
class equipment in advanced nuclear reactors. The test specimen considered herein was
a tall, slender carbon steel vessel that could represent a steam generator, a reactor vessel,
or a heat exchanger. The vessel was supported at its mid-height, near its center of
gravity, on a steel frame and isolated using spherical sliding bearings. The isolated vessel
was tested using a six degrees-of-freedom earthquake simulator at the University at
Buffalo. Numerical models were benchmarked using the experiment data and utilized to
quantify the benefits of mid-height seismic isolation. Analysis and design
recommendations for equipment isolation in nuclear facilities are provided.
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ABSTRACT

The use of seismic isolation could substantially reduce earthquake demands on safety-class equipment and
is being considered for application to some advanced nuclear reactors. The conventional implementation
involves isolating a reactor building at its base. An alternate approach, when building isolation is not
practical, involves isolating equipment inside a reactor building. Mid-height seismic isolation of equipment
is the focus of this report: an application not studied previously and considered here to expand the range of

options available to designers of safety-class equipment in advanced reactors.

The experimental program described herein examined a mid-height seismic isolation solution for a tall,
slender cylindrical vessel, which could represent a reactor vessel, a steam generator, or a heat exchanger in
an advanced nuclear power plant. The carbon steel test article was 240 inches tall with an outer diameter of
60 inches and a wall thickness of 1 inch. It was supported near its center of gravity (at its mid-height) on a
stiff steel frame using three radial mounts. Three configurations of the vessel were tested: non-isolated,
isolated using single Friction Pendulum (SFP) bearings, and isolated using triple Friction Pendulum (TFP)
bearings. The vessel was subjected to three component ground motions using a 6 degrees-of-freedom

earthquake simulator. The vessel was filled with water during testing to simulate in-service conditions.

A direct comparison of responses of the non-isolated vessel and the isolated vessels was not possible
because the amplitudes of the seismic inputs were not identical. However, test results demonstrated that
mid-height seismic isolation generally enables a very significant reduction in horizontal spectral
accelerations at the top and bottom of the vessel, where other safety-related equipment would be attached.
In the non-isolated configuration, the peak horizontal accelerations were greater than 1 g at the top and the
bottom of the vessel for moderate-to-high seismic inputs. In the isolated configurations, the peak horizontal
accelerations at the top and the bottom of the vessel were less than 0.5 g for intensities of shaking

substantially greater than those input to the non-isolated vessel.

Numerical models of the non-isolated and isolated vessel were developed in SAP2000 and benchmarked
using the experiment data. These models were used to a) confirm the utility of mid-height isolation for
various stiffnesses of the frame supporting the vessel, isolation system properties, and ground motions, b)
quantify the benefits of mid-height seismic isolation, c) investigate the feasibility of base isolation for tall,
slender vessels, and d) provide analysis and design recommendations for isolation of equipment in nuclear

facilities.



Results from the numerical analysis confirm that mid-height seismic isolation is effective at reducing
horizontal spectral accelerations with respect to those in a non-isolated vessel for a range of support
structure stiffnesses, isolation-system properties, and ground motions. Importantly, the reductions in
horizontal spectral accelerations (with respect to those in the non-isolated configuration) enabled by mid-
height seismic isolation were not significantly affected by the stiffness of the support frame. Base isolation,
although viable, may not be a practical choice for tall, slender equipment because rocking of the vessel may
lead to significant changes in axial load on the bearings and possibly axial tension (or uplift in the case of
spherical sliding isolators). Mid-height isolation virtually eliminated the rocking response, and with it, the

large changes in axial load.
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SECTION 1
INTRODUCTION

11 Background

Numerous studies have identified the important role of nuclear energy in decarbonizing the global economy,
mitigating climate change, and meeting future energy demands (e.g., Buongiorno et al. (2018), IEA (2019),
Partanen et al. (2019), IAEA (2020c; 2020b; 2020a), Ingersoll and Gogan (2020)). Major impediments to
the widespread deployment of new nuclear power plants (NPPs) are high overnight capital cost (OCC) and
time required to analyze, design, review, license, construct, and commission them. Nuclear energy can only
compete with other energy sources, including renewables, measured here using capital cost normalized by

kWe generated, by significantly reducing OCC and time for deployment.

Standardizing reactor buildings and their equipment might be the only pathway to deploy NPPs with
substantially lower capital cost and a much shorter deployment duration: time from project start to grid
connection, including Front-End Engineering Design (FEED) studies, analysis, design, equipment
gualification, regulatory review, licensing, and construction. (For reference, the expected deployment
duration for Units 3 and 4 at Plant Vogtle is approximately 18 years, with pre-construction work lasting 7
years and construction 11 years.) The seismic load case is a key contributor to the capital cost of an NPP
(Lal et al., 2022) and thwarts deployment of standardized reactors as the near-surface geology and seismic
hazard are never identical at any two sites. Site-specific soil-structure-interaction analysis, design,
equipment qualification, regulatory review, licensing, and construction will be required if conventional
construction is employed. Site-independent, certified NPP designs could possibly be used at multiple sites
if sufficient conservatism is introduced but that adds to OCC. Front-End Engineering Design studies,
analysis, design, regulatory review, and perhaps equipment qualification, would still be needed to

demonstrate the acceptability of the certified design for the proposed site.

Seismic isolation is a proven, mature technology that offers a means to minimize the effects of earthquake
shaking and can enable deployment of standardized NPPs (Parsi et al., 2022). The implementation of
seismic isolation and standardized NPPs would substantially de-scope the pre-construction activities and

simplify the construction, reducing capital cost and time to deploy.



1.2 Seismic isolation of nuclear power plants

Seismic isolation has been applied to more than 10,000 structures worldwide in the past three decades.
Examples include hospitals, data centers, buildings of cultural importance, bridges, and emergency
operations facilities. Applications of isolation to non-nuclear infrastructure include liquefied natural gas
tanks, offshore oil and gas platforms, port facilities, container cranes, and electrical substations and power

distribution systems.

Although the benefits of seismically isolating NPPs, in terms of reduced seismic demands and risk, are well
established (e.g., Tajirian et al. (1989), Tajirian (1992), Tajirian and Patel (1993), Clark et al. (1995), Aiken
et al. (2002), Huang et al. (2008; 2009; 2011a; 2011b), Kumar et al. (2015; 2017a; 2017b), Bolisetti et al.
(2016), Yu et al. (2018), Parsi et al. (2022)), seismic isolation has yet to be applied to an NPP (or a nuclear
facility) in the United States.

Outside the U.S., two NPPs, in Cruas, France and Koeberg, South Africa, were seismically isolated in the
early 1980s to enable the re-use of a certified plant design developed for a site of lower seismic hazard.
Seismic isolation has also been implemented in other nuclear facilities outside the U.S., including the
International Thermonuclear Experimental Reactor (ITER), the Jules Horowitz (research) Reactor (JHR),
the La Hague spent fuel storage pool, and the Georges Besse Il uranium enrichment facility, all in France,
with ITER and JHR under construction at the time of this writing. In Japan, electric utilities have seismically
isolated emergency operations buildings at the sites of NPPs (e.g., Kashiwazaki-Kariwa, Fukushima
Daiichi, Fukushima Daini, and Onagawa) with the objective of ensuring the availability of emergency
equipment and management capacity in the aftermath of an earthquake. The isolated buildings at Fukushima
Daiichi, Fukushima Daini, and Onagawa experienced significant shaking during the 2011 East Japan

Earthquake and performed well, with no substantial damage reported (EPRI, 2013).

The global pursuit of clean energy has driven interest in advanced or Generation 1\ nuclear reactors, with

seismic isolation being considered as an integral design feature for some of them. The traditional

! The deployment of nuclear reactors is often described in terms of four generations, with each having improved safety
and performance over the prior generation. Early prototype reactors were Generation I. Early commercial reactors
were Generation I1. Generation 111 and I11+ are Gen |1 reactors with design enhancements. Generation IV reactors are
under development at the time of this writing, and a number of them utilize non-water coolants such as liquid sodium,
molten salt, and helium.



implementation of seismic isolation involves installation of horizontally flexible and vertically stiff
bearings (or isolators) at the base of a building, that is, base isolation: Figure 1-la. An alternate
implementation, that could be considered where base isolation is impractical (e.g., a deeply embedded
reactor building), is to isolate safety-class equipment at their supports inside the nuclear facility: see Figure
1-1b.
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Figure 1-1. Seismic isolation of nuclear power plants (adapted from Kammerer et al. (2019))



The U.S. Department of Energy (DOE) and the U.S. Nuclear Regulatory Commission (NRC) funded
several projects between 2008 and 2018 to develop tools and guidelines for base isolation of large light
water reactors. Consensus standards, ASCE/SEI 4-16 (ASCE, 2017) and ASCE/SEI 43-19 (ASCE, 2021),
now include analysis and design criteria for base-isolated, safety-related nuclear facilities. Technical reports
on the analysis and design of seismically isolated NPPs have been published by the NRC: 1) NUREG/CR-
7253, Technical considerations for seismic isolation of nuclear facilities (Kammerer et al., 2019), 2)
NUREG/CR-7254, Seismic isolation of nuclear power plants using sliding bearings (Kumar et al., 2019a),
and 3) NUREG/CR-7255, Seismic isolation of nuclear power plants using elastomeric bearings (Kumar et
al., 2019b). The cost benefits of base isolating advanced reactors have been characterized recently (Lal et
al., 2022).

Herein, this prior work is extended to address seismic isolation of safety-class equipment inside nuclear
reactor buildings, to enable standardization, albeit not at the scale enabled by building isolation.
13 Objectives of the study

The overarching goal of this report is to provide equipment isolation solutions for the designers of safety-
class equipment in advanced nuclear power plants. The goal is achieved by meeting the following

objectives:

1. Demonstrate experimentally the feasibility of a mid-height seismic isolation system for a tall,
slender vessel that could represent a reactor vessel, a steam generator, or a heat exchanger in an

advanced NPP.
2. Numerically explore base isolation of tall, slender vessels.
3. Provide recommendations for analysis and design of isolated equipment suitable for inclusion in
the next revision of ASCE/SEI Standards 4 and 43.
1.4 Organization of the report

This report is organized into seven sections and three appendices as described below:

Section 2 Literature review

Reviews prior research and applications of equipment isolation.



Section 3

Section 4

Section 5

Section 6

Section 7

Appendix A

Appendix B

Description and testing of Friction Pendulum bearings

Describes the Friction Pendulum (FP) bearings utilized for mid-height seismic isolation
of a tall, slender vessel. Summary results from the testing of individual bearings are
presented to characterize their behavior.

Earthquake-simulator experiments

Describes the earthquake-simulator experiments of a tall, slender vessel, including the
components and instrumentation of the test specimen, data acquisition system, and input
motions. Key results are presented to enable a qualitative comparison of the response
between the non-isolated and isolated vessels and demonstrate the concept of a mid-
height seismic isolation system.

Numerical modeling and response-history analyses of mid-height and base isolated tall,
slender vessels

Presents the numerical models, and their benchmarking, for the test specimen of Section
4. Investigates the utility and quantifies the benefits of mid-height seismic isolation of
tall, slender vessels using the benchmarked numerical models. Base isolation of tall,
slender vessels is also explored numerically.

Summary, conclusions, and recommendations

Summarizes the report, presents conclusions, and provides analysis and design
recommendations for isolation of equipment in a nuclear facility.

References

This section presents a list of references used in the report.

Test data for SFP and TFP bearings

Presents all results from the bearing characterization tests summarized in Section 3.
Fabrication drawings

Presents the fabrication drawings for the test specimen (vessel, frame, gasket, and

bearings) of Section 4.



Appendix C  Vertical accelerations in SFP bearings

Investigates the change in height and the resulting vertical acceleration of single
Friction Pendulum bearing as a function of horizontal displacement, and offers practical

solutions to account for it in response-history analysis.



SECTION 2
LITERATURE REVIEW

2.1 Introduction

The concept of isolating equipment from steady-state and transient vibrations is more than 100 years old.
The goal was, and is, to reduce the vibration response of the asset through the strategic installation of
devices at reaction points. Most vibration-mitigation devices must also provide gravity-load support of the

asset.

Seismic isolation is a specific application of vibration isolation where an equipment or a structure is isolated
to protect it against the effects of strong earthquake shaking. Seismic isolation has been used in non-nuclear
sectors as an engineered solution since the 1970s to substantially reduce the impact of the earthquake load
case on buildings and other infrastructure. Only two nuclear power plants have been isolated at the time of
this writing, one in Cruas, France and the other in Koeberg, South Africa. Both power plants were
constructed in the 1980s. Whittaker et al. (2018) presents a history of seismic isolation, identifies the
research that led to the first implementation of base isolation for buildings and bridges, summarizes the first
applications of the technology to nuclear facilities, and describes important research and developments that

led to the development of tools and guidelines for base isolation of large light water reactors.

An alternative to base isolation of buildings is the protection of individual pieces of equipment or clusters
of equipment. There are only a few applications of isolation to equipment and few studies reported in the

literature. Those studies relevant to this report are presented next.

2.2 Seismic isolation of equipment

The California Department of Water Resources sponsored a program in the late 1970s to seismically protect
electrical equipment in the switchyards of power and pumping plants. Kircher et al. (1979) conducted tests
on a base-isolated 230 kV circuit breaker at Stanford University. Those circuit breakers had fragile
porcelain insulators that are susceptible to earthquake shaking. The circuit breaker was tested using three
types of GAPEC (elastomeric) isolators with different horizontal and vertical stiffnesses. The tests
demonstrated that the isolators reduced accelerations of the circuit breaker by a factor of between 4 and 5.
Following these tests, a circuit breaker was protected using GAPEC isolators in Southern California, which

is considered to be the first engineered application of seismic isolation in the United States.



Kelly (1983) conducted earthquake-simulator tests at the University of California, Berkeley to investigate
the use of base isolation as a retrofit strategy for large components in existing nuclear power plants. The
test specimen was a one-third scale, 206-inch tall cylindrical steam generator vessel, with a wall thickness
of 3/8 inch. The vessel was supported by a five-story, three-bay steel frame as shown in elevation in Figure
2-1. The vessel was filled with water to increase its weight, and was isolated at its base using one
elastomeric bearing. The isolated vessel was stabilized using four prestressed coil springs attached to the
top of the vessel and the steel frame. The total weight of the vessel was 11.4 kips and that of the support
frame was 64.5 kips. Unidirectional (horizontal) and bi-directional (horizontal and vertical) earthquake
shaking tests were performed. A comparison of results from tests in the fixed-base (i.e., non-isolated) and

base-isolated configurations showed significantly lower accelerations for the latter support condition.
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Figure 2-1. Elevation of a base-isolated steam generator model (Kelly, 1983)

In the late 1980s, the Mark Il Detector, a component of the Linear Collider at Stanford University, was
isolated using four lead-rubber bearings (Buckle and Mayes, 1990; Tajirian, 1998). The detector was
approximately 30 ft tall, with plan dimensions of 25 ft x 34.4 ft; it weighed 3,200 kips. The isolators were
designed to resist the effects of shaking characterized by a RG 1.60 spectrum (USNRC, 1973) scaled to

peak ground acceleration of 0.6g. A Liquid Argon Calorimeter was later isolated at Stanford University.



The Bucharest FN tandem accelerator, commissioned in 1973, was used for nuclear physics research. It
was damaged by strong earthquakes in 1977 (Richter M7.2) and 1986 (M6.8) and substantial repairs were
required after both events. Subsequently, a GERB seismic isolation system was developed for the
accelerator. Four GERB isolators, which consist of helical steel springs and a viscous damper (Dobrescu
and Marinescu, 2005; Marinescu et al., 1993), isolated this asset. Figure 2-2 is an elevation of the isolated
accelerator. Figure 2-3 is a photograph of one installed isolator and damper. The isolated accelerator had
horizontal and vertical frequencies of 0.5 Hz and 0.9 Hz, respectively. The maximum horizontal (vertical)
displacement of the isolators was 7 inches (2 inches) and the devices (e.g., protection gate valves and
aluminum tubes in Figure 2-2) connected to the accelerator were upgraded to accommodate these relative
displacements (with respect to the accelerator supports). Each isolator was equipped with a mechanical fuse

that unlocked automatically at a threshold seismic motion.

1. Tank; 2. GERB isolators; 3. Tank supports; 4. Mechanical fuses; 5. Protection gate vales;
6. Aluminum tubes.
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Figure 2-2. Elevation of the isolated Bucharest tandem accelerator
(Dobrescu and Marinescu, 2005)
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Figure 2-3. Photograph of a GERB isolator and damper under the Bucharest tandem accelerator
(Dobrescu and Marinescu, 2005)



Spring and viscous damper devices, such as the GERB isolators, have been used to seismically protect
components in nuclear power plants. For example, the GERB isolators were used to seismically upgrade

steam generators and safety-related piping in some WWER power plants in the Czech Republic, the

Slovak Republic, and Hungary (Masopust et al., 1993; Pecinka et al., 2001). Figure 2-4 presents a
photograph of the installed GERB isolators beneath a steam generator at the Bohunice nuclear power plant
(NPP) in the Slovak Republic. Figure 2-5 presents a photograph of a motor-operated valve isolated using

GERB isolators in a WWER power plant.

Figure 2-5. Photograph of a GERB isolator underneath a motor-operated valve in an NPP in the
Slovak Republic (Pecinka et al., 2001)
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Chalhoub and Kelly (1988) performed earthquake-simulator tests on two fluid-filled tanks: one attached
directly to an earthquake-simulator, representing a fixed-base tank, and the other mounted on the first floor
of an isolated nine-story steel frame. The steel frame, representing a 1/4 length scaled building, was isolated
using eight elastomeric bearings. Tests were conducted using unidirectional seismic inputs and sinusoids.
The test data showed that isolation reduced accelerations, displacements, and hydrodynamic pressure on
the tank wall. Kelly and Mayes (1989) proposed to seismically isolate fluid-containing tanks supported on
a large concrete basemat. Both Tajirian (1993) and Zayas and Low (1995) extended the study and analyzed
the response of Liquified Natural Gas (LNG) tanks isolated using rubber bearings and Friction Pendulum
bearings, respectively. Not unexpectedly, these authors concluded that base isolation enabled significantly
lower seismic demands in LNG tanks. Others have numerically simulated the behavior of base-isolated
fluid-filled tanks; information is summarized in Mir et al. (2022b). Calugaru and Mahin (2009) conducted
earthquake-simulator tests on a cylindrical fluid-filled tank. The tank was 6 ft tall with a diameter of 6 ft
and was tested in two configurations: 1) non-isolated, and 2) base isolated using Triple Friction Pendulum
(TFP) bearings. Figure 2-6 is a photograph of the isolated tank. Tri-directional seismic inputs were imposed.
Similar to the findings of other researchers, these authors concluded that seismic demands on the tank were

significantly smaller when it was base isolated.

Figure 2-6. Photograph of an isolated fluid-filled tank (Calugaru and Mahin, 2009)

The application of seismic base isolation to critical electrical equipment, such as power transformers and
disconnect switches, has been studied extensively in the past two decades. Ersoy et al. (2001) performed
analytical and experimental studies on an 8.9 ft tall power transformer model with plan dimensions of 7.9

ft x 7.2 ft. A 11.5 ft tall bushing was installed atop the transformer model that was supported on four single
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Friction Pendulum (SFP) bearings. Earthquake tests were conducted at the National Center of Research for
Earthquake Engineering (NCREE) in Taiwan. Figure 2-7 is a photograph of the test setup. Isolation of the
transformer reduced its response by 60% on average. Murota et al. (2005) tested a similar power transformer
model (and its bushing) at NCREE using two isolation systems: 1) a hybrid sliding and low-damping rubber
bearing system in which sliding bearings were installed at the four corners of the transformer and two rubber
bearings were placed at its center, and 2) segmented (or multi-stage) high-damping rubber bearings,
consisting of three stacks of four rubber bearings, installed at the corners of the transformer model. The
introduction of the hybrid isolation system, which is not permitted in US practice because of the
incompatibility of the vertical deflections of sliding and rubber isolators, was not beneficial and some
acceleration responses were amplified. The multi-stage rubber bearing isolation system reduced

accelerations in the bushings.

b TF S R :

Figure 2-7. Photograph of a power transformer model and its bushing at NCREE
(Ersoy et al., 2001)

In the mid-2000s, a multi-stage linear rubber bearing isolation system, equipped with fluid viscous dampers,
was used by ExxonMobil as a tuned mass damper (TMD) to seismically protect the drilling derrick on the
Sakhalin I Orlan oil and gas platform (Constantinou and Whittaker, 2022). Figure 2-8, courtesy of
ExxonMobil and Motioneering, presents a photograph identifying the location of the TMD atop the drilling

derrick, and an isometric drawing of the TMD.
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bearing

1-3 TESTING POINTS FOR TUNED MASS DAMPER

b) TMD isometric showing multi-stage bearings (courtesy of Motioneering)

Figure 2-8. Earthquake protection of the Sakhalin I drilling derrick

Kong (2010) studied the response of a 230 kV disconnect switch using experiments and simulations and
proposed retrofitting strategies using wire rope isolators and Friction Pendulum bearings. Figure 2-9

presents the test setup mounted on the earthquake simulator at the University at Buffalo. Accelerations and
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base shears were substantially reduced when the disconnect switch was base isolated. The use of isolation
increased the total displacement of the switch, which must be addressed in the design of interconnections
(Kong, 2010).

Flgure 2-9. A 230 kV disconnect switch installed on the earthquake- S|mulator at the
University at Buffalo (Kong, 2010)

Oikonomou et al. (2012; 2016) conducted a series of earthquake-simulator tests on a one-third length scale
model of a transformer with a porcelain bushing installed on its roof. Steel plates were used to add mass to
the model, which had a total weight of 47 kips. Three base isolation systems were considered for the
experiments: 1) lead-rubber bearings, 2) scaled TFP bearings, and 3) full scale TFP bearings. Bearings were
installed at the four corners of the model. Seven three-component earthquake records were used to represent
a uniform hazard response spectrum developed for a site in California. Tests were performed for various
configurations of the model wherein symmetric and asymmetric distributions of mass were simulated by
changing the positions of the steel plates. Figure 2-10 presents a photograph of the model with an
asymmetric distribution of mass, wherein the steel plates were installed on two of the four sides. The
placement of the bushing on the roof of the transformer was also varied to study its response for symmetric
and asymmetric configurations. Accelerations were significantly reduced in all isolated configurations. The
successful outcomes of the Oikonomou et al. studies led Bonneville Power Administration to base isolate
an existing high voltage transformer in 2013 and Seattle City Light to base isolate a new high voltage power

transformer in 2014 (Cochran, 2015). Both applications used triple Friction Pendulum bearings.
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Figure 2-10. A base-isolated transformer model assembled on the earthquake-simulator at the
University at Buffalo (Kong, 2010)

Lee and Constantinou (2017; 2018) tested a transformer model similar to that of Oikonomou et al. (2012;
2016), but focused on developing a passive three-dimensional (3D) seismic isolation system, which
consisted of TFP bearings providing horizontal isolation, supported atop spring-damper devices for vertical
isolation. The model was tested at the University at Buffalo using three-component earthquake records.
Test results demonstrated that this 3D seismic isolation system was generally effective in reducing the

vertical and horizonal accelerations in the model and the bushings.

