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Abstract

Response of Lead Rubber Bearings in a Hybrid Isolation System During a Large Scale
Shaking Experiment of an Isolated Building
By
Camila Berton Coria

Keri L. Ryan, Advisor

Seismic isolation systems have been proven to provide superior performance and meet
continued functionality performance objectives for many facilities around the world, and
are thus being considered for the future generation of nuclear power plants in the United
States. Experimental simulation of a hybrid lead-rubber isolation system for a 5-story
steel moment frame was performed at Hyogo Earthquake Engineering Research Center
(E-Defense) of the National Institute for Earth Science and Disaster Prevention in Japan.
The isolation system was developed for the seismicity of a potential nuclear site in
Central and Eastern United States (CEUS) site. The isolation system was tested to
displacements representing beyond design basis ground motions at the CEUS site and
design basis ground motions for a Western United States. Forces in the lead-rubber (LR)
bearings were measured by an assembly of load cells. The design of the isolation system
was constrained by the experimental setup. The light axial loads on the system
necessitated the use of a hybrid system of elastomeric bearings and rolling bearings,
known as cross linear (CL) bearings. The CL bearings provided support beneath some of

the columns without contributing to the system base shear, so that the target displacement



at the desired isolation period could be met. Additionally, the CL bearings provided
substantial resistance against the tensile demands generated by overturning as a result of

the light axial loads.

The following behaviors, many of which have been observed before, were observed in
the response of LR bearings during this test program: (1) pinching near the center of the
measured bearing hysteresis loop, attributed to the small size of the lead plug; (2) loss of
characteristic strength over the duration of an excitation, associated with heating of the
lead plug; (3) no loss of shear resistance at large displacements due to the stabilizing
influence of the CL bearings; and (4) transfer of axial forces from LR bearings to CL
bearings at large displacements, referred to as the load transfer effect, causing the LR
bearings to sustain tension that was not induced by overturning. The