Parsi et al. (2022) numerically demonstrated the benefits of seismically isolating safety-class equipment in
advanced nuclear power plants. Two reactor buildings were considered, one housing a molten salt reactor
and the other a high temperature gas reactor. Reactor vessels and steam generators were isolated at their
points of the attachment to the reactor buildings. Two benefits were observed: 1) peak horizontal
accelerations were reduced by a factor of between 3 and 12 in the isolated vessels, and 2) equipment
designed for a site of low seismic hazard could be deployed for sites of higher seismic hazard when isolated,

enabling standardization.

Mir et al. (2022a) conducted earthquake-simulator experiments of a base-isolated model of a fluoride-salt
cooled high temperature reactor. The model was a 6.5 ft tall cylindrical tank with an outer diameter of 5 ft

and involved representations of a prototype reactor vessel, a core barrel, reflector blocks in the vessel, a
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fluid coolant, and spherical fuel pebbles. Figure 2-11 presents a photograph of the vessel (without the vessel
head) and the reflector blocks being assembled at the University at Buffalo. The benefits of base isolation,

namely, reduction in horizontal accelerations in the reactor components, were demonstrated using SFP and
TFP bearings.

Reflector
blocks

Reactor
vessel

Figure 2-11. A base-isolated fluoride-salt cooled high temperature reactor vessel model at the
University at Buffalo (Mir et al., 2022a)

16



SECTION 3
DESCRIPTION AND TESTING OF FRICTION PENDULUM BEARINGS

3.1 Introduction

This section describes and characterizes the Friction Pendulum bearings used to demonstrate the feasibility
of a mid-height seismic isolation system for a tall, slender vessel. Two types of Friction Pendulum (FP)
bearings were used to seismically isolate the vessel: 1) Single Friction Pendulum bearings, and 2) Triple
Friction Pendulum bearings. The bearings were tested individually to characterize their force-displacement

behavior in the horizontal and vertical directions.

Section 3.2 describes the Friction Pendulum bearings. Section 3.3 presents the instrumentation and the data
acquisition system. The inputs and test sequences for the testing of the FP bearings are presented in Section
3.4. Section 3.5 presents the procedures used to determine the coefficients of sliding friction and

summarizes the test data. Section 3.6 characterizes the vertical stiffness of Friction Pendulum bearings.

3.2 Description of bearings
3.2.1 Single Friction Pendulum bearing

A Single Friction Pendulum (SFP) bearing consists of an articulated slider coated with a PTFE-type
composite, a sliding surface of polished stainless steel, and a housing plate. Figures 3-1 and 3-2 present the
elevation and cross section, and internal construction, respectively, of the SFP bearings. Fabrication

drawings for the SFP bearings are presented in Appendix B.

The idealized force-displacement relationship of an SFP bearing is characterized by two parameters: 1)
coefficient of friction at the sliding surface (), and 2) radius of curvature of the sliding surface (R ). Figure
3-3 presents an idealized force-displacement relationship for an SFP bearing. The characteristic strength

(Q) and post-elastic sliding stiffness ( K ) are defined as:

Q= (3-1)
W
Ks = E (3'2)

where 1 and R were defined previosly and W is the instantaneous axial load on the bearing. The radius of
curvature of the concave surface is a geometric property of the SFP bearing and a known quantity. The

coefficient of friction, which is a function of the velocity of the sliding surface, axial load on the bearing,
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and the temperature of the sliding surface, is a material parameter that is determined by testing. As the
temperature of the sliding surface increases during motion, the coefficient of friction reduces. The
dependence of the coefficient of friction on the sliding velocity and the axial (or normal) load for a PTFE-
type composite and polished stainless-steel interface is illustrated in Figure 3-4. The breakaway friction
(ug ) is the value at which sliding starts (when the velocity is very small). Immediately after the initiation
of sliding, the coefficient of friction drops to its minimum value ( 4, ), and increases as the velocity
increases. At high velocities, the coefficient of friction attains its maximum value ( 4., ) and remains

constant thereafter. An increase in normal pressure reduces the coefficient of friction.

11.00"
[ Housing plate
2.50" gp
J [ ]
P 9.50" J
a) elevation
/R18.64" Housing plate
TNEIT /
0.50"% [
2.50"

iﬁ
0.25"7F
Sliding surface 1.50" diameter slider

b) cross section
Figure 3-1. Geometric properties of the SFP bearing
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Slider

Sliding surface

PTFE-type
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Figure 3-2. Internal construction of SFP bearing
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Figure 3-4. Dependence of coefficient of friction of PTFE-polished stainless steel interface on
velocity of sliding and axial load (Constantinou et al., 2007)

3.2.2  Triple Friction Pendulum bearing

A Triple Friction Pendulum bearing consists of two concave plates and a nested slider assembly. The slider
assembly consists of two concave slide plates separated by a rigid slider and is enclosed by a rubber seal.
The surfaces of the slide plates in contact with the outer concave plates and the two surfaces of the rigid
slider are coated with a PTFE-type material. Sliding is permitted on all four concave surfaces, which are
made of polished stainless steel. Figures 3-5 and 3-6 present the elevation and cross section, and internal
construction, respectively, of the TFP bearings. The concave surfaces in the TFP bearing are numbered 1

through 4, as identified in Figure 3-5b. Fabrication drawings for the TFP bearings are presented in Appendix
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The horizontal force-displacement relationship of a TFP bearing is characterized by: 1) radii of curvature
of the concave plates, 2) radii of curvature of the slide plates, and 3) coefficients of friction at each of the
four sliding surfaces. Figure 3-7 presents the idealized force-displacement loops of a TFP bearing.
Depending on where the sliding occurs during motion, a TFP bearing exhibits different force-displacement
relationships depicted by Regimes | to V in Figure 3-7. The mathematical formulation of the force-
displacement relationship of a TFP bearing is presented in Fenz and Constantinou (2008a) and not repeated
here. The radius of curvature of each of the concave surfaces is known a priori. The coefficients of friction,
which are a function of the velocity of the sliding surface, axial load on the bearing, and the temperature of

the sliding surface, are determined by testing.
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b) cross section
Figure 3-5. Geometric properties of the TFP bearing

3.3 Instrumentation and data acquisition
3.3.1 Single bearing testing machine

The Friction Pendulum bearings were tested in the single bearing testing machine (SBTM) at the University
at Buffalo. This machine can impose combinations of axial and unidirectional shear loads and/or
displacements on an individual bearing. The SBTM consists of a pedestal frame, a reaction frame, a loading

beam, a horizontal actuator, two vertical actuators, and a reaction load cell. The horizontal and vertical
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actuators transmit the loads and/or displacements to the bearing via a loading beam. Figure 3-8 presents a
schematic diagram of the SBTM, including approximate dimensions. Figure 3-9 is a photograph of the
SBTM. The maximum displacement, velocity, and force capacities of the actuators in SBTM are presented
in Table 3-1.

Top concave plate

PTFE-type Slider assembly
composite
Rubber seal Sliding surface

Bottom concave plate

Figure 3-6. Internal construction of TFP bearing

Regime V
Regime|IV
Regime Il _ |
Regime 11
Regime I

="

Horizontal force

Total disnlacement

Figure 3-7. Force-displacement behavior of a TFP bearing
(adapted from Fenz and Constantinou (2008a))

Each Friction Pendulum bearing was tested under combined axial and unidirectional shear loads to

characterize horizontal force-displacement behavior. The vertical actuators were run under force control to
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accommodate changes in bearing height but maintain a predefined (constant) axial load. The horizontal

actuator was run under displacement control to impose predefined displacement histories; see Section 3.4.
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Figure 3-8. Schematic diagram of single bearing testing machine
(adapted from Warn and Whittaker (2006))

") u

Figure 3-9. Photograph of the single bearing testing machine

3.3.2 Load cell

A five-channel load cell was placed beneath the bearings to measure the horizontal and vertical forces from

the bearing characterization tests; see Figure 3-8. Placing the load cell in this location permits accurate
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measurements of the reaction forces beneath the bearing and excludes the inertia force of the beam. (The
forces in the actuators are affected by the inertia of the loading beam, especially for tests with high velocities

where the acceleration of the beam generates an inertia force comparable to the shear force in the bearings.)

Table 3-1. Single bearing testing machine actuator capacities

Actuator Displacement (in) Velocity (in/sec) Force (kip)
Horizontal +6.5 17.7 55
North vertical +20 2.0 71 (compression), 67 (tension)
South vertical +2.0 2.0 71 (compression), 67 (tension)

The five-channel load cell is capable of measuring axial load, shear force in two horizontal directions (S,
and S ), and moment about two horizontal axes (M, and M ). The geometry of the load cell is shown in
Figure 3-10. Since the bearing tests were conducted for unidirectional shear and axial loads, only one shear

force channel (S, ) and the axial load channel were utilized.

The five-channel load cell was calibrated against a National Institute of Standards and Technology (NIST)
approved reference load cell using a Tinius Olsen tension-compression machine. Two configurations were
used for calibration, one for shear and the other for axial load. The shear force channel was calibrated using
a two-point loading arrangement shown in Figure 3-11, wherein two identical load cells were bolted
together and loaded in shear. A known axial load (P ), measured using the reference load cell, was applied
to the assembly resulting in shear force of magnitude P /2 in each load cell. An output gain of 10 V was
set equal to 20 kip of shear. For the axial load channel, the reference load cell was stacked on top of the
five-channel load cell, as shown in Figure 3-12. An output gain of 10 V was set equal to 50 kip of axial

load.
3.3.3 Data acquisition

A total of eleven data channels were used to record the response of the SBTM actuators and the reaction
load cell. The horizontal actuator contains an in-line uniaxial load cell and an internal linear variable
displacement transducer (LVDT) to measure axial load and displacement, respectively. Each vertical
actuator includes an in-line uniaxial load cell and externally attached transducer to record axial load and
displacement, respectively. An accelerometer was mounted on the loading beam to record its acceleration
to compute inertial effects. Table 3-2 summarizes the engineering quantities recorded using the eleven data

channels.
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Figure 3-10. Plan and elevation of five-channel load cell (Mir et al., 2022b)
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Table 3-2. Engineering quantities measured in the bearing tests

Channel # Recorded engineering quantity

Time

Displacement command for horizontal actuator
Displacement of horizontal actuator

Axial load in horizontal actuator

Acceleration of loading beam

Axial load in load cell

Shear force in load cell

Axial load in north vertical actuator

© 00 ~N oo o B~ W N P

Axial load in south vertical actuator

=
o

Displacement of north vertical actuator

=
=

Displacement of south vertical actuator

3.4 Characterizing the sliding bearings
3.4.1 Introduction

A test program was developed to characterize the horizontal force-displacement behavior of the SFP (TFP)
bearings, which are characterized by the radius (radii) of curvature of the sliding surface (surfaces) and the
coefficients of friction at the sliding surface (surfaces). The radii of curvature of the sliding surfaces were
known from the construction drawings provided by Earthquake Protection System (EPS), which are
reproduced in Figures 3-1 and 3-5. The coefficients of friction were determined by testing individual

bearings. The objectives of the test program were to determine:
1. Minimum ( £, ) and maximum ( 4., ) values of the coefficient of friction.
2. Dependence of coefficient of friction on velocity of sliding.

The three SFP and TFP bearings were each assigned numbers 1 through 3, namely, SF1, SF2, SF3, and
TF1, TF2, TF3. An axial load of 14 kips (approximately a third of 40 kips, the weight of the vessel including
water, head, and internals; see Section 4) was imposed on the bearings. The bearing testing program is

described next.
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3.4.2 SFP bearings

Table 3-3 presents the test program for the SFP bearings. The low velocity (quasi-static) tests S1 and S4
utilized the three-cycle sinusoidal displacement history shown in Figure 3-13. The low velocity tests
provide hysteresis loops with clearly defined transition points. The tests at higher velocities utilized a
displacement history proposed by Constantinou et al. (2007), which is presented in Figure 3-14. The
displacement history (termed cosine hereafter) starts with an idle time of 2 seconds during which the data
acquisition begins and before the horizontal displacement history is imposed, to ensure that data is recorded
in the event of unforeseen movement of the actuator. A build-up time of 60 to 180 seconds follows, during
which the displacement is increased very slowly to a maximum value (u, ) at a velocity of less than 0.05
in/sec. This part of the motion allows calculation of the minimum coefficient of friction ( ,;, ) under nearly
quasi-static conditions (i.e., velocity of sliding is essentially zero). An idle time of 10 seconds is then
imposed to allow the temperature at the sliding surface to stabilize. The idle time is followed by 3.25 cycles
of harmonic displacement, which allows calculation of the maximum coefficient of friction (,,, ). (To
characterize the effects of frictional heating on the coefficient of friction, the temperature of the sliding
surface must be measured. The temperature of the sliding surface was not recorded and the effects of heating

on the coefficient of friction could not be characterized.)

Table 3-3. Test program for SFP bearings

Pressure  Displacement Maximum velocity BU

Test  Signal on slider amplitude Frequency of horizontal . ild up
(ksi)? (in) (H2) actuator (in/sec) time (sec)
S1 Sine 7.9 1.0 0.01 0.06 -
S2 Cosine 7.9 1.0 0.30 1.9 60
S3 Cosine 7.9 1.0 2.00 12.6 60
sS4 Sine 7.9 3.3 0.005 0.1 -
S5 Cosine 7.9 3.3 0.10 0.1 180
S6 Cosine 7.9 3.3 0.60 12.3 180

1. Calculated as 14 Kips divided by the area of the slider = 1.77 square inches.
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Figure 3-14. Displacement history for high velocity tests
(adapted from Constantinou et al. (2007))
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3.4.3 TFP bearings

Table 3-4 presents details of the displacement histories used for testing the TFP bearings. The low velocity
tests of the TFP bearings, T1 and T4, utilized the triangular displacement history (having a constant
velocity) of Figure 3-15 to characterize the changes in stiffness in the force-displacement behavior. The

high velocity tests of the TFP bearings utilized the displacement history of Figure 3-14.

Table 3-4. Test program for TFP bearings

Pressure on Frequency Maximum
i i . locity of .
. slider (ksi) Displacement (Hz) or VEIoCIy OF g it up
Test Signal . . . horizontal .
amplitude (in) Velocity time (sec)
Inner!  Outer? (in/sec) actuator
(in/sec)
T1  Triangular 7.9 2.0 1.00 0.05 in/sec 0.05 -
T2 Cosine 7.9 2.0 1.00 0.30 Hz 19 60
T3 Cosine 7.9 2.0 1.00 2.00 Hz 12.6 60
T4  Triangular 7.9 2.0 5.00 0.05 in/sec 0.05 -
T5 Cosine 7.9 2.0 5.00 0.06 Hz 1.9 180
T6 Cosine 7.9 2.0 5.00 0.40 Hz 12.6 180

1. Pressure on the surfaces of the rigid slider
2. Pressure on the surfaces of the slide plates in contact with the outer concave plates

o>
e
(=]

1 velocity

Displacement

Time

Figure 3-15. Triangular displacement history for the low velocity tests of the TFP bearings
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35 Determining the coefficients of friction using test data
3.5.1 Introduction

Normalized horizontal force-displacement loops, wherein the horizontal force is normalized by the
instantaneous axial load on the bearing, were used to determine the coefficients of friction at the sliding
surfaces. The procedure used to determine the coefficients of friction for SFP and TFP bearings is described

in Sections 3.5.2 and 3.5.3, respectively.

Shear (or horizontal) force and axial load from the five-channel load cell were utilized to obtain the
normalized force-displacement loops. To confirm the accuracy of the load-cell data, the shear force was
compared to that obtained from the horizontal actuator for the slow tests of the SFP bearings (S1 and S4 in
Table 3-3), wherein the accelerations of and the corresponding inertial forces from the loading beam are
negligible. The force from the horizontal actuator was corrected for the effects of the change in inclination
of the horizontal and vertical actuators using the procedure outlined in Section 3.5 of Cilsalar and
Constantinou (2019). Figure 3-16 presents the shear force from the load cell and the corrected force from
the horizontal actuator for test S4 of the three SFP bearings. The close agreement between the two readings

confirms the accuracy of the load cell data.
3.5.2 SFP bearings

Constantinou et al. (2007) outlines a procedure to determine the coefficient of friction for an SFP bearing.
Figure 3-17 presents the normalized force-displacement loop for test S3 of SF1 bearing. The minimum
value of friction ( 4, ) occurs immediately after the initiation of sliding (when the sliding velocity is
essentially zero) as illustrated in Figure 3-17. The maximum value of friction ( 4, ) occurs at the first
instant the largest sliding velocity is attained, that is, at zero displacement in the first loading cycle. In
subsequent cycles, the coefficient of friction is reduced due to frictional heating (associated with an increase
in temperature) of the sliding surface, as can be observed from Figure 3-17. (The effects of heating on the
coefficient of friction are not characterized here. Kumar et al. (2019a) presents details for characterizing
the effects of frictional heating on the coefficient of friction.) Figure 3-18 presents the snapshots of bearing
SF1 at zero and maximum displacement (= 3.3 inches) during test S5. Normalized force-displacement loops

for the six tests of the three SFP bearings are presented in Appendix A.
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Figure 3-16. Shear force from the five-channel load cell and the actuator force from test S4 of

Table 3-5 presents the coefficients of sliding friction for the three SFP bearings. The values are reported
for a normal pressure of 7.9 ksi (axial load of 14 kip on a 1.5-inch diameter slider) and an ambient
temperature of approximately 70°F. Data from tests S2, S3, S5, and S6 were utilized to determine the
minimum and maximum values of friction. Coefficients of friction from tests S1 and S4 are for intermediate
velocities and were used to determine the velocity dependence of friction. The variability in the friction
values in Table 3-5 is typical at both model and prototype scales (e.g., Sarlis et al. (2013), McVitty and

Constantinou (2015), and Lee and Constantinou (2017)) and average values can be used as representative

SFP bearings
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estimates of friction. The average ., and ., for the three SFP bearings were 2.8% and 7.8%,

respectively.
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Figure 3-17. Determination of coefficients of friction for an SFP bearing

a) zero displacement b) maximum displacement

Figure 3-18. Snapshots from test S5 of bearing SF1

For a constant normal load on a Friction Pendulum bearing, Constantinou et al. (1990) describe the

dependence of the coefficient of sliding friction on velocity of sliding (V) as:

H= gy — (:umax ~ Hiin )e—av (3'3)

where ..., M. @nd V were defined previously and a is a rate parameter that controls the variation of

the coefficient of friction with velocity. Four pairs of friction and velocity were utilized to determine the
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rate parameter for each SFP bearing: 1) minimum value of friction when the sliding velocity is essentially
zero, taken as the average of the 4, from tests S2, S3, S5, and S6, 2) coefficient of friction from test S1,
having a maximum sliding velocity of 0.06 inch/sec, 3) coefficient of friction from test S4, having a
maximum sliding velocity of 0.1 inch/sec, and 4) maximum value of friction, calculated as the average of
the s, from tests S2, S3, S5, and S6. Figure 3-19 presents plots for the coefficients of friction versus
sliding velocity from the test data and the best-fit curves per Equation 3-3. The average rate parameter for

the three SFP bearings was 8 sec/in.

Table 3-5. Coefficients of friction (%) for the SFP bearings

Test S1 S4 S2 S3 S5 S6 Avg.

Hon 3.2 2.6 2.8 2.7 2.8
SF1 49 5.3
JTRE X 7.4 7.8 7.4 7.6

Hon 2.8 2.8 2.6 2.5 2.7
SF2 49 5.3
JTRR 75 7.7 7.4 7.6

Hon 3.2 3.2 3.1 2.5 3.0
SF3 51 5.6
fw 85 8.5 8.2 8.4 8.4

Equation 3-3 M Experiment data
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Figure 3-19. Coefficient of friction (%) as a function of velocity for the SFP bearings
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3.5.3 TFP bearings

Unlike SFP bearings wherein the slider is articulated on the housing plate, the slider assembly in a TFP
bearing moves along the concave plate and results in the normal load acting eccentrically on the five-
channel load cell. This is illustrated in Figure 3-20 that presents the snapshots of bearing TF1 at zero and
maximum displacement (= 5.0 inches) during test T5. The slider assembly is enclosed by the open red
rectangle in Figure 3-20. The green solid line represents the center of the load cell beneath the bearing and

the yellow arrow the line of action of the normal load.

5 P S et

a) zero displacement b) maximum displacement

Figure 3-20. Snapshots from test T5 of bearing TF1

Eccentric normal load leads to an overturning moment on the load cell and induces crosstalk between the
axial, shear, and moment channels. Crosstalk can lead to errors in the recorded shear (or horizontal) force,
and thus the computed coefficient of friction. To check for such errors, the post-elastic stiffness of the
normalized force-displacement loops were compared with the theoretical stiffness. The error in the post-
elastic stiffness increased with displacement (i.e., increasing overturning moment on the load cell). To
determine the coefficients of friction, the normalized loops were corrected per Equation 3-4 such that the

post-elastic stiffness from the test data matched the theoretical stiffness.

(H/1V) =(H/V) —0.006x D, (3-4)

corrected recorded

where H is the horizontal force, V is the vertical force, and D,, is the horizontal displacement. Figure 3-21
presents the as-recorded and corrected force-displacement loops for test T13 of bearing TF1, along with the

theoretical post-elastic stiffness.

For the reduced-scale TFP bearings used herein, the coefficients of friction on the four surfaces can be
determined by either decomposing the force-displacement loops for each sliding interface or by comparing

the analytical force-displacement loops with those from test data. (A procedure to determine the coefficients
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of friction for TFP bearings at the prototype scale is described in McVitty and Constantinou (2015).) To
obtain decomposed force-displacements loops, the motion of the internal components of a TFP bearing
must be monitored (e.g., see Sarlis et al. (2013)). For the tests herein, the internals components were not
tracked and the coefficients of friction were determined by comparing the test data with analytical force-
displacement loops obtained using the theory presented in Fenz and Constantinou (2008a). Figure 3-22
presents the analytical and corrected experimental force-displacement loops for test T13 of bearing TF1,
wherein the coefficients of friction were determined such that the analytical loop matched the test data. The

corrected normalized force-displacement loops for the three TFP bearings are presented in Appendix A.

As-recorded Corrected — — —Theoretical stiffness

03 T T T T T

Horizontal force/Vertical force

2R..,

1 | 1
0 2 4 6
Horizontal displacement (in)

Figure 3-21. As-recorded and corrected force-displacement loops for test T13 of bearing TF1

Experiment data
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Figure 3-22. Analytical and experimental force-displacement loops for test T13 of bearing TF1
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Table 3-6 presents the coefficients of sliding friction for the three TFP bearings. The values of friction are
for a normal pressure of 7.9 ksi on the inner rigid slider (axial load of 14 kip on a 1.5-inch diameter slider)
and 2 ksi on the outer concave slide plates (axial load of 14 kip on a 3-inch diameter slide plate). The
ambient temperature during the tests was approximately 70°F. Identical to the SFP bearings, the variability

in the coefficients of friction in Table 3-6 is typical at both model and prototype scales.

Table 3-6. Coefficients of friction (%) for the TFP bearings

Test T1 T2 T3 T4 T5 T6 Minimum Maximum

W=H, 6.5 9.0 11.0 7.0 10.0 11.0 6.8 11.0
TF1

Uy = 0.8 15 1.8 1.4 1.8 2.0 1.6 2.5

W= H, 6.0 9.0 11.5 6.5 9.8 115 6.3 115
TF2

Uy = 1y 0.5 1.2 15 0.5 15 1.3 1.1 2.0

W=, 7.8 9.0 11.5 6.4 9.5 11.0 7.1 11.3
TF3

Uy = 1y 1.0 1.6 2.0 1.0 1.6 1.6 15 2.3

The TFP bearings tested here had coefficients of friction such that: 1) sliding friction on the two outer
surfaces, and on the two inner surfaces are equal, and 2) friction on the outer surfaces is greater than on the
inner surfaces, that is, s, = u, > 1, = ;. This is common in practice. For the outer surfaces, the minimum
coefficient of friction was determined as the average of the friction values from tests T1 and T4 for a sliding
velocity of 0.025 in/sec (essentially zero velocity) for each surface. (The maximum sliding velocity for each
surface is one-half of the values presented in Table 3-4 because the two outer and the two inner surfaces
have identical coefficients of friction and hence the sliding motion is divided equally between the surfaces,
depending on the sliding regime.) The maximum coefficient of friction for the outer surfaces was
determined as the average of the friction values from tests T3 and T6 for a sliding velocity of 6.3 inch/sec
for each surface. The average ., and . for the outer surfaces were 6.7% and 11.3%, resepctively.
Data from tests T2 and T5 are for an intermediate velocity (= 0.95 in/sec) and were used to determine the

rate parameter for the outer surfaces. Figure 3-23 plots the coefficient of friction versus sliding velocity for
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the outer surfaces and the best-fit curves using Equation 3-3. The average rate parameter for the outer

surfaces was 1 sec/in.

The minimum coefficient of friction for the two inner surfaces is one-half of the drop in the normalized
horizontal force when velocity reverses sign, that is, at the maximum displacement. The velocity is
essentially zero at maximum displacement, making it difficult to identify the maximum coffiecients of
friction for the inner surfaces. The average of the friction values determined from tests T1 through T6 were
utilized as the minimum coefficient of friction. Approximate values were assigned to the maximum
cofficient of fricion for the inner surfaces. This is because the cofficients of friction for the inner surfaces
are of secondary importance as the majority of the displacements and high velocities occur on the outer
surfaces, and the force-displacement behavior of a TFP bearing is governed by the friction coefficients for
the outer surfaces (McVitty and Constantinou, 2015). The average ., and ., for the inner surfaces
were determined as 1.4% and 2.3%, respectively. The rate parameter for the inner surfaces was assumed to

be identical to that for the outer surfaces.

Equation 3-3 M Experiment data
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Figure 3-23. Coefficient of friction (%) as a function of velocity for the TFP bearings

3.6 Vertical stiffness of Friction Pendulum bearings

The vertical stiffness of an FP bearing can be characterized for the purpose of analysis as a fraction of the
elastic axial stiffness of a carbon steel cylinder of height L (= height of the bearing), cross-sectional area A
(= area of the slider), and modulus of elasticity E, namely, a(EA/L)where & is determined by physical
testing. Much of the flexibility in the slider is associated with the composite that lines the sliding surfaces:

in the concave housing for the slider (for SFP bearings) and on the surfaces of the slider: see Figures 3-2

37



and 3-6. Figure 3-24 presents an axial force-displacement relationship for an FP bearing in compression,

which is based on testing of small and large bearings in compression.

The vertical stiffnesses for the SFP and TFP bearings herein were determined using the procedure outlined
in Appendix D of Mir et al. (2022b). The bearings were tested in the MTS tension-compression machine at
the University at Buffalo. The loading history of Figure 3-25 was utilized, wherein a pre-load of
approximately 1 kip was applied before the start of data acquisition, followed by a ramp up to a load of 14
kips at a constant velocity and 2.75 cycles of +2 kips at 0.1 Hz. Figures 3-26 and 3-27 present the axial
load-displacement plots for the SFP and TFP bearings, respectively. The average vertical stiffness for the
SFP (TFP) bearings was 2,370 (2,080) kip/in and approximately 12% (15%) of EA/L. (For the SFP bearings:
A =1.77 in? (area of the slider), L = 2.5 in (height of the bearing, see Figure 3-1), E = 29,000 kip/in, and
EA/L = 20,500 kip/in. For the TFP bearings, A = 1.77 in? (area of the inner rigid slider); L = 3.7 in (height
of the bearing, see Figure 3-5), and EA/L = 13,850 kip/in.) The expected axial stiffness of production FP
bearings is between 0.1 and 0.2 times EA/L (Constantinou, 2022).

A

Axial load

Axial displacement
Figure 3-24. Force-displacement behavior of a FP bearing in compression
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Figure 3-25. Loading history utilized to characterize the vertical stiffness of FP bearings
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Figure 3-27. Axial load-displacement plots for TFP bearings
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SECTION 4
EARTHQUAKE-SIMULATOR EXPERIMENTS

4.1 Introduction

This section describes earthquake-simulator experiments of a tall, slender vessel that could represent a
reactor vessel, a steam generator, or a heat exchanger in a nuclear power plant. The vessel was seismically
isolated using the Friction Pendulum bearings described in Section 3. The goals of the experiments were to
1) demonstrate the concept of mid-height seismic isolation, and 2) build a dataset to support validation of

numerical models.

Section 4.2 describes the test specimen including the vessel, its internals, and its supporting frame. Section
4.3 presents the instrumentation and the data acquisition system. Ground motions and test sequences for
the earthquake-simulator tests are presented in Section 4.4. System identification and selected test results

are presented in Section 4.5. Section 4.6 presents a summary and discussion on the results.

4.2 Test specimen
4.2.1 Vessel and support frame

The test specimen was a half-length scale, cylindrical, carbon steel (ASTM A36) vessel with an outer
diameter of 60 inches, a height of 240 inches, and a wall thickness of 1 inch. The length scale of 0.5 is
based on the physical sizes of a proposed high temperature gas reactor and a proposed steam generator. The
vessel was fabricated in two pieces, one 150 inches tall and the other 90 inches tall. The lower 150-inch tall
section had a 1-inch thick end plate welded at its bottom and a 1-inch thick flange welded at its top. The
upper 90-inch tall section was a cylinder and 1-inch thick flanges were welded at both its ends. Twenty-
four equally spaced holes were drilled in the flanges to enable a bolted connection between the two sections
of the vessel. A 1/8-inch thick EPDM rubber gasket was installed between the two sections to prevent loss
of water. The vessel was supported at its mid-height on a stiff steel frame by three equally spaced mounts.
The mounts were welded to the vessel wall and connected to each other via shaped plates to achieve
diaphragm action at the isolation plane. Bending of the support mounts was prevented using 1-inch thick

stiffener plates (see panels ¢ and d of Figure B-2).

The steel frame had plan dimensions of 116 in x 116 in and was 121 inches tall. The frame had four W10

x 22 corner columns concentrically braced with 6x 6x 1 angles to provide lateral stiffness, and three W8 x
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58 interior columns, one beneath each support mount, to provide vertical support to the vessel. The corner
columns were joined by 6-inch deep by 1-inch thick plates, welded to a 1-inch thick mounting plate with a
central 76-inch diameter hole. The steel frame was bolted directly to the earthquake simulator. Fabrication
drawings for the support frame, vessel, and rubber gasket are provided in Appendix B. Figure 4-1 shows

the test assembly installed on the earthquake simulator.

The vessel was filled with water to indirectly account for the fluid and internal equipment inside a prototype
vessel. A rectangular plate, identified as Vessel head in Figure 4-1, was bolted to the top flange of the 90-
inch tall upper section to attach sample internals. To prevent loss of water during testing, a 1/8-inch thick
EPDM rubber gasket was installed between the rectangular plate and the vessel flange. The weight of the
vessel including water, head, and internals was 39.3 kips. The total weight of the specimen and the steel
frame was 49.3 kips. (The weight of the empty vessel, including the head and the internals, was 16.3 kips.

The weight of the support frame was 10 kips. The weight of water inside the vessel was 23 Kips.)

Three configurations of the specimen were tested: 1) non-isolated, wherein load cells were installed atop
the steel frame and the vessel was bolted to the load cells via the three support mounts, 2) isolated using
three single Friction Pendulum (SFP) bearings (described in Section 3.2.1), wherein bearings were installed
above the load cells and beneath the support mounts of the vessel, and 3) isolated using three Triple Friction
Pendulum (TFP) bearings (described in Section 3.2.2), wherein bearings were installed between the load
cells and the support mounts. Figure 4-2 presents photographs of the installed bearings. Bearings numbered
1, 2, and 3, (see Section 3) were placed beneath the support mounts of the vessel on west, south-east, and
north-east sides, respectively. (The bearings used in the experiments did not include a perimeter strip of
cover rubber, which is used for field applications to prevent the ingress of moisture, dust, and debris. The
perimeter strip of cover rubber offers no significant lateral resistance and is torn upon significant movement

of a bearing, requiring replacement after significant shaking.)
4.2.2 Internals

Two internals were attached to the vessel head: 1) a 6-ft long aluminum tube with a 3-inch outer diameter,
a wall thickness of 0.125 in, and first mode frequency of about 7 Hz in air (Mir et al., 2022b), and 2) a 6-ft
long rectangular carbon steel plate with plan dimensions of 0.5 in x 6 in and a first mode frequency of

about 3 Hz in air (Mir et al., 2022b). Figure 4-3 is a photograph of the installed internals on the vessel head.
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Figure 4-2. Installed bearings in the isolated configurations of the vessel
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Figure 4-3. Installed internals

4.3 Instrumentation and data acquisition

The response of the test specimen was analyzed using time series of accelerations, hydrodynamic pressures,
and horizonal displacements at different elevations on the vessel, forces and displacements in the bearings,
and strains and accelerations in the internals. Figure 4-4 locates the instruments on the vessel and provides
some key dimensions. Accelerometers were placed at the top and bottom of the vessel, and at its mid-height
on the support mounts. String potentiometers measured horizontal displacements at the top, bottom, and
mid-height of the vessel with respect to a reference frame on the ground. Hydrodynamic pressures on the
vessel wall were measured using pressure gages, placed in arrays of four at three elevations. Two internals,
shaded in green in Figure 4-4, were mounted on the vessel head. Figure 4-5 presents the locations of
instruments on the two internals. For each internal, waterproofed accelerometers were installed at the mid-
height and the bottom. Strains near the points of attachment of the internals were measured using

waterproofed strain gages.

Figure 4-6 locates instruments on the earthquake-simulator and the support frame, and provides some key
dimensions. Accelerometers were installed on the earthquake-simulator to measure the applied seismic
inputs. Accelerometers were also installed at the load cell-bearing interfaces to measure accelerations below
the isolation system and atop the steel frame. The forces in the bearings were measured using calibrated

five-channel load cells, placed beneath the bearings (see Figure 4-2). The displacements of the bearings
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were measured using string potentiometers. String potentiometers were also installed at the load cell-

bearing interfaces to measure the displacements at that level with respect to the ground. Table 4-1 lists the

channels used to record the response of the test specimen and the earthquake-simulator. A total of 109

channels of data were collected.
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Figure 4-4. Overall dimensions and instrumentation of the vessel
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Table 4-1. Channels used for the earthquake-simulator tests

Vessel Internals Frame Farthquake
simulator

Accelerometers 34 12 9 7

String pots 12 0 4 0

Strain gages 0 4 0 0

Pressure gages 12 0 0 0

Load cell 0 0 15 0
Total channels 58 16 28 7 109

44 Ground motions for testing

Three ground motions from the Pacific Earthquake Engineering Research (PEER) NGA-West 2 ground
motion database were used for the earthquake-simulator tests. The motions were selected to have a broad
range of frequency content: from approximately 0.2 Hz to 45 Hz in the two horizontal directions and 0.2
Hz to 70 Hz in the vertical direction. The as-recorded characteristics of the three ground motions are listed
in Table 4-2. The time scale of all three components of the ground motions was reduced by a factor of 0.71,
consistent with the assumed length scale of 0.5. Figure 4-7 presents 5% damped acceleration response

spectra of the time-scaled ground motions.

The ground motions were amplitude scaled to achieve different intensities of shaking. The maximum values

of the scale factors were determined so as to not exceed:

1) The displacement, velocity, and acceleration capacities of the horizontal and vertical actuators
of the earthquake simulator.

2) The displacement capacities of the SFP (= 3.5 inches) and TFP bearings (= 6 inches prior to
the initiation of stiffening).

3) A stress in the wall and support mounts of the vessel, in the non-isolated configuration, of 36

ksi (i.e., the yield strength of the ASTM A36 carbon steel).

To estimate bearing displacements and stresses in the wall and support mounts of the vessel, response-
history analyses were performed using a preliminary model of the test specimen in the computer program

SAP2000 (CSlI, 2019). The vessel and the support frame were modelled using frame and shell elements.
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The SFP and TFP bearings were modelled using Friction Isolator and Triple Pendulum Isolator elements,
respectively, with the coefficients of friction and rate parameter as determined in Section 3. Numerical

modeling of the test specimen and its benchmarking is discussed in detail in Section 5.

The test sequences for the non-isolated, SFP-isolated, and TFP-isolated configurations are presented in
Tables 4-3, 4-4, and 4-5, respectively. Different amplitude scale factors were used for the isolated and non-
isolated configurations. Multisine excitation (see Section 4 of Parsi (2022) for a description) with a
frequency range of 0.25 to 100 Hz and an amplitude of 0.1 g was imposed on the non-isolated test specimen

prior to earthquake testing, to identify its modal properties.

Table 4-2. As-recorded characteristics of the ground motions used for the earthquake-simulator

testing
Record Peak ground values
sequence )
Earthquake Magnitude Rrup (km) Componentl Accel. Vel. Disp.
number
in/sec in
(RSN) (@ (infsec) (in)
H1 0.28 25.7 7.4
1987 New
GM1 587 6.6 16.1 H2 0.24 21.2 8.7
Zealand-02
\Y/ 0.14 9.7 6.6
1987 H1 0.17 235 15.0
GM2 728 Superstition 6.54 13.0 H2 0.21 32.3 22.3
Hills-02 v 023 87 4.3
H1 0.10 12.9 4.7
1989 Loma
GM3 796 ) 6.93 77.3 H2 0.20 32.8 6.0
Prieta
V 0.06 115 3.3

1. H1 and H2 are the two orthogonal horizontal components; V is the vertical component
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Figure 4-7. Acceleration response spectra of the time-scaled ground motions, 5% damping
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Table 4-3. Testing sequence for the non-isolated configuration

X Y A PGA ()2 PGA (9)
1 FBMS-X MS - - 0.1 -
2 FBMS-Y - MS - 0.1 -
3 FBMS-Z - - MS - 0.1
4 FB1-X GM1_X - - 0.43 -
5 FB1-Y - GM1.Y - 0.37 -
6 FB1-Z - - GM1_zZ - 0.22
7 FB1A-2D GM1_X GM1.Y - 0.20 -
8 FB1B-2D GM1_X GM1.Y - 0.40 -
9 FB1A-3D GM1_X GM1_.Y GM1_z 0.20 0.11
10 FB1B-3D GM1_X GM1_.Y GM1_z 0.40 0.22
11 FB2-X GM2_X - - 0.27 -
12 FB2-Y - GM2_Y - 0.33 -
13 FB2-Z - - GM2_7Z - 0.37
14 FB2A-2D GM2_X GM2_Y - 0.20 -
15 FB2B-2D GM2_X GM2_Y - 0.35 -
16 FB2A-3D GM2_X GM2_Y GM2_Z 0.20 0.25
17 FB2B-3D GM2_X GM2_Y GM2_7Z 0.35 0.43
18 FB3-X GM3_X - - 0.14 -
19 FB3-Y - GM3_Y - 0.28 -
20 FB3-Z - - GM3_Z - 0.08
21 FB3A-2D GM3_X GM3_Y - 0.10 -
22 FB3B-2D GM3_X GM3_Y - 0.25 -
23 FB3A-3D GM3_X GM3_Y GM3_Z 0.10 0.04
24 FB3B-3D GM3_X GM3_Y GM3_Z 0.25 0.10

1. Geomean horizontal PGA = \/PGA of HL x PGA of H2

2. For unidirectional inputs, the PGA of the single ground motion component is listed
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Table 4-4. Testing sequence for the SFP-isolated configuration

¢ Tes Input motion rorzontal vt
X Y Z PGA (g)*2

1 SF1-X GM1 X - - 0.43 -
2 SF1-Y - GML1 Y - 0.37 -
3 SF1A-2D GM1 X GML1Y - 0.20 -
4 SF1B-2D GM1 X GML1Y - 0.60 -
5 SF1A-3D GM1 X GML1Y GM1 Z 0.20 0.11
6 SF1B-3D GM1 X GML1Y GM1 Z 0.60 0.33
7 SF2-X GM2_ X - - 0.27 -
8 SF2-Y - GM2_Y - 0.33 -
9 SF2A-2D GM2_X GM2_Y - 0.20 -
10 SF2B-2D GM2_X GM2_Y - 0.35 -
11 SF2A-3D GM2_ X GM2_Y GM2 zZ 0.20 0.25
12 SF2B-3D GM2 X GM2_Y GM2 zZ 0.35 0.43
13 SF3-X GM3_X ; ; 0.14 -
14 SF3-Y - GM3.Y - 0.28 -
15 SF3A-2D GM3_X GM3_Y - 0.10 -
16 SF3B-2D GM3_X GM3.Y - 0.25 -
17 SF3A-3D GM3_X GM3_Y GM3_Z 0.10 0.04
18 SF3B-3D GM3_X GM3_Y GM3 Z 0.25 0.1

1. Geomean horizontal PGA = \/PGA of HL x PGA of H2

2. For unidirectional inputs, the PGA of the single ground motion component is listed
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Table 4-5. Testing sequence for the TFP-isolated configuration

X Y Z PGA (g)'? PGA (9)

1 TF1-X GM1_X - - 0.65 -
2 TF1A-3D GM1_X GM1Y GM1_Z 0.20 0.11
3 TF1B-3D GM1_X GM1Y GM1_Z 0.60 0.33
4 TF2-X GM2_X - - 0.45 -
5 TF2A-3D GM2_X GM2_Y GM2_Z 0.20 0.25
6 TF2B-3D GM2_X GM2_Y GM2_Z 0.50 0.61
7 TF3-Y - GM3Y - 0.43 -
8 TF3A-3D GM3_X GM3Y GM3 Z 0.10 0.04
9 TF3B-3D GM3_X GM3Y GM3 Z 0.30 0.12

1. Geomean horizontal PGA = \/PGA of H1 x PGA of H2

2. For unidirectional inputs, the PGA of the single ground motion component is listed

45 Test results

45.1 Introduction

Earthquake-simulator tests were performed using unidirectional (1D), bi-directional (2D), and tri-
directional (3D) inputs. This section presents test results for the 3D tests of Tables 4-3, 4-4, and 4-5. Data
from the 1D and 2D tests is archived at DesignSafe (Lal et al., 2023). The amplitudes of the seismic inputs
and simulator-specimen interaction were different for the non-isolated and isolated configurations.
Accordingly, only a qualitative comparison of specimen responses in the non-isolated and isolated
configurations is presented in Section 4.6 to demonstrate the feasibility of mid-height seismic isolation. A
guantitative comparison, utilizing numerical simulations of validated models, is presented in Section 5. The

solid pink circles in Figure 4-8 identify locations on the test specimen and the earthquake simulator where

results are reported.

The test results presented in this section include:

1. Horizontal and vertical acceleration response spectra and peak accelerations:

a) At the center of the earthquake-simulator platform (location C1 in Figure 4-8).
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Figure 4-8. Locations for presenting earthquake-simulator test results
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b) Atop the load cell on the north-east side (location F1). It represents the acceleration response
at the mid-height of the vessel, at the level of support mounts, for the non-isolated
configuration, and directly below the isolation plane for the isolated configurations. (North is
defined in Figures 4-6 and 4.8.)

c) On the north-east support mount of the vessel for the isolated configurations (location V1),

representing the acceleration response directly above the isolation plane.
d) At the top and bottom of the vessel on the north face (locations V2 and Vv3).
2. Rocking acceleration spectra about the two horizontal axes:

a) At the center of the earthquake-simulator. (There were no rocking inputs to the earthquake
simulator, but rocking resulted from simulator-specimen interaction and compliance between

the simulator’s horizontal and vertical actuators.)
b) At the top and bottom of the vessel.
3. Peak accelerations at the bottom of internal 1 (location N1).
4. Peak axial strains in the submerged internals (locations N2 and N3).
5. Normalized force-displacement loops of the isolation system.

Identical acceleration histories were recorded in each direction on a) the north-east, south-east, and west
load cells, b) the north-east, south-east, and west support mounts and c) the north, east, west, and south
faces of the vessel at its top and bottom. (Strain gage R1A on internal 1 and the accelerometers on internal

2 were discovered to be faulty while processing data after the testing was completed.)

Rocking acceleration histories about the x- and y-axes were determined by calculating the difference in
vertical (z) acceleration responses and dividing by the distance between the accelerometers: see Figure 4-6
for the global co-ordinate system. For example, the rocking accelerations (in rad/sec?) about the x and y

axes, at the center of earthquake simulator were calculated as:
R, =(ANSTZ - ASSTZ)/L (4-1)
R, =(AWSTZ - AESTZ)/L (4-2)
where ANSTZ, AESTZ, ASSTZ, and AWSTZ are the vertical acceleration histories (in inch/sec?) at the

north, east, south, and west sides of the earthquake-simulator, respectively (see Figure 4-6); L (= 136 inches)
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is the distance between the north and south, and the east and west accelerometers on the earthquake
simulator. The same approach was utilized to calculate rocking accelerations at the top and bottom of the

vessel.

The force-displacement loops for the isolation systems were derived by normalizing the total instantaneous
horizontal force in each direction by the total instantaneous normal load on the bearings. The total horizontal
(normal) force is the sum of the shear (axial) forces in the load cells mounted beneath the bearings.
Displacement histories were recorded at the top of the load cells, just below the isolators, and at the level
of the supporting mounts of the vessel, just above the isolators. Isolator displacements were calculated as
the difference between the displacement histories above and below the bearings. Displacement was
measured at two locations in each direction: for the north-east and south-east bearings in the x direction,
and the north-east and west bearings in the y direction, as identified in Figure 4-4e. The isolated vessel did
not rotate about its longitudinal axis, as established by comparing the isolator displacement histories from
the two sets of recordings in each direction. The x- and y-direction isolator displacement histories for the
north-east bearing were used to generate the normalized force-displacement loops presented in Section
455,

4.5.2 Processing the test data

Prior to executing the tests, trials were performed to tune the earthquake simulator so as to accurately
reproduce the target accelerations in the two horizontal and vertical directions. Figure 4-9 presents vertical
response spectra for the recorded acceleration histories at the center of the earthquake simulator with the
targets identified for tests FB1B-3D, FB2B-3D, and FB3B-3D in the non-isolated configuration.
Amplification was observed at frequencies near 30 Hz and 50 Hz: see the red dashed lines in Figure 4-9.
The inability to match the target spectra is a result of significant simulator-specimen interaction associated
with the large relative weight of the specimen (= 50 kips versus the simulator platform weight of 24 kips),
the high center-of-mass of the specimen with respect to the platform (= 124 inches), and cross talk between
the simulator’s vertical and horizontal actuators. To eliminate the effects of these simulator-related
amplifications on the response of the specimen, the recorded acceleration histories (on the earthquake-
simulator platform and the specimen) were processed using a band-stop filter in the frequency ranges of 28
Hz to 35 Hz and 48 Hz to 54 Hz. The green dashed lines in Figure 4-9 present the vertical response spectra

of the filtered acceleration histories.
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Figure 4-9. Vertical acceleration response spectra on the earthquake-simulator for the
non-isolated configuration, 5% damping

Spectral acceleration (g)

o

o
o
{

4,5.3 System identification

The modal properties of the test specimen, namely, its frequencies and damping ratios, were derived using
frequency response functions (FRFs) from multisine tests in the non-isolated configuration. The FRFs were
generated using acceleration histories measured at the top and bottom of the vessel and at the center of the
earthquake simulator. Figure 4-10 presents the FRFs for the north, south, east, and west faces at the top and
bottom of the vessel in the x, y, and z directions (see Figure 4-4 for the global co-ordinate system). Figure

4-11 presents the FRFs for the rocking accelerations along the x and y axes.

The modal frequencies in the vertical direction were 17 Hz and 45 Hz: see panels e and f of Figure 4-10.
The interior columns, load cells, and vessel support mounts contribute to the vertical flexibility of the
specimen. The peaks in the FRFs in the x- and y-directions (see panels a through d of Figure 4-10) were at
11 Hz and correspond to the rocking of the vessel, as confirmed by the peaks observed at 11 Hz in the
rotational FRFs of Figure 4-11. The horizontal modes of response of the support frame and of the vessel

are not identified in these FRFs because their horizontal stiffness is very high.
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To determine damping ratios, the test specimen was assumed to be a single degree-of-freedom (SDOF)
system, uncoupled along each translational axis. The damping ratio of a SDOF system can be estimated
using the amplitude of the FRF at the resonant frequency. Figure 4-12 presents an example FRF for an
SDOF system having a resonant frequency f, and a damping ratio & . The FRF amplitude at the resonant

frequency, FRF, , for the acceleration response of an SDOF system is presented in Chopra (2007) as:

FRF. =+ (4-3)

YN
where all the terms were defined previously. For lightly damped systems ( &? <« 1), the damping ratio can

be estimated as:

(4-4)

FRF Amplitude

Frequency
Figure 4-12. Idealized frequency response function for an SDOF system
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Table 4-6 presents the amplitudes of the FRF for the test specimen at the resonant frequencies at the top
and bottom of the vessel. In the vertical direction, the test specimen was idealized as an SDOF system with
f, =17 Hz and the average of the amplitudes of the FRF at the top and bottom of the vessel was utilized
to estimate the damping ratio of 1% of critical:
1

: =0.011 (4-5)
2x0.5x (44 +47)

Table 4-6. Frequency response function amplitudes for the test specimen at its resonant frequencies
in the X, y, and z directions

TF Vessel top Vessel Bottom
amplitude  North East West  South Avg. North East West South Avg.
x direction 24 25 23 24 24 46 46 46 44 46
y direction 14 14 14 14 14 32 32 33 33 33
z direction? 44 43 51 39 44 46 44 50 47 47

1. Amplitude of FRF for the vertical mode at 17 Hz

In the x and y directions, the test specimen was idealized as a SDOF system for damping calculations, using
a two-step procedure. In the first step, the test specimen was reduced to a two degree-of-freedom (TDOF)
system with the top and bottom halves of the vessel lumped at their respective centers of mass (COMSs): see
blue solid circles in panel a of Figure 4-13. The amplitudes of the FRFs at the respective COMs were
assumed to be one-half of those at the top and bottom of the vessel: see panel b of Figure 4-13. (The mass
of the filled vessel was uniformly distributed along its height.) In the second step, the TDOF system was
reduced to an SDOF system with an FRF amplitude equal to the average of those from step one: see panel

c of Figure 4-13. The damping ratios in the horizontal directions were estimated as:

1

= =0. 4-6
5= (.5 0.028 (4-9)
2X x| —+—
2 2 2
£ = L ~0.043 (4-7)
y 1 (14 33
2X = X| —+—
2 2 2
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These horizontal damping ratios were greater than those expected in a steel structure due to significant
simulator-specimen interaction. The damping in the oil columns of the earthquake-simulator’s actuators

affect the dynamics of the test specimen (Sivaselvan, 2022).

B TF Thop
toj —
’ 2 1 TFbmtom + TF10P
( 2 2 2
2H -e— T
TFtop H —
H 2
B H
H
H
2 H M TFbottom
2 TFboltom
o 2
o TFbottom
a) test specimen b) idealized TDOF c) idealized SDOF

Figure 4-13. Equivalent SDOF system of the test specimen for estimating damping ratios in the
horizontal directions

45.4 Non-isolated configuration

Figures 4-14 through 4-19 present 5% damped acceleration response spectra for the six 3D motions of
Table 4-3, at the locations identified in Section 4.5.1 and Figure 4-8. Table 4-7 presents the corresponding
peak accelerations, calculated here as spectral acceleration at 100 Hz. Accelerations from the center of the
earthquake simulator® were amplified by the support frame to the support mounts of the vessel, from
location C1 to V1 in Figure 4-8% compare the green dashed and black solid lines in panels a through ¢ of
Figures 4-14 through 4-19. The peak horizontal (vertical) accelerations were amplified by the support frame
by a factor of between 1.4 (1.2) and 1.8 (2.9)°.

! Accelerations at the center of the earthquake-simulator platform were used instead of the input motions of Section
4.4 because of differences due to specimen-structure interaction (see Section 4.5.2).

2 The vessel was bolted directly to the load cells in the non-isolated configuration, for which the acceleration histories
at locations V1 and F1 in Figure 4-8 will be identical.

3 Significant variation was expected because of differences in the frequency content of the input motions.
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The peak accelerations at top of the load cells (location V1 in Figure 4-8) were amplified to the top and the
bottom of the vessel (locations V2 and V3), by a factor of between 1.2 (1.6) and 2.2 (1.9) in the horizontal
(vertical) direction®. The vertical response of the vessel was driven by its vertical modes at 17 Hz and 45
Hz, and its horizontal response by rocking at 11 Hz, as explained in Section 4.5.3. The rocking of the vessel

was amplified by the rocking of the earthquake-simulator platform due to simulator-specimen interaction.

At the bottom of internal 1, the peak accelerations were amplified by a factor of between 1.9 (1.1) and 2.4
(1.4) in the horizontal (vertical) direction with respect to the top of the vessel (from location V3 to N1 in
Figure 4-8). Table 4-8 presents peak axial strains in the two internals, measured near their points of
attachments to the vessel head, at locations N2 and N3 in Figure 4-8, where maximum strains (and
corresponding stresses) were expected. The peak strains in both the internals were between 5% and 22% of
the corresponding yield strain. (Internal 1 was constructed of aluminum, and internal 2 from carbon steel.
The specified minimum vyield stress and the elastic modulus for the aluminum internal were 40 ksi and
10,000 ksi, respectively, with a corresponding yield strain of 4000 uS. The specified minimum yield stress
and the elastic modulus for the carbon steel internal were 36 ksi and 29,000 ksi, respectively, with a yield
strain of 1240 pS.)

! Significant variation was expected because of differences in the frequency content of the input motions.
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Figure 4-14. Acceleration response spectra at the top and bottom of the vessel, test FB1A-3D,
5% damping

64



Spectral acceleration (g)
(o]

12 12 12
2 ‘ 2
10 I c 10 | c 10
= i 2
8 c 8 il o 8
R n ko)
S 6 il S e }
[&] l.;.l [&]
@®© [ ] © 1
4 g ¢ A g ¢ !
2 g 2 Gt B g 2 /\}“\ §
7] M 5 g
2 - 0 i =
0 0 0
10° 10" 102 10° 10" 102 10° 10" 102
Frequency (Hz) Frequency (Hz) Frequency (Hz)
a) x direction b) y direction ¢) z direction
o 40 o 40
3 s
£32 £32
c c
0 kel . .
5 24 E 5 24 i Earthquake simulator
% i % H - — —Top of load cells
g 16 !i g 16 | e Vessel bottom
hid 1 o \‘ ---------- Vessel top
c 8 i1 S 8
0 0
n %)
10° 10" 102 10° 10" 102
Frequency (Hz) Frequency (Hz)
d) rocking about x axis e) rocking about y axis
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Figure 4-18. Acceleration response spectra at the top and bottom of the vessel, test FB3A-3D,
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Table 4-7. Peak accelerations! (g) for the 3D tests of the non-isolated configuration, x, y, and z directions?

Earthquake Atop load cells Vessel bottom Vessel top Internal 1 bottom
Test simulator
X oy z X oy z X oy z X oy z X oy z

FB1A-3D 0.23 0.18 0.12 034 033 0.32 0.72 0.65 0.46 0.67 0.66 0.44 220 0.93 0.53
FB1B-3D 042 0.37 0.26 0.68 0.69 0.73 1.73 124 1.07 147 132 1.04 3.73 183 1.25

FB2A-3D 024 029 0.20 039 035 0.57 0.96 047 0.86 055 05 0.83 147 089 1.05
FB2B-3D 042 054 0.34 0.72 0.63 0.98 169 0.85 144 098 0.93 1.39 255 146 1.88

FB3A-3D 0.08 0.15 0.05 0.16 0.2 0.06 0.16 0.26 0.08 022 0.34 0.08 0.58 0.49 0.08
FB3B-3D 019 039 0.12 038 051 0.18 045 0.63 0.23 0.56 0.85 0.22 151 127 0.26

1. Peak acceleration calculated as spectral acceleration at 100 Hz
2. See Figure 4-4 for the global co-ordinate system

Table 4-8. Peak axial strains (uS) in internals for the 3D tests of the non-isolated configuration?

Test Internal 1 Internal 2

R1B R2A R2B
FB1A-3D 427 140 141
FB1B-3D 749 231 231
FB2A-3D 373 185 189
FB2B-3D 569 268 273
FB3A-3D 206 123 125
FB3B-3D 486 235 236

1. For reference, the yield strain in internal 1 (internal 2) is approximately 4000 (1240) uS
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455 Isolated configurations
4.5.5.1 SFP-isolated

Figures 4-20 through 4-37 present processed data for the six 3D motions of Table 4-4 and images from
testing. The input motions had different frequency contents and amplitudes (see Section 4.4) and the y-axis

scale in the figures presenting acceleration response spectra is different for each motion.

Figures 4-20, 4-23, 4-26, 4-29, 4-32, and 4-35 present 5% damped acceleration response spectra (generated
from the recorded acceleration histories) directly above and below the isolation plane (locations V1 and F1
in Figure 4-8). The vertical thin blue lines in these figures at a frequency of 0.72 Hz correspond to the
sliding period (1.38 seconds) of the SFP bearings (see Section 3). The support frame amplified the motions
at the center of the earthquake simulator (location C1) to the underside of the isolation plane for frequencies
greater than 10 Hz (compare the black solid lines and red dashed lines in these figures), with increases in
peak accelerations by a factor of between 1.1 (1.0) and 1.6 (1.5) in the horizontal (vertical) direction. For
frequencies greater than 3 Hz (of interest for the vessel and its internals), the horizontal spectral
accelerations above the isolation plane were generally substantially smaller than those below the isolation
plane. The peak horizontal accelerations above the isolation plane were reduced by a factor of between 1.9

and 3.4 with respect to those below the isolation plane’.

Figures 4-21, 4-24, 4-27, 4-30, 4-33, and 4-36 present normalized horizontal force-displacement loops for
the SFP isolation system. (Section 4.5.1 describes the derivation of the normalized force-displacement
loops.) For the smaller amplitude motions (tests SF1A, SF2A, and SF3A in Table 4-4), the displacement of
the isolation system was between 10% and 20% of its capacity (= 3.5 inches), and the corresponding
reduction in the spectral accelerations above the isolation plane (and at the top and bottom of the vessel)
was smaller than for the larger amplitude motions: see Figures 4-20, 4-26, and 4-32. The fluctuation in the
coefficient of friction in the normalized loops is due to a) its dependence on the sliding velocity, as
characterized in Section 3, b) its dependence on the contact pressure on the slider (see Constantinou et al.
(2007)), and c) rotation of the concave plates of the bearings, attached to the support mounts of the vessel

(see Fenz and Constantinou (2008a)). Figure 4-38 present snapshots of the mid-height of the vessel from

! Significant variation in the percent change due to isolation was expected because of differences in the frequency
content and the amplitude of the input motions.
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test SFP2B-3D, wherein the south-east (left) and north-east (right) SFP bearings are at the at-rest position

and the maximum displacement (= 2.4 inches).

Figures 4-22, 4-25, 4-28, 4-31, 4-34, and 4-37 present acceleration response spectra at the top and the
bottom of the vessel (locations V2 and V3 in Figure 4-8). For the larger amplitude motions (tests SF1B,
SF2B, and SF3B in Table 4-4), the SFP bearings generally enabled a significant reduction in horizontal
spectral accelerations at the top and the bottom of the vessel for frequencies greater than 3 Hz. For the
smaller amplitude motions (tests SF1A, SF2A, and SF3A in Table 4-4), wherein the SFP bearings operated
primarily in the elastic range, the benefit of isolation is small. The response of the vessel in the vertical
direction was driven by the vertical modes of the frame-bearing-vessel system with modal frequencies at
14 Hz and 38 Hz (see panel c of Figures 4-22, 4-25, 4-28, 4-31, 4-34, and 4-37). The modal frequency for
rocking of the vessel about the x and y axes was 8 Hz (see panels d and e of Figures 4-22, 4-25, 4-28, 4-31,

4-34, and 4-37). Rocking of the vessel was amplified by the rotation of the earthquake-simulator platform.

Table 4-9 presents the peak accelerations at the locations identified in Section 4.5.1. The peak horizontal
accelerations at the top and the bottom of the vessel for the larger amplitude motions were reduced by a
factor of between 1.4 (1.2) and 2.5 (2.2) with respect to those below the isolation plane (at the center of the
earthquake simulator). The peak vertical accelerations were 1.1 (1.1) to 2.2 (3.1) times greater than those

at the underside of the isolation plane (the center of the earthquake simulator).

The peak accelerations at the bottom of internal 1 (location N1 in Figure 4-8) were amplified by a factor of
between 2.5 (1.2) and 3.4 (2.2) in the horizontal (vertical) directions with respect to the top of the vessel
(location V3). Table 4-10 presents peak axial strains in the two internals, at locations N2 and N3 in Figure

4-8, with values of between 3% and 10% of the corresponding yield strains.
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Table 4-9. Peak acceleration? (g) for the 3D tests of the SFP-isolated configuration, x, y, and z directions?

Test Es?;::ﬁ:z) kre Dlzszt::;:t?;ls ;T::IZW) Vessel bottom Vessel top Internal 1 bottom
X y z X y z X y z X y z X y z

SF1A-3D 0.25 0.29 0.11 0.13(0.30) 0.12(0.30) 0.21(0.16) 022 0.22 0.34 022 024 034 075 0.71 043
SF1B-3D 0.65 0.78 0.30 0.24 (0.82) 0.23(0.77) 0.39(0.30) 0.36 0.29 0.52 0.34 0.31 050 1.06 0.62 0.68
SF2A-3D 0.20 0.23 0.18 0.11 (0.24) 0.11(0.26) 0.21(0.20) 0.20 0.14 0.32 0.19 0.19 0.32 NR® 0.61 0.5
SF2B-3D 042 0.33 031 0.24 (0.69) 0.18(0.48) 0.57(0.38) 0.39 0.27 0.83 0.36 0.27 0.83 NR® 074 184
SF3A-3D 0.09 0.20 0.04 0.10 (0.16) 0.11(0.25) 0.06 (0.05) 0.11 0.20 0.07 0.14 0.22 0.07 0.46 0.46 0.09
SF3B-3D 0.18 0.40 0.12 0.13(0.19) 0.17(0.46) 0.11(0.10) 0.14 021 0.13 0.17 0.23 0.13 059 0.76 0.16

1. Peak acceleration calculated as spectral acceleration at 100 Hz
2. See Figure 4-4 for the global co-ordinate system

3. Not recorded

Table 4-10. Peak strain (puS) in internals for the 3D tests of the SFP-isolated configuration

Test Internal 1 Internal 2
R1B R2A R2B
SF1A-3D 208 74 74
SF1B-3D 172 117 114
SF2A-3D 179 97 97
SF2B-3D 226 107 107
SF3A-3D 137 80 80
SF3B-3D 213 95 95
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455.2 TFP-isolated

Figures 4-39 through 4-56 present processed data for the six 3D motions of Table 4-5 and images from
testing. The input motions had different frequency contents and amplitudes (see Section 4.4) and the y-axis
scale in the figures presenting acceleration response spectra is different for each motion. A video recording
of the test TF2B-3D can be viewed here. Table 4-11 presents the peak accelerations at the locations
identified in Section 4.5.1.

Figures 4-39, 4-42, 4-45, 4-48, 4-51, and 4-54 present 5% damped acceleration response spectra (derived
using the recorded acceleration histories) directly above and below the isolation plane (locations V1 and F1
in Figure 4-8). The vertical thin blue lines in these figures at a frequency of 0.51 Hz correspond to the
sliding period (1.95 seconds) of the outer two surfaces of the TFP bearings (see Section 3). The
amplification by the support frame (from location C1 to F1 in Figure 4-8) was similar to that in the SFP-
isolated configuration. The spectral accelerations above the isolation plane, for frequencies greater than 3
Hz, were generally substantially smaller than those below the isolation plane, with reductions in peak

accelerations (i.e., spectral accelerations at 100 Hz) by a factor of between 1.5 and 4.22.

The percentage reduction was generally higher than in the SFP-isolated configuration because of the
adaptive behavior of TFP bearings, that is, sliding on multiple concave surfaces (Fenz and Constantinou,
2008b). For a small amplitude shaking, sliding occurs on the inner surfaces where the coefficients of friction

are lower than for the outer surfaces (see Section 3).

Figures 4-40, 4-43, 4-46, 4-49, 4-52, and 4-55 present normalized force-displacement loops for the TFP
isolation system. (Section 4.5.1 describes the derivation of the normalized force-displacement loops.)
Similar to the correction of force-displacement loops from the testing of individual TFP bearings (see
Section 3.5.3), the loops for the earthquake-simulator tests of the TFP-isolated vessel were corrected for
cross talk between the axial, shear, and moment channels of the load cells.) The fluctuation in the
coefficients of friction in the normalized loops is explained in Section 4.5.5.1. Figure 4-57 presents
snapshots at the mid-height of the vessel from test TFP2B-3D, wherein the south-east (left) and north-east

(right) TFP bearings are at the at-rest position and the maximum displacement (= 3.5 inches).

! Significant variation in the percent reduction due isolation was expected because of differences in the frequency
content and the amplitude of the input motions.
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https://youtu.be/uHQK9vAndPs

Acceleration response spectra at the top and the bottom of the vessel (locations V2 and V3 in Figure 4-8),
are presented in Figures 4-41, 4-44, 4-47, 4-50, 4-53, and 4-56. The TFP bearings generally enabled a
significant reduction in horizontal spectral accelerations with respect to the underside of the isolation plane
(the center of the earthquake simulator), with decreases in peak accelerations by a factor of between 1.1
(1.1) and 3.3 (2.9). The spectral accelerations in the vertical direction at the top and the bottom of the vessel

were amplified, similar to that observed in the SFP-isolated configuration.

At the bottom of internal 1 (location N1 in Figure 4-8), the peak horizontal (vertical) accelerations were
amplified by a factor of between 1.5 (1.2) and 2.9 (2.3) with respect to the top of vessel (location V3). Peak
axial strains in the internals (at locations N2 and N3), reported in Table 4-12, were between 2% and 12%

of the corresponding yield strains.
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Figure 4-39. Acceleration response spectra directly above and below the isolation plane, test
TF1A-3D, 5% damping
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Figure 4-42. Acceleration response spectra directly above and below the isolation plane, test
TF1B-3D, 5% damping
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Figure 4-43. Normalized force-displacement loops for the isolation system, test TF1B-3D
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Figure 4-45. Acceleration response spectra directly above and below the isolation plane, test
TF2A-3D, 5% damping
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Figure 4-46. Normalized force-displacement loops for the isolation system, test TF2A-3D
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Figure 4-48. Acceleration response spectra directly above and below the isolation plane, test
TF2B-3D, 5% damping
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Figure 4-49. Normalized force-displacement loops for the isolation system, test TF2B-3D
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Figure 4-51. Acceleration response spectra directly above and below the isolation plane, test
TF3A-3D, 5% damping
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Figure 4-52. Normalized force-displacement loops for the isolation system, test TF3A-3D
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Figure 4-54. Acceleration response spectra directly above and below the isolation plane, test
TF3B-3D, 5% damping
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Figure 4-55. Normalized force-displacement loops for the isolation system, test TF3B-3D
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Figure 4-57. Snapshots from test TF2B-3D at the mid-height of the vessel
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Table 4-11. Peak acceleration? (g) for the 3D tests of the TFP-isolated configuration, x, y, and z directions?

Ea_lrthquake Directly above (below) Vessel bottom Vessel top Internal 1 bottom
Test simulator the isolation plane
X y z X y z X y z X y z X y z

TFIA-3D 029 0.23 0.10 0.10(0.30) 0.11(0.27) 0.15(0.12) 013 013 019 013 017 019 044 032 024
TF1B-3D 0.69 0.82 0.31 0.20(0.81) 0.20(0.85) 0.37(0.31) 0.30 0.20 0.50 0.31 0.23 0.49 0.74 040 0.61
TF2A-3D 025 0.19 0.16 0.17 (0.32) 0.12(0.32) 0.28(0.21) 0.24 0.15 0.43 0.18 0.14 042 NR® 0.37 0.83
TF2B-3D 0.68 050 041 0.29 (1.07) 0.22(0.87) 0.70(0.58) 048 031 1.20 033 03 121 NR® 045 271
TF3A-3D 0.09 0.17 0.05 0.07 (0.11) 0.11(0.18) 0.05(0.05) 0.07 0.14 0.06 0.09 0.15 0.06 0.31 035 0.07
TF3B-3D 0.23 054 0.14 0.14 (0.24) 0.18(0.56) 0.17 (0.14) 0.13 0.21 0.18 0.14 0.2 0.8 041 048 0.17

1. Peak acceleration calculated as spectral acceleration at 100 Hz
2. See Figure 4-4 for the global co-ordinate system

3. Not recorded

Table 4-12. Peak strain (puS) in internals for the 3D tests of the TFP-isolated configuration

Test Internal 1 Internal 2
R1B R2A R2B
TF1A-3D 98 67 67
TF1B-3D 94 110 108
TF2A-3D 95 90 92
TF2B-3D 99 146 145
TF3A-3D 94 72 69
TF3B-3D 141 119 118
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4.6 Summary and discussion

The earthquake-simulator experiments described in this section were designed to assess the feasibility of
mid-height seismic isolation of tall vessels. A 240-inch tall vessel with an outer diameter of 60 inches and
a wall thickness of 1-inch was utilized for the experiments. Two internals were attached to the vessel head
as described in Section 4.2.2. Three configurations of the vessel were tested: 1) non-isolated, 2) SFP-
isolated, and 3) TFP-isolated. The characterization of the Friction Pendulum bearings is presented in
Section 3. Ground motions with a broad range of frequency content and different amplitudes were utilized

for the earthquake-simulator tests (see Section 4.4)

In the non-isolated configuration, the peak accelerations at the top of the load cells (location F1 in Figure
4-8) were amplified by a factor of between 1.2 (1.6) and 2.2 (1.9) to the top and the bottom of the vessel
(locations V2 and V3) in the horizontal (vertical) directions. The horizontal response of the vessel was
driven by its rocking at 11 Hz (see Figures 4-10 and 4-11), which was amplified by the rocking of the
earthquake-simulator platform due to simulator-specimen interaction. The frequencies of the vertical
modes, driving the vessel’s vertical response, were 17 Hz and 45 Hz (see panels e and f of Figure 4-10).
For moderate-to-high seismic inputs such as those in tests FB1B-3D and FB2B-3D, peak horizontal
accelerations greater than 1 g were observed at the top and the bottom of the vessel: see columns 8, 9, 11,
and 12 in Table 4-7.

Mid-height seismic isolation using SFP and TFP bearings generally enabled a significant reduction in the
horizontal spectral accelerations above the isolation plane (location V1) and at the top and the bottom of
the vessel (locations V2 and V3), with peak horizontal accelerations lower than those at the center of the
earthquake-simulator platform in most cases (see Tables 4-9 and 4-11). For moderate-to-high seismic
inputs, and intensities greater than those in tests FB1B-3D and FB2B-3D of the non-isolated configuration,
the peak horizontal accelerations at the top and the bottom of the isolated vessel were less than 0.5 g (see
Tables 4-9 and 4-11). The efficacy of the isolation systems and the corresponding reduction in the peak
horizontal accelerations was a function of the frequency content and the amplitude of the input motions.
For design of isolated safety-class equipment in nuclear power plants, an isolation system could be tuned
for the reactor- and site-specific seismic hazard (that is, the frequency content and the amplitude of shaking)
to enable significant reductions in horizontal spectral accelerations: the isolation systems tested herein were

not optimized across multiple ranges of frequency content and amplitude of seismic input.
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Although rocking of the vessel was observed in both isolated configurations, it was smaller than in the non-
isolated configuration as evident from the peak rocking accelerations (at 100 Hz) at the top and the bottom
of the vessel. For example, compare the peak rocking accelerations in panel d of Figures 4-14 and 4-22,
having identical values at the center of the earthquake simulator for the non-isolated and SFP-isolated
configurations (0.56 rad/sec?) with corresponding values of 1.8 rad/sec? (non-isolated) and 0.6 rad/sec?
(SFP-isolated) at the top of the vessel. The rocking modal frequency at 8 Hz in the isolated configurations
was lower than in the non-isolated configuration (at 11 Hz) because of the vertical flexibility of the bearings
(characterized in Section 3). In the vertical direction, the amplification of spectral accelerations from the
top of the load cells (location F1) to the top and the bottom of the vessel (locations V2 and V3) was similar

in the non-isolated and isolated configurations.

Even though the amplitude of shaking was larger in the isolated configurations, the peak axial strains (at
locations N2 and N3) and the peak horizontal accelerations (at location N1) in the internals were smaller
than in non-isolated configuration. Maximum peak axial strain values were 10% (12%) of the yield strain
in the SFP- (TFP-) isolated vessel and 22% in the non-isolated vessel: compare the values in Tables 4-8, 4-
10, and 4-12. Peak horizontal accelerations (at location N1) greater than 1.5 g were observed in the non-
isolated configuration but smaller than 1 g in the isolated configurations: compare the values in columns
14 and 15 of Tables 4-7, 4-9, and 4-11.

The results from the earthquake-simulator tests of the vessel and its internals, summarized above, enable a
gualitative comparison of the responses in the isolated and non-isolated configurations. Mid-height seismic
isolation is beneficial and practical for tall vessels. The experimental results are used to benchmark
numerical models of the test specimen, described in Section 5, that is utilized to compare responses in the
non-isolated and isolated configurations for identical inputs, and investigate other seismic isolation

strategies for tall, slender vessels.
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SECTION 5
NUMERICAL MODELING AND RESPONSE-HISTORY ANALYSES OF
MID-HEIGHT AND BASE ISOLATED TALL, SLENDER VESSELS

51 Introduction

This section describes the numerical modeling of the mid-height supported vessel described in Section 4,
investigation of the utility of mid-height seismic isolation, and quantification of its benefits. (A qualitative
comparison of response for the isolated and non-isolated vessel is presented in Section 4.) The feasibility
of base isolation for a tall, slender vessel is also investigated. Numerical models were constructed for six
configurations of the vessel: non-isolated at the mid-height, non-isolated at the base, mid-height isolated
using single Friction Pendulum (SFP) bearings, mid-height isolated using Triple Friction Pendulum (TFP)
bearings, base isolated using SFP bearings, base isolated using SFP bearings with extended support mounts.
The goals of the modeling were to 1) investigate the utility and quantify the benefits of mid-height seismic
isolation, 2) investigate the feasibility of base isolation for a tall, slender vessel, and 3) provide analysis and

design recommendations for seismic isolation of safety-class equipment.

Section 5.2 presents the numerical modeling and modal analysis results. Section 5.3 enables a comparison
of and discusses predicted and experimentally measured responses. Section 5.4 investigates the utility and
quantifies the benefits of mid-height seismic isolation using the (benchmarked) numerical models of
Section 5.2. Section 5.5 explores base isolation of a tall, slender vessel and Section 5.6 presents a summary

and discussion.

5.2 Numerical modelling
5.2.1 Introduction

Numerical models of the test specimen were developed in the computer program SAP2000 (CSI, 2021).
Figure 5-1a presents an isometric view of the non-isolated numerical model. The vessel (red in Figure 5-
1a), its flanges (blue), support mounts and the shaped plates (yellow), vessel head (green), and the mounting
plate of the support frame (grey) were modelled using shell elements with appropriate thicknesses (see
Section 4). The columns and angles of the support frame were modelled using beam elements with

appropriate section properties (see Section 4).
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Load cell link

b) close-up view of the load cell link in the non-
isolated configuration

Isolator link

Load cell link

¢) close-up view of the load cell and isolator links in
the isolated configurations

a) isometric view

Figure 5-1. Numerical model of the test specimen in SAP2000

Mechanical properties consistent with carbon steel, and listed in Table 5-1, were assigned to the shell and
the beam elements. The bottom nodes of the columns and angles, where the support frame was bolted to
the earthquake-simulator platform, were assigned the fixed joint restraint in all six degrees-of-freedom. The
SAP2000 model was calibrated to the measured rocking frequencies (see Section 5.2.2) by reducing a) the
stiffness of the columns, angles, and plates of the support frame by 15% (to account for the flexibility of
the connections between the members of the support frame), and b) membrane, bending, and shear
stiffnesses of the support mounts and the shaped plates by 15% (to account for the flexibility of the welded

connections).
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Table 5-1. Mechanical properties of carbon steel

Property Value
Minimum yield stress 36 ksi
Density 0.29 Ib/in®
Elastic modulus 29000 ksi
Poisson’s ratio 0.3

The measured weight of the empty vessel, including the head and internals was 16.3 Kkips (see Section 4).
The corresponding weight computed by SAP2000 was within 1% of the measured value: 16.2 Kips. For
testing, the vessel was filled full of water to simulate in-service condition, eliminating sloshing of the fluid.
In this case, the fluid response is treated as impulsive!, and interaction of the fluid and the surrounding
structure (vessel) was ignored for the purpose of benchmarking numerical models of the isolation systems
and the mid-height supported vessel. The weight of the water (= 23 kips) was distributed uniformly along

the height of the vessel wall (red in Figure 5-1a) using area mass for shell elements in SAP20002.

The five-channel load cells and the Friction Pendulum (FP) bearings were modelled using two joint links.
The Linear Spring element was assigned to the load cell links, with horizontal and vertical stiffnesses per
Appendix A of Mir et al. (2022b). The rotational degrees of freedom for the load cell links were fixed as
they have high rotational stiffness. The load cell links were 13 inches tall (= height of the load cells, see
Figure 3-10) with their bottom node connected to the mounting plate of the support frame, directly above
the beam elements for the interior columns. The Friction Isolator and Triple Pendulum Isolator elements
were assigned to the bearing links for modelling single and triple FP isolators, respectively, with the radius
of curvature, coefficients of friction, rate parameter, and axial stiffness per Section 3. Table 5-2 lists the

parameters assigned to the SFP and TFP elements in SAP2000.

! Studies on fluid-structure-interaction parse hydrodynamic response of a fluid in a dynamically excited vessel into
impulsive and convective components. The impulsive response is from the part of the fluid that moves (and
accelerates) with the vessel. The convective response is from the part of the fluid that oscillates and forms waves on
the free surface (sloshing).

2 At the time of this writing, SAP2000 does not have the ability to explicitly model fluid-structure-interaction, for
which other finite element programs (e.g., LS-DYNA and ABAQUS) can be used (see Yu and Whittaker (2020) and
Mir et al., (2022b))
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Table 5-2. Parameters for modelling Friction Pendulum bearings in SAP2000

SFP bearings TFP bearings
Supported weight per bearing, W (kip)* 13.2 13.2
Element height, h (in)? 4 4
Shear deformation location (in) 2 2
Reffl = Reﬁ4 17 2
Effective radius, R (in)? 18.64
Ryt = Regs 2.2
.. . . M= Hy 0.067
Friction coefficient slow, ., 2 0.028
My = My 0014
Friction coefficient fast, u., 2 0.078
My = My 0023
Rate parameter (sec/in)? 8 1
Axial stiffness (kip/in)? 2,370 2,080
Kel = Ke4 151
Elastic stiffness (kip/in)® 104.4
Ke2 = Ke3 268
Post-elastic stiffness (kip/in)* 0.709 0.383
Rotational inertia (kip-in-sec?)® 0.071 0.133
Rotational/torsional stiffness® 0 0

1. Athird of the weight of the vessel, including water, head, and internals (see Section 4)
2. See Section 3

3. Stiffness prior to the initiation of sliding, z, W /Y , where Y is yield displacement (= 0.01”

per Section 3)
4. Stiffness corresponding to sliding

(D +h?) /12 where m,

isolator

5. Rotational mass moment of inertia, M., is the mass of the

bearing, and Dy is the diameter of slider (inner rigid slider for TFP bearings)
6. Friction Pendulum bearings have negligible resistance to rotation and torsion

Three numerical models were developed, one each for the non-isolated, SFP-isolated, and TFP-isolated
configuration. In the non-isolated configuration, the top nodes of the load cell links were connected to the
underside of the support mounts of the vessel: see panel b of Figure 5-1. In the isolated configurations, the

isolator links were modelled atop the load cells links: see panel ¢ of Figure 5-1.
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5.2.2 Modal analysis

Modal analysis of the numerical models was performed to compare predicted and measured (Section 4)
resonant frequencies. Table 5-3 presents results. Translational modal frequencies in the x and y directions
could not be clearly identified from the experimental data because rocking of the table (and hence the
vessel) dominated the translational response of the vessel. In the z direction, the SAP2000 model
overestimated the first translational frequency in all three configurations (hon-isolated, SFP-isolated, and
TFP-isolated): the sources of the difference could not be clearly identified but are attributed to connections,
including those associated with the support mounts. The close agreement between the predicted and
measured rocking frequencies is an outcome of the calibration exercise described previously (in Section
5.2.1).
Table 5-3. Resonant frequencies from the SAP2000 model and test data!

x and y directions? R,and R, directions® z direction?

SAP2000 Testdata SAP2000 Test data SAP2000 Test data

Non-isolated 14 HZ® NA* 10.4 Hz 11 Hz 27 Hz 17 Hz
SFP-isolated 0.72 HZ® NAS 8.4 HZ' 8 HZ’ 20 Hz 15.3 Hz
TFP-isolated 0.53 HZ® NA?S 8.3 HZ’ 8 Hz’ 19.6 Hz 15.5 Hz

1. Measured frequencies for the non-isolated vessel were derived from low-amplitude system
identification tests using multisine excitation. Frequencies for the isolated vessels were
derived by analysis of data from the seismic tests.

2. See Figure 5-1 for the global coordinate system
3. Corresponds to the horizontal modes of the support frame

4. Could not be clearly identified as the behavior of the test specimen was driven by the rocking
of the vessel

Corresponds to the sliding period of the SFP bearings of 1.38 seconds

Could not be identified from the test data

Lower than in the non-isolated configuration because of the added flexibility of the bearings
Corresponds to the sliding period of the TFP bearings of 1.95 seconds

© N o O
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5.2.3 Response-history analyses and damping specifications

Response-history analyses were performed using the Fast Nonlinear Analysis (FNA) method in SAP2000,
with the only nonlinear elements being the isolator links. The acceleration histories recorded at the center
of the earthquake simulator platform during the experiments were used as inputs to the numerical models.
Rocking acceleration inputs for the models were derived as described in Section 4.5.1. (There were no
rocking inputs to the earthquake simulator but rocking of the platform resulted from simulator-specimen
interaction and compliance in the simulator’s horizontal and vertical actuators.) Prior to the start of a
response-history analysis, the models were subjected to a vertical acceleration of 1 g to develop gravity
load on the isolators, applied gradually over a period of 10 seconds, and followed by an idle time of 5

seconds for the load to stabilize.

Damping in the SAP2000 model was specified using the Constant Damping with Override option. This
option enables the analyst to select a baseline damping ratio (e.g., 1.5% of critical) for all modes bar some
for which an alternate value is specified (i.e., the override). Herein, a constant damping ratio of 1.5% was
specified as the baseline value based on analysis of data from tests of the non-isolated configuration.
Exceptions to the baseline value were based on the system identification results in Section 4.5.3 and analysis
of data from the seismic tests: 1) in the non-isolated configuration, an override of 2.5% (4.6%)* was applied
to the rocking of the vessel about the x (y) axis; 2) in the isolated configurations, a) an override of 0% was
specified for the isolated modes because the energy dissipation in those modes is hysteretic (see Sarlis and
Constantinou (2010)), and b) an override of 4.6%?2 was applied to the rocking of the vessel about both x and
y axes. A calibration exercise was not performed to determine damping ratios for each seismic input and
intensity. Rather a single set of values were used to predict responses for all tests such that the rocking

responses were recovered reasonably well by the SAP2000 models across a wide range of intensities.

Because the mass of the water was distributed on the vessel wall, breathing of the vessel wall was observed

at approximately 40 Hz: see Figure 5-2. Breathing would occur at much higher frequencies if fluid (water

! Damping for rocking about the x and y axis is associated with the oil columns in the simulator’s actuators and varies
with the intensity of the seismic input. The chosen values enabled the rocking responses to be recovered by the
SAP2000 model.

2 The chosen values for the isolated configurations enabled the rocking responses to be recovered by the SAP2000
model.
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herein) is explicitly modeled. For all analyses herein, the breathing modes were assigned a damping

override of 95% to eliminate its effect on the response of the isolators and the vessel.

Figure 5-2. Breathing of the vessel wall

5.3 Comparison of analytical and experimental results
5.3.1 Introduction

The numerical models were benchmarked by comparing predicted results with experiment data. Results

extracted from the numerical models include:

1. Acceleration time series in the x, y, and z directions (global coordinate system is defined in Figure

5-1):

a) Atop the load cells on the north-east side (location F1 in Figure 4-8), representing acceleration
response at the mid-height of the vessel for the non-isolated configuration and directly below

the isolation plane for the isolated configurations. (North is defined in Figure 5-1a.)

b) On the north-east support mount of the vessel (location V1), representing acceleration

response directly above the isolation plane.
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c) At the top and the bottom of the vessel on the north face (locations V2 and V3).

2. Isolation-system displacement and force histories. The normalized force-displacement loops were
derived by normalizing the total horizontal force in the three isolator links by the total instantaneous
normal load at the same time step. Identical displacement histories were obtained for the three
isolator links, and the x- and y-direction histories for the north-east link were utilized for generating

the force-displacement loops.

Rocking accelerations about the x- and y-axis at the top and the bottom of the vessel were derived by
calculating the difference in the vertical (z) acceleration responses and dividing by the horizontal distance
between the output stations in SAP2000. Sections 5.3.2, 5.3.3, and 5.3.4 below present predicted (SAP2000)

and measured (test) responses. Section 5.3.5 presents a discussion of the predicted and measured results.
5.3.2 Non-isolated configuration

Figures 5-3 through 5-14 enable a comparison of predicted and measured (after processing) acceleration
spectra at the top and the bottom of the vessel for the six 3D motions of Table 4-3. Table 5-4 presents the
peak accelerations, derived as spectral acceleration at 100 Hz%, at the top, bottom, and mid-height of the
vessel, and the absolute percentage difference between the numerical and experimental values. Peak
acceleration is used here as a measure of seismic input to safety-related equipment at the head and the base

of the vessel.

The acceleration responses predicted by the numerical model in the two horizontal directions and for
rocking about the x- and y-axis are in good agreement with the test data, with an average difference of 13%
(range: 0% to 35%) in the peak horizontal accelerations. Greater differences are seen in the peak vertical
accelerations, equal to 24% on average (range: 0% to 48%), due in large part to the significant differences

between the measured and predicted frequencies in the z direction (see Section 5.2.2).

! Acceleration time series from SAP2000 were processed with a low-pass filter at 100 Hz and so peak accelerations
were taken as spectral acceleration at 100 Hz.
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N

-
=

o

10° 10" 102
Frequency (Hz)

a) x direction

-
© O

N B

10° 10" 107
Frequency (Hz)

e) rocking about y axis

C

8’2

©

©

° 1

(0]

[oX -

wn

0

10° 10" 102
Frequency (Hz)
b) y direction

—~10

N

9

o 8

o

G 6

o

84

o

S 2

Q. N

» 0

10° 10" 102
Frequency (Hz)

Spectral acc. (9)

N

-

o

]
n
I

a\J

10° 10" 10?
Frequency (Hz)

c) z direction

Experiment
- = =SAP2000

Figure 5-14. Acceleration response spectra at the bottom of the vessel, test FB3B-3D
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Table 5-4. Peak accelerations! (g) for the 3D tests in the non-isolated configuration, x, y, and z directions

Mid-height of vessel Vessel bottom Vessel top

Test X y Z X y z X y z

Experiment 0.34 0.33 0.32 0.72 0.65 0.46 0.67 0.66 0.44

FB1A-3D  SAP2000 0.34 0.30 0.20 0.66 0.60 0.36 0.58 0.62 0.35
Diff (%) 0 9 38 8 8 22 13 6 20

Experiment 0.68 0.69 0.73 1.73 1.24 1.07 1.47 1.32 1.04

FB1B-3D SAP2000 0.64 0.63 0.38 1.40 121 0.62 1.24 1.25 0.62
Diff (%) 6 9 48 19 2 42 16 5 40

Experiment 0.39 0.35 0.57 0.96 0.47 0.86 0.55 0.50 0.83

FB2A-3D SAP2000 0.35 0.40 0.35 0.62 0.56 0.72 0.59 0.52 0.70
Diff (%) 10 14 39 35 19 16 7 4 16

Experiment 0.72 0.63 0.98 1.69 0.85 1.44 0.98 0.93 1.39

FB2B-3D SAP2000 0.61 0.79 0.62 1.29 0.99 1.29 1.08 0.96 1.28
Diff (%) 15 25 37 24 16 10 10 3 8

Experiment 0.16 0.20 0.06 0.16 0.26 0.08 0.22 0.34 0.08

FB3A-3D SAP2000 0.13 0.20 0.06 0.11 0.21 0.10 0.18 0.30 0.10
Diff (%) 19 0 0 31 19 25 18 12 25

Experiment 0.38 0.51 0.18 0.45 0.63 0.23 0.56 0.85 0.22

FB3B-3D SAP2000 0.34 0.54 0.14 0.31 0.54 0.20 0.47 0.79 0.20
Diff (%) 11 6 22 31 14 13 16 7 9

1. Peak acceleration calculated as spectral acceleration at 100 Hz
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5.3.3 SFP-isolated configuration

Figures 5-15 through 5-50 enable a comparison of numerical and experimental results for the six 3D
motions (see Table 4-4) in the SFP-isolated configuration. Because the acceleration response of the isolated
vessel in the two horizontal directions was substantially smaller than in the vertical direction, the y-axis
range for the x- and y-direction spectra is different than in the z direction. Table 5-5 presents the peak
accelerations at the locations identified in Section 5.3.1 and the absolute percentage difference between the
numerical response and the test data. The maximum isolator displacements and normalized forces are

presented in Table 5-6.

The predicted horizontal and rocking acceleration responses are in good agreement with the experiment
data. Differences in the vertical accelerations are attributed to the higher vertical mode frequency of the
SAP2000 model: see Section 5.2.2. The percentage difference in the peak horizontal accelerations directly
above and below the isolation plane, and at the top and the bottom of the vessel is nearly identical to that
in the non-isolated configuration: 15% on average (range: 0% to 65%). The difference in the peak vertical

accelerations is 32% on average (range: 0% to 106%).

The global response of the SFP isolation system is examined using normalized force-displacement loops,
maximum horizontal displacements, and peak normalized forces, defined as the ratio of the horizontal force
in the isolation system to the instantaneous axial force on it. The agreement between the predicted and
recorded normalized force-displacement loops, maximum horizontal displacements, and peak normalized
forces is excellent for the larger amplitude motions (SF1B-3D, SF2B-3D, SF3B-3D), producing larger
isolation-system displacements. The agreement was poorer for the low amplitude motions, resulting in

small isolation-system displacements.
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Figure 5-20. Acceleration response spectra at the bottom of the vessel, test SF1A-3D
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Figure 5-22. Isolation system displacements, test SF1B-3D
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Figure 5-24. Normalized force-displacement loops for the isolation system, test SF1B-3D
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Figure 5-25. Acceleration response spectra at the top of the vessel, test SF1B-3D
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Figure 5-26. Acceleration response spectra at the bottom of the vessel, test SF1B-3D
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Figure 5-27. Acceleration response spectra directly above the isolation plane, test SF2A-3D
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Figure 5-36. Normalized force-displacement loops for the isolation system, test SF2B-3D
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Figure 5-44. Acceleration response spectra at the bottom of the vessel, test SF3A-3D
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Figure 5-50. Acceleration response spectra at the bottom of the vessel, test SF3B-3D
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Table 5-5. Peak accelerations! (g) for the 3D tests in the SFP-isolated configuration, X, y, and z directions

Below isolation plane Above isolation plane Vessel bottom Vessel top
Test X y z X y z X y z X y z

Experiment  0.30 0.30 0.16 0.13 0.12 0.21 0.22 0.22 0.34 0.22 0.24 0.34

SF1A-3D  SAP2000 0.42 0.47 0.13 0.11 0.11 0.19 0.21 0.21 0.39 0.23 0.20 0.38
Diff (%) 40 57 19 15 8 10 5 5 15 5 17 12

Experiment  0.82 0.77 0.30 0.24 0.23 0.39 0.36 0.29 0.52 0.34 0.31 0.50

SF1B-3D  SAP2000 0.76 0.80 0.37 0.33 0.38 0.51 0.50 0.30 1.02 0.50 0.42 1.03
Diff (%) 7 4 23 38 65 31 39 3 96 47 35 106

Experiment  0.24 0.26 0.20 0.11 0.11 0.21 0.20 0.14 0.32 0.19 0.19 0.32

SF2A-3D  SAP2000 0.25 0.39 0.21 0.11 0.11 0.29 0.21 0.14 0.62 0.23 0.16 0.62
Diff (%) 4 50 5 0 0 38 5 0 94 21 16 94

Experiment  0.69 0.48 0.38 0.24 0.18 0.57 0.39 0.27 0.83 0.36 0.27 0.83

SF2B-3D  SAP2000 0.68 0.66 0.40 0.20 0.19 0.57 0.37 0.27 1.15 0.42 0.29 1.15
Diff (%) 1 38 5 17 6 0 5 0 39 17 7 39

Experiment  0.16 0.25 0.05 0.10 0.11 0.06 0.11 0.20 0.07 0.14 0.22 0.07

SF3A-3D  SAP2000 0.17 0.37 0.05 0.09 0.11 0.06 0.12 0.18 0.08 0.14 0.18 0.08
Diff (%) 6 48 0 10 0 0 9 10 14 0 18 14

Experiment  0.19 0.46 0.10 0.13 0.17 0.11 0.14 0.21 0.13 0.17 0.23 0.13

SF3B-3D  SAP2000 0.18 0.42 0.13 0.12 0.19 0.14 0.14 0.20 0.17 0.19 0.23 0.18
Diff (%) 5 9 30 8 12 27 0 5 31 12 0 38

1. Peak acceleration calculated as spectral acceleration at 100 Hz
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configuration

Table 5-6. Peak isolator displacements and normalized forces for the 3D tests of the SFP-isolated

Displacement (in)

Normalized force

Test x direction ydirection xdirection vy direction

Experiment 0.4 0.3 0.08 0.10

SF1A-3D  SAP2000 0.5 0.3 0.09 0.09
Diff (%) 25 0 13 10

Experiment 1.9 2.1 0.17 0.17

SF1B-3D SAP2000 2.0 19 0.18 0.17
Diff (%) 5 10 6 0

Experiment 0.7 0.5 0.09 0.08

SF2A-3D SAP2000 0.6 0.5 0.10 0.09
Diff (%) 14 0 11 13

Experiment 2.0 1.4 0.16 0.12

SF2B-3D SAP2000 1.9 15 0.16 0.13
Diff (%) 5 7 0 8

Experiment 0.1 0.4 0.07 0.08

SF3A-3D  SAP2000 0.1 0.6 0.08 0.10
Diff (%) 0 50 14 25

Experiment 0.8 2.2 0.10 0.14

SF3B-3D SAP2000 0.8 2.3 0.10 0.17
Diff (%) 0 5 0 21
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5.3.4 TFP-isolated configuration

Figures 5-51 through 5-86 present the responses of the numerical analysis of TFP-isolated model and the
experiment data for the six 3D motions of Table 4-5. The peak accelerations at the locations identified
previously and the absolute percentage difference between the predicted and experimental values are
presented in Table 5-7. Companion results for maximum isolation system displacements and normalized
forces are presented in Table 5-8. The y-axis range for the acceleration response spectra in the x- and y-

directions is different than in the z direction: see Section 5.3.3.

The agreement between the numerically predicted and experimentally recorded accelerations for the
horizontal and rocking responses of the vessel is reasonable. The agreement in the vertical direction is
poorer with differences due to the higher vertical frequency of the SAP2000 model (see Section 5.2.2). The
average difference in the peak horizontal (vertical) accelerations directly above and below the isolation,
and at the top and bottom of the vessel is 21% (40%), with a range of 0% (0%) to 70% (129%). In some
cases, analysis of the SAP2000 model over predicted the amplitude of spectral acceleration at the rocking
frequency (e.g., Figures 5-61a, 5-61e, 5-62a, and 5-62e) because the damping ratios in the rocking modes
were not calibrated for specific seismic inputs and a single damping value was used for rocking about both

the x and y axes: see Section 5.2.3.

Identical to the SFP-isolated configuration, the predicted normalized force-displacement loops (maximum
isolation-system displacements and peak normalized forces) of the TFP isolation system are in excellent

agreement with the test data for the larger amplitude motions.

141



0.5

Spectral acc. (g)

10° 10° 102
Frequency (Hz)
a) x direction

Spectral acc. (g)

o
N

Experiment = = =SAP2000

o ©
w N
»

o
(S

Frequency (Hz)
b) y direction

Spectral acc. (g)
o o = =
(2] © N [6)]

o
w

10°

Frequency (Hz)

10"

¢) z direction
Figure 5-51. Acceleration response spectra directly above the isolation plane, test TF1A-3D

Experiment — — —SAP2000

"E\ 1 T T T T T T T T T T
— 0.75+ _
©
£ 0.5F h
8 025 J
© .
@ (0} \I/‘h‘,-"“.mmww*Mn—awww—awwmuwwﬁ
S 025 s
8
c -05 —
N
= -0.75}| -
o
T 1 I 1 1 I 1 1 1 1 I 1

0 3 6 12 15 18 21 24 27 30 33

Time (sec)
a) x direction

E 1 T T T T T T T T T T
— 0.75} .
&
£ 0.5 T
8 0.25 i
E -0.25 .
8
E -0.5+ T
= -0.75| n
o
I -1 1 1 1 1 I ] 1 1 I 1

0 3 6 12 15 18 21 24 27 30 33

Time (sec)
b) y direction

Figure 5-52. Isolation system displacements, test TF1A-3D

142

102



0.2
0.15f
0.1}
0.05f

-0.05f

Horizontal force/Normal force
o

Horizontal force (kip)

'
(o]

Horizontal force (kip)

©

(2]

w

=)

]
w

'
©

©

[«2)

w

o

]
w

'
[e]

'
©

Experiment — = = SAP2000

T T T T T T T T T
| | 1 | | | | | 1
0 3 6 9 12 15 18 21 24 27 30
Time (sec)
a) x direction
T T T T T T T T T
1 1 1 1 1 | 1 1 1
0 3 6 9 12 15 18 21 24 27 30
Time (sec)

b) y direction
Figure 5-53. Isolation system forces, test TF1A-3D

Experiment — = = SAP2000

0.2
0.15f
0.1}
0.05f
ol
-0.05f

1
14
-

Horizontal force/Normal force
o
o

-1 -0.75-05-025 0 025 05 075 1
Horizontal displacement (in)
a) x direction b) y direction

S
N

-1 -0.75-05-025 0 025 05 075 1
Horizontal displacement (in)

Figure 5-54. Normalized force-displacement loops for the isolation system, test TF1A-3D

143



Spectral acc. (g)
5 & o

O
RS

o
0 =

Spectral acc. (g)
o o o
N B

>

w

10° 10" 102
Frequency (Hz)

a) x direction

N

Spectral acc. (rad/sz)

o

10 10" 107
Frequency (Hz)

d) rocking about x axis

— N w

Spectral acc. (rad/sz)

o

(o)

10° 10" 102
Frequency (Hz)

b) y direction

100 10" 107
Frequency (Hz)

e) rocking about y axis

N N
N O w

o

Spectral acc. (g)
o w

-
T

\

~

10° 10" 102
Frequency (Hz)

c) z direction

Experiment
= = =SAP2000

Figure 5-55. Acceleration response spectra at the top of the vessel, test TF1A-3D
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Figure 5-56. Acceleration response spectra at the bottom of the vessel, test TF1A-3D
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Figure 5-60. Normalized force-displacement loops for the isolation system, test TF1B-3D
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Table 5-7. Peak accelerations! (g) for the 3D tests of the TFP-isolated configuration, x, y, and z directions

Below isolation plane Above isolation plane Vessel bottom Vessel top
Test X y Z X y z X y z X y z
Experiment  0.30 0.27 0.12 0.10 0.11 0.15 0.13 0.13 0.19 0.13 0.17 0.19
TF1A-3D  SAP2000 0.30 0.24 0.15 0.12 0.14 0.20 0.20 0.16 0.37 0.21 0.20 0.37
Diff (%) 0 11 25 20 27 33 54 23 95 62 18 95
Experiment  0.81 0.85 0.31 0.20 0.20 0.37 0.30 0.20 0.50 0.31 0.23 0.49
TF1B-3D  SAP2000 0.80 0.88 0.42 0.23 0.31 0.61 0.43 0.34 1.12 0.35 0.34 1.12
Diff (%) 1 4 35 15 55 65 43 70 124 13 48 129
Experiment  0.32 0.32 0.21 0.17 0.12 0.28 0.24 0.15 0.43 0.18 0.14 0.42
TF2A-3D  SAP2000 0.31 0.30 0.20 0.15 0.16 0.31 0.23 0.18 0.62 0.23 0.18 0.62
Diff (%) 3 6 5 12 33 11 4 20 44 28 29 48
Experiment  1.07 0.87 0.58 0.29 0.22 0.70 0.48 0.31 1.20 0.33 0.30 1.21
TF2B-3D  SAP2000 0.90 0.81 0.53 0.30 0.26 1.12 0.39 0.35 1.69 0.42 0.39 1.70
Diff (%) 16 7 9 3 18 60 19 13 41 27 30 40
Experiment  0.11 0.18 0.05 0.07 0.11 0.05 0.07 0.14 0.06 0.09 0.15 0.06
TF3A-3D  SAP2000 0.10 0.16 0.04 0.09 0.12 0.05 0.11 0.15 0.07 0.12 0.14 0.07
Diff (%) 9 11 20 29 9 0 57 7 17 33 7 17
Experiment  0.24 0.56 0.14 0.14 0.18 0.17 0.13 0.21 0.18 0.14 0.20 0.18
TF3B-3D  SAP2000 0.24 0.52 0.15 0.14 0.22 0.15 0.17 0.23 0.20 0.21 0.23 0.20
Diff (%) 0 7 7 0 22 12 31 10 11 50 15 11

1. Peak acceleration calculated as spectral acceleration at 100 Hz

160



Table 5-8. Peak isolator displacements and normalized forces for the 3D tests of the TFP-isolated

configuration

Displacement (in)

Normalized force

Test x direction ydirection xdirection vy direction

Experiment 0.4 0.5 0.07 0.09

TF1A-3D  SAP2000 0.5 0.6 0.10 0.10
Diff (%) 25 20 43 11

Experiment 2.1 1.9 0.14 0.13

TF1B-3D SAP2000 1.9 2.0 0.15 0.15
Diff (%) 10 5 7 15

Experiment 1.4 0.7 0.13 0.10

TF2A-3D SAP2000 1.3 0.9 0.12 0.12
Diff (%) 7 29 8 20

Experiment 35 2.9 0.19 0.19

TF2B-3D SAP2000 3.0 2.9 0.18 0.18
Diff (%) 14 0 5 5

Experiment 0.2 0.8 0.06 0.11

TF3A-3D SAP2000 0.3 11 0.09 0.12
Diff (%) 50 38 50 9

Experiment 1.0 3.1 0.11 0.17

TF3B-3D SAP2000 1.1 3.1 0.13 0.18
Diff (%) 10 0 18 6
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5.3.5 Summary and discussion

The results in Section 5.3.2, 5.3.3, and 5.3.4 above demonstrate that the behavior of a mid-height isolated
vessel and its isolation system is predictable. The predicted acceleration response of the vessel in the two
horizontal directions was in good agreement with the test data for the non-isolated, SFP-isolated, and TFP-
configurations, with an average difference in the peak values of 13% (range: 0% to 35%), 15% (range: 0%
to 57%), and 21% (range: 0% to 70%), respectively. The rocking response of the vessel was also captured
well by the numerical models. The larger differences in the vertical acceleration response were due to the
differences in the predicted and measured vertical mode frequencies. The predicted normalized force-
displacement loops of the isolation systems were in excellent agreement with the experimental data for the

larger amplitude motions.

The error thresholds for validation of a numerical model are problem- and response-specific (Doulgerakis
et al., 2021). Ipek et al. (2021) presents a validation exercise for a seismically isolated six-story building
model tested on an earthquake simulator using unidirectional inputs. Differences of 35% and 65% of the
recorded response were reported for the numerically predicted peak isolator displacements and floor
accelerations, respectively. Given the complexity of the test specimen herein and the use of 3D seismic
inputs (and the rocking of the earthquake-simulator platform, see Section 4), the numerical models are
considered benchmarked and are utilized next to investigate the utility and quantify the benefits of mid-

height seismic isolation.
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5.4

54.1

Investigating the utility and quantifying the benefits of mid-seismic isolation

Introduction

A gualitative comparison of the responses in the non-isolated and isolated configurations of the tall, slender

vessel of Section 4 demonstrated the feasibility of mid-height seismic isolation. In this section, the

numerical models of Section 5.2 are used to perform response-history analyses to further investigate the

utility of mid-height seismic isolation and to quantify its benefits. Various stiffnesses for the support frame

of the vessel, isolation system properties, and ground motions were considered to answer the following

three questions:

1.

3.

54.2

Is mid-height seismic isolation feasible and beneficial if the support frame of the vessel is stiff or

flexible?

Is mid-height seismic isolation beneficial for a range of isolation-system properties and seismic

inputs?
Are more onerous testing requirements needed for seismic isolators used for equipment protection?

Support structure stiffnesses

Two support conditions were considered for the vessel by modifying the stiffness of the frame of Figure

5-1in SAP2000:

1.

Near rigid, achieved by increasing the elastic modulus of the frame material by a factor of 10, to
model a piece of equipment supported on or near the basemat of a reactor building, wherein the
ground motions are not (significantly) filtered by the building response and the seismic inputs at

the points of attachment of equipment are broad banded.

Flexible, achieved by reducing elastic modulus of the frame material by a factor of 4, to model a
piece of equipment supported above the basemat of a reactor building, wherein the ground motions
from the basemat to the point of attachment of the equipment are amplified and filtered by the
building response and the seismic inputs (for the equipment) are narrow banded, with spectral peaks
near the modal frequencies of the building. (See for example the HTGR building in Figure 4 of
Parsi et al. (2022) where the steam generator and the reactor vessel are supported on a floor slab

approximately 40 ft above the basemat.)
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5.4.3 Isolation systems

Six isolation systems (IS) were utilized for the study, all consisting of SFP bearings but with different
isolation periods and coefficients of friction, with the properties listed in Table 5-9. At the assumed model
length scale of 0.5 for the cylindrical vessel herein, isolation periods of 1.06, 1.5, and 2.12 seconds were
considered. (At the prototype scale, these would correspond to isolation periods of 1.5, 2.12, and 3 seconds,
respectively.) A more flexible isolation system (with a larger isolation period) generally enables a larger
reduction in accelerations, but the tradeoff is larger displacements in the bearings and on umbilical lines
crossing the isolation interface. This is discussed in more detail in Section 5.4.6.3. Coefficients of friction
of 6% and 10% were utilized: representing values achieved with different axial pressures on the articulated
slider. (See Constantinou et al. (2007) or Kumar et al. (2019a) for a discussion of the relationship between

coefficient of friction and axial pressure on a Friction Pendulum bearing.)

Table 5-9. Isolation system properties

Radius of Coefficient of friction
Sliding o
- curvature Axial stiffness®4
erio max min
P ®= g
I1S1 1.06 second 11 inches 0.06 0.03
1S2 1.06 second 11 inches 0.10 0.05
1S3 1.5 second 22 inches 0.06 0.03
3075 kip/in?
1S4 1.5 second 22 inches 0.10 0.05
IS5 2.12 second 44 inches 0.06 0.03
1S6 2.12 second 44 inches 0.10 0.05

1. At the assumed model length scale of 0.5

2. The SFP bearings and its sliders were assumed to be of the same height and
diameter, respectively, as those in Section 3, for which the effective radius of
curvature (R, ) was equal to the radius of curvature (R)

3. The axial stiffness of Friction Pendulum bearings must be modeled and should be
characterized experimentally, see Section 3

4. The axial stiffness was assumed to be 0.15x EA/ L (see Section 3), where E =
29,000,A=1.77in?, and L=2.51in
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5.4.4  Seismic inputs

Two ground motions having a broad range of frequency content were utilized for the response-history
analyses. Ground motions with record sequence numbers (RSN) 587 and 728 were selected from the PEER

NGA-West2 database and are described in Section 4.4. The time scale of all three components of the

ground motions was reduced by a factor of 0.71, consistent with the assumed length scale of 0.5 for the
vessel. Rotational ground motion inputs were not considered. To investigate the effectiveness of mid-height
seismic isolation at different intensities of shaking, the ground motions were amplitude scaled to have
geomean horizontal peak accelerations of 0.2 g, 0.4 g, and 0.6 g. Table 5-10 presents nomenclature for the

six seismic inputs (2 ground motions, 3 intensities each).

Table 5-10. Nomenclature for the six seismic inputs

Geomean ]
Horizontal Vertical PGA
PGA (g9) ©
GM1A! 0.20 0.11
GM1B 0.40 0.22
GM1C 0.60 0.33
GM2A! 0.20 0.24
GM2B 0.40 0.49
GM2C 0.60 0.73

1. GM1is RSN 587; GM2 is RSN 728

5.4.5 Modal analysis

Analysis of the isolated and non-isolated configurations was performed to determine the modal frequencies

of the vessel supported on the flexible and rigid frames. Table 5-11 lists the modal frequencies.
5.4.6 Response-history analyses
5.4.6.1 Introduction

Response-history analyses were performed for the non-isolated and isolated configurations of the vessel

using the numerical models of Section 5.2. A total of 84 cases were analyzed: 12 for the non-isolated
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configuration (2 support conditions, 6 seismic inputs) and 72 for the isolated vessel (2 support conditions,

6 isolation systems, 6 seismic inputs). The results extracted from the analyses include:

1. Acceleration histories at the top of the support frame on the north-east side. See location F1 marked

by the solid pink circle in Figure 5-87.

2. Acceleration histories at the top (location V3) and the bottom (location V2) of the vessel on the

north face and at the mid-height of the vessel (location V1) on the north-east side.

3. Displacement histories for the SFP bearings. Identical displacement histories were obtained for the

three isolator links; the x- and y-direction histories for the north-east link were utilized.

Table 5-11. Modal analysis results for the isolated and non-isolated configurations (Hz)

Non-isolated Isolated
Rigid frame  Flexible frame Rigid frame  Flexible frame
Rocking of vessel 12.4 8.3 951 741
(about x and y axes)
Horizontal modes 26 9.6 0.47/0.66/0.942 0.47/0.66/0.942
(x and y directions)
Vertical mode 33 21 29 5l 17.5¢

(z direction)

1. These values are lower than the corresponding frequencies in the non-isolated
configuration due to the added vertical flexibility from the SFP bearings (see Section 4)

2. Corresponds to the isolated modes of the vessel with isolation periods of 2.12, 1.5, and
1.06 seconds

5.4.6.2 Maximum isolation-system displacements

Table 5-12 presents maximum horizontal isolation-system displacements, calculated as a vector sum, time
step by time step. The displacements in the cells highlighted in red in the table cannot be realized. Consider
seismic input GM2C, and 1S1 and 1S2, which correspond to isolation systems with a radius of curvature of

11 inches.
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Figure 5-87. Locations for extracting results from response-history analyses
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Table 5-12. Peak isolation-system displacements

168

Displacements in the cells highlighted in red cannot be realized.

Isolation ¢\ ortframe GMIA GMIB  GMIC ~ GM2A GM2B  GM2C
system
Rigid 0.5 14 3.6 2.0 7.0 12.5?
1S1
Flexible 0.5 14 3.6 2.0 7.0 12.7
Rigid 0.3 1.0 2.0 0.7 4.6 9.7
1S2
Flexible 0.2 1.0 1.9 0.6 4.8 10.0
Rigid 0.5 15 2.9 1.3 4.2 8.0
1S3
Flexible 0.5 1.4 2.9 1.3 4.2 8.0
Rigid 0.3 1.1 2.0 0.9 2.8 5.9
1S4
Flexible 0.2 1.1 2.0 0.8 2.8 5.9
Rigid 0.6 1.7 3.1 1.6 4.6 11.7
IS5
Flexible 0.5 1.7 3.1 15 4.6 11.7
Rigid 0.3 14 2.5 11 3.6 6.6
1S6
Flexible 0.3 1.3 2.4 1.0 35 6.6
1. Displacements in the cells highlighted in yellow exceed the soft limit of 0.2R; see Appendix C.



It is not physically possible to achieve the horizontal displacements of 12.4, 12.7, 9.7, and 10 inches (the

cells highlighted in red) for an isolation system with an 11-inch radius of curvature!2.

Horizontal displacement of the slider in an SFP bearing is accompanied by its vertical displacement (i.e.,
increase in bearing height) and acceleration. A reasonable soft limit on the maximum horizontal
displacement in an SFP isolator is 0.2R. Although SAP2000 does not calculate the increase in bearing
height, capping the horizontal displacement at 0.2R limits the vertical displacement of the slider and the
corresponding accelerations. See Appendix C. The cells highlighted in yellow in Table 5-12 identify
maximum isolation-system displacement greater than 0.2R. The next section presents computed
accelerations at the top and the bottom of the vessel for all combinations listed in Table 5-12 except for the

cases highlighted in red and yellow.

5.4.6.3 Acceleration response at the top and the bottom of the vessel

To answer the first question of Section 5.4.1, acceleration response spectra at the top of the isolated vessel®
(location V3 in Figure 5-87) are plotted for IS1 through 1S6 for GM1B* in Figures 5-88 through 5-93 and
IS3 through 1S6 for GM2B? in Figures 5-94 through 5-97. The corresponding acceleration spectra for the
non-isolated vessel are plotted in Figures 5-98 and 5-99. Tables 5-13 through 5-18 present the peak
accelerations (spectral acceleration at 100 Hz) at the top and the bottom of the vessel (location V2) for the

non-isolated and isolated configurations for the six seismic inputs of Section 5.4.4.

In the non-isolated configuration, the horizontal response of the vessel at its top is significantly greater
when supported on the flexible frame: compare the red and green dashed lines in panels a and b of Figures
5-98 and 5-99. The peak horizontal accelerations at the top and the bottom of the non-isolated vessel
supported on the flexible frame are greater by a factor of between 1.8 and 4.1 compared to those for the

rigid frame. The seismic inputs are significantly amplified by the support frame (from location B to F1)

! Although it is physically not possible to achieve these displacements in 1S1 and 1S2, SAP2000 executes the response-
history analyses for these cases as it does not limit horizontal isolator displacements based on the geometry (radius of
curvature) of an SFP bearing.

2 The larger peak horizontal displacements in the stiffest (1.06 second) isolation systems (1S1 and 1S2) for GM2A,
GM2B, and GM2C are due to spectral shape: see the red solid and green dashed lines in Figure 4-7b.

3 Similar trends in results were observed at the bottom of the vessel, and so only the spectra at the top are presented.

4 Similar trends were observed for the other seismic inputs and are not presented.
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when it is flexible, with further amplification by the vessel (from location F1 to V2/v3). Amplification of
the seismic inputs by the rigid support frame (from location B to F1) is negligible and is due primarily to
the vessel (from location F1 to V2/v3). The horizontal responses of the isolated vessel supported on the
flexible and rigid frames are virtually identical: compare the red and green dashed lines in panels a and b
of Figures 5-88 through 5-97. This observation is confirmed by analysis of a) maximum isolation-system
displacements for the vessel supported on the flexible and rigid frames presented in Table 5-12 (in Section
5.4.6.2), and b) peak horizontal accelerations at the top and the bottom of the isolated vessel in Tables 5-13
through 5-18. This outcome is expected because the flexibility afforded by the isolators is more than an

order of magnitude greater than that of the support frames.

Mid-height seismic isolation is effective at reducing horizontal spectral accelerations in equipment with
respect to their non-isolated counterparts for a range of support stiffnesses. Importantly, horizontal spectral
accelerations enabled by mid-height seismic isolation are not significantly affected by the support stiffness.
The seismic qualification of equipment is a significant contributor to capital cost Lal et al., (2020; 2022).
The response reductions afforded by mid-height isolation will simplify the qualification calculations for the
vessel and its internals, assuming qualification is based primarily on analysis. Importantly, the seismic
spectral demands in the isolated configuration are by-and-large independent of support configuration,

meaning that the vessel could be seismically qualified once but for multiple support conditions.

The vertical response of the vessel is a function of the frequency content of the input motion and the modal
frequencies of the vessel-frame system in the z direction. For example, in the non-isolated configuration
the peak vertical accelerations at the top of the vessel for GM1A, GM1B, and GM1C are greater in the case
of a flexible frame than for a rigid frame, whereas they are similar for GM2A, GM2B, and GM2C. The
peaks in spectral accelerations for the non-isolated (isolated) vessel represent the vertical modes at
frequencies of 21 Hz (17.5 Hz) and 33 Hz (22.5 Hz) for the flexible and rigid frames, respectively, as
identified in Table 5-11.

To answer the second question of Section 5.4.1 and to quantify the benefits of mid-height isolation for the
vessel studied herein, ratios of peak geomean horizontal accelerations at the top of the non-isolated vessel
to those in the isolated vessel, termed as an acceleration reduction factor (ARF), are presented in Tables 5-
19 (rigid frame) and 5-20 (flexible frame). The corresponding maximum isolation-system displacements
are also reported. Mid-height seismic isolation can reduce horizontal spectral accelerations in equipment

across a range of isolation-system properties and seismic inputs. The peak accelerations at the top of the
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isolated vessel are smaller by a factor of between 1.5 and 6 (5 and 20) with respect to those on the non-
isolated vessel supported on the rigid (flexible) frame. The maximum isolation-system displacements are

between 0.2 inch and 6.6 inches.

For the same coefficient of friction, the ARF is generally greater for the more flexible isolation system, but
the tradeoff is larger displacements in the bearings and across the isolation interface. For example, compare
the ARFs and maximum isolation-system displacements for 1S2 (1.06 sec, 10%) and 1S6 (2.12 sec, 10%)
for seismic input GM1C in Table 5-19: the ARF increased from 2.4 to 3.9 as the maximum isolator
displacement increased from 1.9 inches to 2.4 inches. Although a smaller peak horizontal acceleration is
beneficial for equipment design, safety-related umbilicals crossing the isolation plane will have to be

designed and qualified to accommodate larger displacements.
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Figure 5-88. Acceleration response spectra at the top of the vessel, 1S1 isolated, GM1B, 5% damping

Input = = = Flexible frame =—==-= Rigid frame
2.5 25 7.5
2 2 __ 6
E 3 3 \
. . . I
3 815 845 '!1'
© © ] I'll
I s [ Iy
B g 1 5 3 pi
) o) ) [H
& & & I
0.5 1.5 ’
._M‘a‘\:\:
0 0
10° 10’ 102 100 10’ 102 10° 10° 102
Frequency (Hz) Frequency (Hz) Frequency (Hz)
a) x direction b) y direction ¢) z direction

Figure 5-89. Acceleration response spectra at the top of the vessel, 1S2 isolated, GM1B, 5% damping
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Figure 5-90. Acceleration response spectra at the top of the vessel, 1S3 isolated, GM1B, 5% damping
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Figure 5-91. Acceleration response spectra at the top of the vessel, 1S4 isolated, GM1B, 5% damping
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Figure 5-92. Acceleration response spectra at the top of the vessel, 1S5 isolated, GM1B, 5% damping
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Figure 5-93. Acceleration response spectra at the top of the vessel, 1S6 isolated, GM1B, 5% damping
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Figure 5-95. Acceleration response spectra at the top of the vessel, 1S4 isolated, GM2B, 5% damping
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Figure 5-96. Acceleration response spectra at the top of the vessel, 1S5 isolated, GM2B, 5% damping
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Figure 5-97. Acceleration response spectra at the top of the vessel, 1S6 isolated, GM2B, 5% damping
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Figure 5-98. Acceleration response spectra at the top of the vessel, non-isolated, GM1B, 5% damping
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Figure 5-99. Acceleration response spectra at the top of the vessel, non-isolated, GM2B, 5% damping
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Table 5-13. Peak accelerations at the top of the vessel (g), GM1A

Support Input Top of the vessel Bottom of the vessel
frame X y z X y z X y z

Non- Rigid 0.26 031 0.0 025 0.31 0.19

_ 022 019 0.10
isolated Flexible 1.06 074 044 0.67 056 0.45
IS1 Rigid 0.10 0.10 0.39 010 0.10 0.39

_ 0.22 0.19 0.10
isolated Flexible 0.10 0.09 0.39 0.10 0.09 0.39
1S2 Rigid 0.13 013 0.39 0.13 0.14 0.39

_ 022 019 0.10
isolated Flexible 012 0.12 0.39 0.13 0.13 0.39
1S3 Rigid 0.08 0.09 0.39 0.08 0.09 0.39

_ 022 019 0.10
isolated Flexible 0.08 0.07 0.39 0.08 0.07 0.39
1S4 Rigid 0.12 0.13 0.39 012 0.13 0.39

_ 0.22 0.9 0.10
isolated Flexible 0.12 0.12 0.39 012 0.13 0.39
1S5 Rigid 0.07 0.08 0.39 0.07 0.08 0.39

_ 0.22 0.9 0.10
isolated Flexible 0.07 0.07 0.39 0.07 0.07 0.39
1S6 Rigid 0.12 013 0.39 0.12 0.13 0.39

_ 022 019 0.10
isolated Flexible 012 0.12 0.39 012 0.12 0.39
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Table 5-14. Peak accelerations at the top of the vessel (g), GM1B

Support Input Top of the vessel Bottom of the vessel
frame X y z X y z X y z

Non- Rigid 052 062 0.39 051 062 0.38

) 043 037 021
isolated Flexible 212 147 0.89 135 112 0.89
IS1 Rigid 020 022 0.78 019 022 0.78

) 043 037 021
isolated Flexible 020 0.16 0.78 020 016 0.78
1S2 Rigid 020 023 0.77 020 0.23 0.78

) 043 037 021
isolated Flexible 019 017 0.77 019 017 0.78
1S3 Rigid 014 014 0.78 014 014 0.78

) 043 037 021
isolated Flexible 013 011 0.78 013 011 0.78
1S4 Rigid 016 0.19 0.77 016 019 0.78

) 043 037 021
isolated Flexible 015 0.13 0.77 015 014 0.78
1S5 Rigid 010 012 0.78 011 011 0.78

) 043 037 021
isolated Flexible 010 0.09 0.78 0.09 009 0.78
1S6 Rigid 015 0.18 0.77 015 017 0.78

) 043 037 021
isolated Flexible 014 013 0.77 013 0.13 0.78
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Table 5-15. Peak accelerations at the top of the vessel (g), GM1C

Support Input Top of the vessel Bottom of the vessel
frame X y z X y z X y z
Non- Rigid 078 093 059 0.76 093 057
) 0.65 0.56 0.31
isolated Flexible 318 221 133 202 169 134
IS1 Rigid . i
065 056 031 Isolation-system displacements exceed the soft
isolated Flexible limit of 0.2R; see Section 5.4.6.2 and Appendix C.
1S2 Rigid 032 039 1.16 031 039 115
) 0.65 0.56 0.31
isolated Flexible 027 026 1.16 027 025 1.16
1S3 Rigid 025 023 117 024 022 1.16
) 0.65 0.56 0.31
isolated Flexible 021 017 117 020 016 1.16
1S4 Rigid 024 027 1.16 024 026 1.15
) 0.65 0.56 0.31
isolated Flexible 021 018 1.16 020 017 1.16
1S5 Rigid 015 0.16 1.17 014 015 1.16
) 0.65 0.56 0.31
isolated Flexible 013 014 117 013 014 1.16
1S6 Rigid 021 023 1.16 021 023 115
) 0.65 0.56 0.31
isolated Flexible 018 015 1.16 017 015 1.16
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Table 5-16. Peak accelerations at the top of the vessel (g), GM2A

Support Input Top of the vessel Bottom of the vessel
frame X y z X y z X y z

Non- Rigid 037 038 0.73 036 037 0.72

_ 0.18 0.22 0.25
isolated Flexible 142 093 0.74 095 068 0.74
IS1 Rigid 015 0.31 0.78 0.16 0.31 0.78

) 018 022 0.25
isolated Flexible 015 0.32 0.90 015 032 0.89
1S2 Rigid 015 021 0.78 014 021 0.78

_ 0.18 0.22 0.25
isolated Flexible 0.14 023 0.89 014 023 0.89
1S3 Rigid 012 014 0.78 012 014 0.78

_ 0.18 0.22 0.25
isolated Flexible 0.09 0.17 0.90 0.09 0.17 0.89
1S4 Rigid 014 0.18 0.78 014 017 0.78

) 018 022 0.25
isolated Flexible 014 020 0.89 013 020 0.89
1S5 Rigid 012 010 0.78 012 011 0.77

) 018 022 0.25
isolated Flexible 0.09 0.13 0.90 0.09 013 0.89
1S6 Rigid 0.14 016 0.78 0.14 016 0.78

_ 0.18 0.22 0.25
isolated Flexible 013 0.19 0.89 013 019 0.89
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Table 5-17. Peak accelerations at the top of the vessel (g), GM2B

Support Input Top of the vessel Bottom of the vessel
frame X y z X y z X y z
Non- Rigid 074 075 1.45 071 074 1.45
) 0.36 0.44 0.50
isolated Flexible 285 186 1.48 191 136 149
IS1 Rigid
) _ 036 0.44 050
isolated Flexible Isolation-system displacements exceed the soft
1S2 Rigid limit of 0.2R; see Section 5.4.6.2 and Appendix C.
) 0.36 0.44 0.50
isolated Flexible
1S3 Rigid 022 037 1.60 023 036 1.61
) 0.36 0.44 0.50
isolated Flexible 023 054 1.85 022 055 1.83
1S4 Rigid 029 036 156 030 037 158
) 036 0.44 050
isolated Flexible 026 046 1.81 024 046 1.79
1S5 Rigid 019 020 1.60 020 020 161
) 036 0.44 050
isolated Flexible 017 023 1.85 016 023 1.83
1S6 Rigid 027 025 156 027 025 1.58
) 0.36 0.44 0.50
isolated Flexible 025 031 181 022 031 1.79
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Table 5-18. Peak accelerations at the top of the vessel (g), GM2C

Support Input Top of the vessel Bottom of the vessel
frame X y z X y z X y z
Non- Rigid 111 113 218 107 111 217
) 054 0.66 0.75
isolated Flexible 427 280 221 286 204 223
IS1 Rigid
) 054 0.66 0.75
isolated Flexible
1S2 Rigid
) 054 0.66 0.75
isolated Flexible
1S3 Rigid Isolation-system displacements exceed the soft
054 0.66 0.75 L . .
isolated Flexible limit of 0.2R; see Section 5.4.6.2 and Appendix C.
1S4 Rigid
) 054 0.66 0.75
isolated Flexible
IS5 Rigid
) 054 0.66 0.75
isolated Flexible
1S6 Rigid 039 039 240 038 0.38 240
) 054 0.66 0.75
isolated Flexible 043 046 3.47 039 047 343
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Table 5-19. Acceleration reduction factors! (ARF) and maximum isolation-system displacements
(inches) for the vessel supported on the rigid frame

Isolation GMIA GMIB GMIC GM2A GM2B GM2C
system
_ ARF 2.8 2.7 2 1.7
IS1 isolated
(1.06 sec, 6%) i i ion-
Maxmum isolation 05 14 20
system displacement
. ARF 2.2 2.6 2.4 2.1
I1S2 isolated
(1.06 sec, 10%) i i ion-
Mammum isolation 0.2 10 19 0.6
system displacement
. ARF 3.3 41 3.6 2.9 2.6
1S3 isolated
(1.5 sec, 6%) i i ion-
Maximum isolation 05 14 29 13 42
system displacement
. ARF 2.3 3.3 3.3 2.4 2.3
1S4 isolated
(1.5 sec, 10%) i i ion-
Maximum isolation 02 11 21 08 28
system displacement
_ ARF 3.8 5.2 5.5 3.4 3.8
IS5 isolated
(2.12 sec, 6%) i i ion-
MaXImur_n isolation 0.5 1.7 3.1 1.5 4.6
system displacement
) ARF 2.3 35 3.9 2.5 2.9 2.9
I1S6 isolated
2.12 sec, 10% i i ion -
( ) Maximum isolation 03 13 24 10 35 66

system displacement

1. Ratio of peak geomean horizontal acceleration at the top of the non-isolated vessel to that in the
isolated vessel

2. Results are not reported for the cells highlighted in red because the maximum isolation-system
displacements exceed the soft limit of 0.2R; see Section 5.4.6.2 and Appendix C
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Table 5-20. Acceleration reduction factors! (ARF) and maximum isolation-system displacements
(inches) for the vessel supported on the flexible frame

Isolation GMIA GMIB GMIC GM2A GM2B GM2C
system
. ARF 9.3 9.9 2 5.2
IS1 isolated
(1.06 sec, 6%) i i ion-
Maxmum isolation 05 14 17
system displacement
) ARF 7.4 9.8 10.0 6.4
IS2 isolated
(1.06 sec, 10%) i i ion-
Mammum isolation 0.3 10 20 0.7
system displacement
) ARF 11.8 14.8 14.0 9.3 6.5
1S3 isolated
(1.5 sec, 6%) i i ion-
Maximum isolation 05 15 29 13 42
system displacement
) ARF 7.4 12.6 13.6 6.9 6.7
1S4 isolated
(1.5 sec, 10%) i i ion-
Maximum isolation 03 11 21 09 28
system displacement
) ARF 12.7 18.6 19.7 10.6 11.6
IS5 isolated
(2.12 sec, 6%) i i ion-
MaX|mur_n Isolation 0.6 1.7 3.2 1.6 4.6
system displacement
. ARF 7.4 13.1 16.1 7.3 8.3 7.8
IS6 isolated
2.12 sec, 10% i i ion-
( ) Maximum isolation 03 13 ” 10 - 66

system displacement

1. Ratio of peak geomean horizontal acceleration at the top of the non-isolated vessel to that in the
isolated vessel

2. Results are not reported for the cells highlighted in red because the maximum isolation-system
displacements exceed the soft limit of 0.2R; see Section 5.4.6.2 and Appendix C
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5.4.6.4 Energy demands on isolators

Consensus standards ASCE/SEI 4-16 (ASCE, 2017) and ASCE/SEI 43-19 (ASCE, 2021) present
requirements for prototype and production testing of seismic isolators. Five fully reversed cycles of loading
to user-specified displacements for design-basis and beyond-design-basis shaking are the key seismic tests,
where five is based on normalized dissipated energy calculations presented in Warn and Whittaker (2007)

for base-isolated structures.

To examine if five fully reversed cycles is also sufficient for testing isolators used for equipment protection,
calculations were performed for the six isolation systems of Section 5.4.3, the six ground motions of Section
5.4.4, and the two support conditions of Section 5.4.2 (i.e., rigid frame and flexible frame). Results are
presented in Table 5-21 as normalized energy dissipated (NED) per Warn and Whittaker (2007), namely,
the ratio of the total energy dissipated by an isolator during one ground motion to the energy dissipated in
one fully reversed cycle of loading to the maximum displacement computed for that ground motion. Values
of NED are presented for the north-east isolator, noting that the values for the west and south-east isolators
were essentially identical. The range for NED is between 2.1 and 5.1, confirming that five fully reversed
cycles of loading is sufficient for testing isolators used to protect both structures and equipment: answering

the third question of Section 5.4.1.
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Table 5-21. Normalized energy dissipated in the north-east isolator

GM1A GM1B GMI1C GM2A GM2B GM2C

Rigid frame 2.9 3.6 1 3.6
I1S1
Flexible frame 2.9 3.6 3.6
Rigid frame 3.1 3.1 35 3.9
1S2
Flexible frame 3.1 3.1 35 4.1
Rigid frame 2.6 3.3 3.5 4.1 5.1
1S3
Flexible frame 2.7 3.3 3.6 4.2 51
Rigid frame 2.9 2.6 3.1 2.9 4.4
1S4
Flexible frame 2.9 2.7 3.3 3.0 45
Rigid frame 2.3 2.6 35 3.1 4.6
1S5
Flexible frame 2.3 2.7 35 3.2 4.6
Rigid frame 2.8 21 25 2.6 3.2 4.0
1S6
Flexible frame 2.8 2.2 25 2.3 3.3 4.1

1. Results are not reported for the cells highlighted in red because the maximum isolation-
system displacements exceed the soft limit of 0.2R; see Section 5.4.6.2 and Appendix C.
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55 Feasibility of base isolation for a tall, slender vessel
5.5.1 Introduction

The utility and benefits of mid-height seismic isolation of a tall, slender vessel were characterized in the
previous section. This section examines whether such a vessel could be base isolated and if so, to quantify
the advantages and disadvantages of doing so. To support this study, four models of the vessel were

analyzed in SAP2000 using the six seismic inputs of Section 5.4.4:

1. Model 1 (M1): The support mounts of the SFP-isolated vessel of Section 5.2 were moved to the
bottom of the vessel, see Figure 5-100a, and their thickness (including the shaped plates, see
Section 4) was increased to 4 inches. The elastic modulus of the steel support mounts was increased
S0 as to provide a stiff base. The total weight of the base, including the support mounts and bottom
plate of the vessel was 6.3 kips, approximately one-sixth of the total weight of the vessel (including
water) of 37.4 kips. The isolation system 1S3 from Table 5-9 (1.5 second sliding period, 6% friction)
was installed beneath the base. The top nodes of the bearings were connected to the underside of
the support mounts and the bottom nodes were assigned a fixed joint restraint in all six degrees of
freedom. The center of each bearing was 45 inches from the center of the vessel: see Figure 5-100b

wherein the red solid circles identify the locations of the centers of the isolators.

2. Model 2 (M2): The model 1 base was extended such that the center of each bearing was 90 inches
from the center of the vessel: see Figure 5-101. Isolation system 1S3 was installed beneath the base.
The bearings were moved outwards so as to increase the lever arm for resisting the overturning
moment (see Section 5.5.3.2 for details) and to reduce the resulting axial forces, tensile and
compressive, in the bearings. (Single Friction pendulum bearings have zero stiffness in tension and
uplift will occur if the axial force due to overturning and vertical shaking exceeds the gravity load
on the bearing.) Similar to model 1, the elastic modulus of the extended support mounts was
increased to provide a stiff base. Because the base was stiff, moving the isolators outwards increased
the rocking frequency of the isolation system. The total weight of the base of model 2 was 17.7
kips: approximately one-half of the total weight of the vessel. The additional weight of the extended

base increases the gravity load on the bearings.

3. Model 3 (M3): The mid-height isolated vessel of Section 5.2 (see Figure 5-1) configured with 1S3.
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4. Model 4 (M4): A conventional (fixed base) vessel. The joints on the circumference of the vessel at
its bottom were assigned a fixed joint restraint in the three translational degrees of freedom: see

Figure 5-102 wherein the green triangles represent the fixed joint restraints.

a) isometric view

45"

45’ 45

b) plan view of the base showing isolator locations
Figure 5-100. Model 1 in SAP2000
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a) isometric view

R

gou

90 90

b) plan view of the base showing isolator locations
Figure 5-101. Model 2 in SAP2000
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Figure 5-102. Model 4 in SAP2000

5.5.2 Modal analysis

The modal frequencies of models 1 through 4 are listed in Table 5-22. Vertical frequencies are reported in
the table but are of secondary importance for this study. The rocking mode shape of the base-isolated vessels
is presented in Figure 5-103: rotation about the center of mass and horizontal displacement of the isolators.
Moving the isolators outwards in model 2 increased the rocking frequency of the vessel from 14.9 Hz

(model 1) to 20.3 Hz.

5.5.3 Response-history analyses

5.5.3.1 Introduction

Results extracted from the response-history analysis using the six seismic inputs of Section 5.4.4 include:
1. Axial load histories in the isolators.

2. Horizontal acceleration histories directly above the isolation plane, at the bottom of the vessel, on

the north-east side: location V2 marked by the solid pink circle in Figure 5-104.

3. Horizontal acceleration histories at the top (location v3) and the mid-height (location V1) of the

vessel on the north face.
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Table 5-22. Modal analysis results

Model 2

Model 1 (base isolated, (ml\i/l do-?si 3ht Model 4
(base isolated) extended . g (fixed based)
foundation) Isolated)
Rocking of vessel 14.9 Hz 20.3 Hz 8.7 Hz -
(about x and y axes)
Horizontal modes g g7 44,1 0.67 Hz! 0.67 Hz! 20.4 Hz
(x and y directions)
Vertical mode 42 Hz2 39 Hz2 20.5 Hz® 4

(z direction)

1. Corresponds to the 1.5 second sliding period of the 1S3 isolation system

2. Higher than model 3 because a) the flexible support frame is omitted, and b) the elastic
modulus of the steel support mounts was increased to provide a stiff base. Vertical

flexibility primarily from the isolators.

3. The sources of vertical flexibility are the isolators (see Section 3), the interior columns of
the support frame (see Section 4), and bending of the support mounts and the vessel wall

4. The vessel has 1-inch-thick walls, with a vertical mode at a frequency higher than 100 Hz

[T 7777777 77 7 77
Figure 5-103. Rocking of base-isolated vessels
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Figure 5-104. Monitoring locations for outputting results of response-history analyses

5.5.3.2 Results and discussion

Figures 5-105 through 5-109 present the geomean horizontal acceleration response spectra at the mid-height
and the top of the vessel. Spectra are plotted for a) base-isolated vessel using model 1, blue dashed line, b)
base isolated vessel using model 2, pink dashed line, ¢) mid-height isolated vessel (M3), green dashed line,
and d) non-isolated vessel (M4), red solid line. Spectra are not presented for GM2C as the maximum
horizontal isolation-system displacement exceeded the proposed soft limit of 0.2R of Section 5.4.6.2 and

Appendix C.

For frequencies higher than 2 Hz (1.4 Hz) at the model (prototype) scale, base isolation reduced the
horizontal spectral accelerations with respect to those in the non-isolated vessel: compare the red solid line
with the blue and pink dashed lines in Figures 5-105 through 5-109. (In the non-isolated vessel (M4), the
peak at 20 Hz corresponds to its horizontal mode, see Table 5-22). Rocking of the base-isolated vessels
(M1 and M2) contributed to the horizontal response at their top and bottom: see the peaks near 15 Hz and

20 Hz for the blue and pink dashed lines, respectively, in panel b of Figures 5-105 through 5-109. These
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peaks are not present in the spectra at the mid-height, as the vessel rocks about its center of gravity, which
is near the mid-height: see Figure 5-103. Rocking did not contribute to the horizontal response at the top
and the bottom of the mid-height isolated vessel (M3), noting again that the center of gravity of the vessel
is at its mid-height. (The peak near 20 Hz for the mid-height isolated vessel (M3) corresponds to its vertical
mode, see Table 5-21. This is because the horizontal and vertical responses of a spherical sliding bearing
are coupled. The peaks for the vertical modes of M1 and M2 are near 40 Hz, as seen in results for GM2A
and GM2B: see the blue and pink lines in Figures 5-107 and 5-108. These peaks weren’t observed in the
results for GM1A, GM1B, and GM1C because the vertical component of these motions did not have

significant frequency content beyond 30 Hz.)

Figure 5-110 presents axial load histories on the three SFP bearings for models 1, 2 and 3 for the first 15
seconds of GM2A!, wherein the axial load is normalized by the gravity load on the bearings. A time window
of normalized axial load, from 9 to 12 seconds, is presented in Figure 5-111. The variation in the normalized
axial load between the three isolators is greatest for model 1. The periodicity in the variation of axial load
is associated with the overturning moment induced by sliding of the vessel on the bearings. See Figure
5-112 wherein the horizontal force (F) in the bearings, due to sliding, acts at the center of mass of the vessel
(red solid circle) as an inertial force and induces an overturning moment (F xH) that generates a tensile
force in the bearing on the right (F, =F xH/L ) and a compressive force in the bearing on the left (F. = F;
). Other sources of variation in axial load are the rocking of the vessel and the vertical component of ground
motions. For model 2, the variation in axial load has the same periodicity as model 1 but a lower amplitude
because the level arm (L) for resisting the overturning moment is longer due to the extended base. In the
mid-height isolated vessel (M3), the normalized axial loads are nearly identical in the three bearings, per
Figure 5-111c, with the variation due primarily to the vertical component of the earthquake shaking. For
model 3, a) the isolation plane (at the mid-height) is at the same level as the center of gravity of the vessel
(H=0and hence F, =F. =0), and b) rocking of the vessel is minimized as it is supported near its center of

gravity.

Base isolation of tall, slender vessels is viable but may not be practical. Consideration must be given to the
space needed (e.g., model 2 versus model 1) for base fixturing and support to prevent uplift under design

basis and beyond design basis ground motions, unless the isolators are designed to resist tensile axial forces.

! Similar observations were made for the other seismic inputs and the results are the not presented here.
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Isolating a tall, slender vessel at a level near its center of gravity, reduces (or eliminates) rocking response
(and the variation of axial load between the bearings) and allows for a more compact design, noting that

space is still required for the support frame (e.g., Figure 5-1).
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Figure 5-105. Geomean horizontal acceleration response spectra, GM1A, 5% damping
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Figure 5-106. Geomean horizontal acceleration response spectra, GM1B, 5% damping
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Figure 5-107. Geomean horizontal acceleration response spectra, GM1C, 5% damping
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Figure 5-108. Geomean horizontal acceleration response spectra, GM2A, 5% damping
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Figure 5-109. Geomean horizontal acceleration response spectra, GM2B, 5% damping
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Figure 5-110. Normalized axial loads in SFP bearings, GM2A
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Figure 5-111. Normalized axial loads in SFP bearings, GM2A (from 9 to 12 seconds)
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5.6 Summary and conclusions

Numerical models were developed for the test specimen of Section 4 and benchmarked using the
earthquake-simulator experiment data presented in Section 4.5. Shell and beam elements were used to
model the vessel and its support frame. Link elements were utilized to model the Friction Pendulum
bearings. Predicted acceleration responses at the top, bottom, and mid-height of the vessel, and the
normalized force-displacements loops for the isolation systems were compared with the test data to
benchmark the models: see Section 5.3. Good agreement was obtained between the predicted and recorded
horizontal and rocking responses of the vessel. Differences in the vertical response were due in large part
to the significant differences between the measured and predicted frequencies in the z direction: see Section
5.2.2. The predicted normalized force-displacement loops for the SFP and TFP isolation systems were in

excellent agreement with the test data for the larger amplitude motions.

The benchmarked numerical were used to perform 84 response-history analyses to quantify the benefits of
mid-height seismic isolation for different frame stiffnesses (near rigid or flexible) supporting the vessel,
isolation system properties, and seismic inputs: see Section 5.4. Six SFP isolation systems were considered,
with isolation periods of 1.06, 1.5, and 2.12 seconds and coefficients of friction of 6% and 10%. Two ground
motion triplets, each with three intensities of shaking were utilized for analyses. The results demonstrated
that mid-height seismic isolation of a tall, slender equipment is feasible and beneficial for a range of support
structures stiffnesses, seismic inputs, and isolation-system properties, with very significant reductions in
the horizontal accelerations possible with respect to those in non-isolated equipment. Importantly, the
reductions in horizontal spectral accelerations in the mid-height isolated vessel are not affected by the
stiffness of the support structure. The peak horizontal accelerations at the top of the isolated vessel were
reduced by a factor of between 1.5 and 20 from those on the non-isolated vessel. The greatest reductions in
horizontal accelerations were achieved using the more flexible isolation system but the tradeoff was the

larger displacements in the bearings.

Requirements for seismic testing of isolators used for equipment protection were investigated by calculating
the normalized energy dissipated by SFP bearings for different isolation systems, seismic inputs, and
support conditions. The results confirm that five fully reversed cycles of loading to a user-computed
maximum displacement impose sufficient earthquake-induced energy for prototype and production testing

of isolators.
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The benchmarked numerical models were also used to explore the practicality of base isolating a tall,
slender vessel: section 5.5. Four models were analyzed, two isolated at the base, one fixed at the base, and
one isolated at the mid-height, near its center of gravity. Although base isolation enabled a reduction in
horizontal spectral accelerations with respect to those in the non-isolated vessel, the variation in axial load
between the bearings was significant. Rocking of the base-isolated vessel contributed to the horizontal
response at its top and bottom. Base isolation of tall, slender equipment is viable but may not be practical.
Attention must be paid to prevent uplift in the bearings unless the isolators are designed to resist tensile
axial forces. Numerical models should adequately capture the axial stiffness of individual bearings (see
Section 3.6).
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SECTION 6
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 Introduction

Recent studies have made clear the pivotal role of nuclear energy in the rapid decarbonization of the global
economy and meeting increasing energy demands. Standardized advanced nuclear reactors might be the
only pathway to achieving these two goals by lowering capital cost and decreasing the time required to
design, license, and construct plants. The near surface geology and the seismic hazard are different at each
power plant site, thwarting the standardization of nuclear power plants (NPPs) by requiring site-specific
soil-structure-interaction analysis, design, engineering, equipment qualification, licensing, and regulatory

review.

Seismic isolation is a proven technology to mitigate the effects of earthquake shaking and could enable a
rapid transition to standardization of advanced reactors. Standardized reactor buildings, once designed,
qualified, and licensed, can be re-used at multiple sites by selecting an appropriate seismic isolation system,
drastically reducing the scope of pre-construction activities and driving down construction cost. This report
focuses on equipment isolation, an alternate implementation of seismic isolation where base isolation of

reactor buildings is either impractical or cost prohibitive.

6.2 Summary

Although seismic isolation has not been used to protect individual pieces of safety-class equipment in a
nuclear power plant, its use for non-nuclear applications has been studied, with a focus on power
transformers. Electric power utilities have isolated existing and new high voltage transformers to reduce

the impact of earthquake shaking, with the goal of providing electricity in the aftermath of an earthquake.

Herein a tall, slender vessel, which could represent a reactor vessel, a steam generator, or a heat exchanger,
was used as the test specimen for proof-of-concept experiments of seismically isolated equipment. The half-
length scale cylindrical, carbon steel vessel had an outer diameter of 60 inches, a height of 240 inches, and
a wall thickness of 1 inch. The vessel was supported at its mid-height on a stiff steel frame using three
equally spaced mounts. The steel frame was 10 ft by 10 ft in plan and approximately 10 ft tall. The vessel
was filled with water to indirectly account for the fluid and internal equipment inside a prototype vessel. A

rectangular plate was bolted to the top of the vessel to prevent loss of water and to attach two submerged
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internals: a 6-ft long aluminum tube with a 3-inch outer diameter, and 6-ft long rectangular carbon steel
plate, 0.5in X 6 inin cross section. The weight of the vessel including water and its internals was 39.3 kips.
Acceleration, displacement, strain, and pressure histories were recorded at various locations on the
specimen. The test specimen and instrumentation plan are described in Section 4 and fabrication drawings

are presented in Appendix B.

The proof-of-concept experiments were performed using a six degree-of-freedom earthquake simulator at
the University at Buffalo. The specimen was tested in three configurations: 1) non-isolated, wherein the
vessel was bolted directly to the load cells installed above the steel frame, 2) isolated using single Friction
Pendulum (SFP) bearings, wherein the bearings were installed between the load cells and the vessel mounts,
and 3) isolated using Triple Friction Pendulum (TFP) bearings, wherein the bearings were installed similar
to that in the SFP-isolated configuration. The SFP and TFP bearings are described, and their force-
displacement behavior characterized in Section 3. The SFP bearings had an average minimum and
maximum coefficients of friction of 2.8% and 7.8%, respectively. The average minimum and maximum
coefficients of friction for the outer (inner) surfaces of the TFP bearings was 6.7% (1.4%) and 11.3%

(2.3%), respectively.

Three ground motions from the PEER NGA-West 2 database were utilized for the earthquake-simulator
tests. The motions were selected to have a broad range of frequency content and were time scaled by a
factor of 0.71, consistent with the assumed length scale of 0.5. The ground motions were amplitude scaled

to achieve different intensities of earthquake shaking.

The amplitudes of the seismic inputs and simulator-specimen interaction were different for the non-isolated
and isolated configurations and only a qualitative comparison of specimen response could be made to
demonstrate the utility of the mid-height seismic isolation for tall, slender vessels. Numerical models in
computer program SAP2000, benchmarked using the earthquake-simulator data, were used to investigate
and quantify the benefits of mid-height seismic isolation for different support-frame stiffnesses, isolation-
system properties, and seismic inputs. Requirements for prototype and production testing of bearings used
for equipment isolation were investigated for different isolation systems, seismic inputs, and support
conditions. Numerical models were further used to investigate the feasibility of base isolation for tall,

slender vessels and compare vessel responses for base- and mid-height isolation.
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6.3

Key results and conclusions

The overarching goal of this report was to provide isolation solutions for the designers of safety-class

equipment inside nuclear reactor buildings. Three objectives were identified to achieve that goal, namely,

1) demonstrate experimentally the feasibility of a mid-height seismic isolation system for a tall, slender

vessel, 2) numerically explore base isolation of tall, slender vessels, and 3) provide analysis and design

recommendations for equipment isolation suitable for inclusion in the next revision of ASCE/SEI Standards

4 and 43. The key results and conclusions of this report, presented below, help meet the above three

objectives:

1.

The earthquake-simulator experiments demonstrated that mid-height seismic isolation of a tall,
slender vessel is feasible and enables significant reductions in horizontal spectral accelerations (for
frequencies greater than 3 Hz for the specimen herein) above the isolation plane, and at the top and
the bottom of the vessel. The efficacy of the isolation systems and the corresponding reduction in
horizontal accelerations from the non-isolated support condition was a function of the frequency

content and amplitude of the seismic inputs.

Mid-height seismic isolation enables a reduction in seismic demands in vessel internals,
characterized herein using peak horizontal accelerations at their bottom and axial strains near their

points of attachment to the vessel head.
A stiff diaphragm must be provided above and below the isolation plane.

The global response of a mid-height isolated tall, slender vessel and its isolation system can be
predicted accurately using currently available structural analysis software such as SAP2000. If the
vessel is fully filled with fluid, as was the case herein, the fluid response can be treated as impulsive,
and the weight of fluid can be distributed uniformly to the walls of the vessel along its height, for

the purpose of predicting the global response of the vessel and its isolation system.

To capture the rocking and vertical responses of isolated equipment, numerical models must

adequately capture the axial flexibility of individual bearings.

Results from response-history analyses, performed using benchmarked numerical models,
demonstrated that mid-height seismic isolation of tall, slender equipment is practical and beneficial
for a range of support structure stiffnesses, isolation-system properties, and seismic inputs.

Substantial reductions in horizontal spectral accelerations from the non-isolated support condition
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can be achieved. The peak horizontal accelerations at the top of the isolated vessel were lower, by

a factor of between 1.5 and 20, than those in the non-isolated vessel.

7. Reductions in horizontal spectral accelerations enabled by mid-height seismic isolation are by-and-
large independent of support structure stiffness: the reductions were similar for the vessel supported
on a rigid and a flexible frame. (The horizontal stiffness of the rigid frame was 40 times that of the
flexible frame.) Accordingly, an isolated piece of equipment could be seismically qualified once,

but for multiple support conditions.

8. Five fully reversed cycles of loading to a user-calculated displacement is sufficient for prototype

and production testing of bearings.

9. Base isolation of a tall, slender vessel is viable but may not be the best solution. Although, spectral
accelerations were reduced in the base-isolated vessel with respect to the fixed-base configuration,
rocking of the vessel contributed to its horizontal response and the variation in axial load between
the bearings was significant. Unless bearings are designed to resist tensile axial forces,
consideration must be given to the space needed for base fixturing to avoid uplift of bearings under
extreme shaking. Isolating the vessel at its mid-height, near its center of gravity, virtually

eliminated the rocking response and the variation of axial load between the bearings was tiny.

Although the focus herein was on safety-class equipment in advanced nuclear power plants, the results are
applicable to tall, slender equipment regardless of industry sector. Although the experiments used only
spherical sliding bearings, other types of seismic isolators, such as the lead-rubber bearing, could be used

instead.

6.4 Recommendations for equipment isolation inside a nuclear facility

Consensus standards ASCE/SEI 4-16 and ASCE/SEI 43-19 provide criteria for seismic analysis and design
of structures, systems, and components (SSCs) in seismically isolated, safety-related nuclear facilities,
including nuclear power plants. Equipment isolation is not addressed in either ASCE/SEI 4-16 or ASCE
43-19 but will be included in their next revisions. Based on the results and conclusions in this report, three

recommendations are provided for analysis and design of isolated equipment:

1. Provide a stiff diaphragm above and below the isolation plane.
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2. The axial flexibility of individual bearings must be explicitly characterized and modeled to capture

the rocking and vertical responses of isolated equipment.

3. Five fully reversed cycles of loading impose sufficient earthquake-induced energy demand on
isolators for prototype and production testing of isolators, as currently proposed in ASCE/SEI 43-

19 for building isolation.
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Figure A-1. Normalized force-displacement loops for bearing SF1, tests per Table 3-3

215



Horizontal force/Vertical force Horizontal force/Vertical force

Horizontal force/Vertical force

03}

0.2f

0.1f

0.3F

0.2}

0.1f

0.3f

0.2f

0.1F

03}

0.2f

0.1f

Horizontal force/Vertical force
o

-3 -1.5 0 1.5 3 -3 -1.5 0 1.5 3
Horizontal displacement (in) Horizontal displacement (in)
a) test S1 b) test S2

0.3F

0.2}

0.1f

Horizontal force/Vertical force
o

-3 -1.5 0 1.5 3 -3 -1.5 0 1.5 3
Horizontal displacement (in) Horizontal displacement (in)
c) test S3 d) test S4

0.3F

0.2f

0.1F

Horizontal force/Vertical force
o

-3 -1.5 0 1.5 3 -3 -1.5 0 1.5 3
Horizontal displacement (in) Horizontal displacement (in)
e) test S5 f) test S6

Figure A-2. Normalized force-displacement loops for bearing SF2, tests per Table 3-3
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Figure A-3. Normalized force-displacement loops for bearing SF3, tests per Table 3-3
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Figure A-4. Normalized force-displacement loops for bearing TF1, tests per Table 3-4
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Figure A-5. Normalized force-displacement loops for bearing TF2, tests per Table 3-4
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Figure A-6. Normalized force-displacement loops for bearing TF3, tests per Table 3-4
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Figure B-1. Fabrication drawings for support frame
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Figure B-1. Fabrication drawings for support frame (cont.)
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Figure B-1. Fabrication drawings for support frame (cont.)
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Figure B-1. Fabrication drawings for support frame (cont.)
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Figure B-2. Fabrication drawings for vessel (cont.)
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Figure B-2. Fabrication drawings for vessel (cont.)
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APPENDIX C
VERTICAL ACCELERATIONS IN SFP BEARINGS

C.1l Introduction

Vertical accelerations in buildings or equipment isolated with single concave Friction Pendulum bearings
can result from a number of sources, including: 1) vertical ground motion propagated through the bearing,
and 2) change in height of the bearing as a result of its horizontal displacement. The second source of
vertical acceleration is investigated and quantified in this appendix. Both sources of vertical acceleration

will be filtered by the articulated slider, which has finite vertical stiffness, but that is not investigated here.

In a single Friction Pendulum (SFP) bearing, horizontal displacement of the articulated slider is
accompanied by vertical displacement (i.e., change in bearing height) and acceleration. A soft limit on the
maximum horizontal displacement is 0.2R (R is the radius of curvature of the sliding surface), which limits
the vertical displacement to approximately 0.02R. This is illustrated in Figure C-1 for the isolation systems
of Section 5.4.3, with effective radii of curvature of 11, 22, and 44 inches and soft limits on the maximum
horizontal displacement of 2.2, 4.4, and 8.8 inches, respectively. The green solid sliders in Figure C-1 locate
the at-rest position. The solid blue slider identifies the 0.2R displacement. (The housing plate in which the
slider rotates is not shown in the figure.) Upwards vertical displacement of the slider will increase the height
of the SFP bearing. The increase in bearing height at a horizontal displacement of 0.2R is approximately
10% of the maximum horizontal displacement. Beyond a horizontal displacement of 0.2R, the vertical
displacement of the slider increases significantly as a percentage of the horizontal displacement. See the
red solid slider in Figure C-la: the vertical displacement is approximately 0.2R for a horizontal

displacement of 0.6R.

C.2  Calculation of vertical displacements and corresponding accelerations

Equation C-1 presents a relationship between the horizontal and vertical displacements of a slider in an SFP

bearing, determined using Figure C-2.

RSiﬂ(@) =H (C-1a)

V =R-Rcos(0) (C-1b)
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where H is the horizontal displacement of the slider, V is its corresponding vertical displacement, R is the
radius of curvature of the sliding surface, and @ is defined in Figure C-2; H, 6, and V vary with time during
earthquake shaking. The vertical displacement history of the slider is a function of 8, which is a related to
H for a bearing with a given R. The corresponding vertical acceleration history is calculated as the second

time derivative of the vertical displacement history.

a) 11-inch curvature b) 22-inch curvature

a7

¢) 44-inch curvature

Figure C-1. Cross section of SFP bearings with different curvatures

Although SAP2000 (CSlI, 2021) implements a numerical model for the SFP bearing that does not track the
change in bearing height as a function of horizontal displacement, the vertical displacement of the slider,
and change in bearing height with time, can be computed easily given the vector sum of the horizontal
displacement histories in the x and y directions: see Equation C-2. But is the vertical acceleration, resulting
from horizontal movement of the slider, of engineering significance? The question is addressed, and
practical solutions offered, in Section C.3. The focus here is safety-related equipment in advanced nuclear
reactors, assumed, based on past construction of large light water reactors, to have frequencies of 5 Hz and
greater at the prototype scale, which maps to approximately 7 Hz at the model scale (for a length scale of

2, see Section 4) for which results are presented below.

H=(HZ2+H’ (C-2a)
Rsin(¢) = H (C-2b)

V =R -Rcos(0) (C-2c)
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Figure C-2. Movement of slider in an SFP bearing

C.3  Analysis results and recommendations for design

Isolation-system horizontal displacement histories were processed in MATLAB to determine vertical
displacement and acceleration histories of the sliders. The MATLAB code is presented in Figure C-3. The
MATLAB code was first benchmarked by comparing results with a vertical displacement history computed
using the material model MAT_SEISMIC_ISOLATOR available in LS-DYNA (LSTC, 2019). Calculations
were performed for IS1 (see Section 5.4.3) and GM2B (see Section 5.4.4), and results are presented in
Figure C-4. (The MAT_SEISMIC_ISOLATOR material model tracks vertical displacement of the slider as
a function of horizonal displacement.) The displacement histories are identical. For information, Figure C-5
presents the vector sum of the normalized horizontal displacements of the slider for IS1 and GM1C and the

normalized vertical displacement.

The horizontal displacement histories of isolation systems 1S1, 1S3, and IS5 of Section 5.4.3, determined
by analysis of the isolated vessel supported on the rigid frame, were extracted from SAP2000 for the six
seismic inputs of Section 5.4.4 and then processed in MATLAB to determine the vertical displacement and
acceleration histories of the sliders. Figures C-6 through C-17 present results. Figures C-6, C-8, C-10, C-
12, C-14, and C-16 present acceleration response spectra for the a) vertical acceleration component of the
seismic input, black solid line, b) acceleration history due to the vertical displacement of the slider, red

dashed line, and c) sum of the acceleration histories from a) and b), green dashed lines. The maximum
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Dx = load('"H_x.mat'); %load the x-direction horizontal displacement history of the isolation system
Dy = load('H_y.mat’); %load the y-direction horizontal displacement history of the isolation system

DH = sqrt(Dx.”2+Dy."2); %SRSS of the x- and y-direction horizontal displacement histories, Equation C-2a
R = 11; %defining the radius of curvature of SFP bearings

theta = asind(DH/R); %finding the angle theta (in degrees) using Equation C-2b

Dz = R*(1-cosd(theta)); %finding the vertical displacement of the slider, Equation C-2¢

dt = 0.001; %defining the time step of the displacement histories, 0.001 sec herein

Vel = gradient(Dz,dt); %first derivative of the vertical displacement history of the slider
Acc = gradient(Vel,dt); %second derivative of the vertical displacement history of the slider

AccZ_input = load('Input_Z.mat"); %load the vertical acceleration history of the input motion

Acc_total = AccZ_input + Acc; %sum of the input motion and the acceleration due to change in bearing
height

Figure C-3. MATLAB code used to calculate vertical displacement and accelerations of slider in
a SFP bearing

Equation C-2 — — —LS-DYNA
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Figure C-4. Vertical displacement of slider in an SFP bearing, IS1 and GM2B
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Figure C-5. Normalized displacements of slider in an SFP bearing, 1S1 and GM1C
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horizontal displacements of the slider are reported in the sub-figure captions. Figures C-7, C-9, C-11, C-

13, C-15, and C-17 present the corresponding vertical displacement time series.

An additional set of analyses was performed using the three ground motions of Section 4.4. Results are
presented in Figures C-18 through C-20. The ground motions were amplitude scaled such that the maximum
horizontal displacement of the isolation systems was approximately 0.2R. All three components were scaled
by the same factor, which is why the amplitude of the vertical spectrum (black solid line) for a given ground
motion (e.g., GM1) is different in the three figures. The increase in vertical spectral acceleration due to the
vertical displacement (acceleration) of the slider at this soft limit on horizontal displacement is sufficiently

small to be ignored for the purpose of design unless the vertical component of earthquake shaking is tiny.

Focusing on safety-related equipment, with frequencies at the prototype (model) scale of 5 Hz (7 Hz) and
greater, the effect of vertical displacement (and acceleration) of the slider on in-structure vertical spectra
can be ignored if the maximum horizontal displacement of the slider is less than 0.2R. For example, compare
the black solid and green dashed lines in Figures C-6b, C-10b, and C-16b. If the maximum horizontal
displacement of the slider is greater than 0.2R, and the software being used for analysis does not account
for vertical accelerations due to change in bearing height, the procedure introduced above could be used to
correct the vertical input, namely, 1) generate a representative vertical displacement history for the isolation
system, using for example the vector sum of the horizontal displacement histories at the center of stiffness
of the isolated piece of equipment (or building), 2) differentiate the vertical displacement history twice to
generate a vertical acceleration history (and baseline correct as needed), and 3) add the acceleration history
of 2) to the vertical acceleration time series of the earthquake input at the support points (or the vertical

component of ground motion at the base of the building) for analysis.
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Figure C-8. Acceleration response spectra, 1S1 isolated (R = 11 inches), 5% damping
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Figure C-9. Change in height of bearing, I1S1 isolated (R = 11 inches)

1. Horizontal displacements exceed the capacity of the SFP bearings for this seismic input
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"The Northridge, California Earthquake of January 17, 1994: Performance of Highway Bridges," edited by
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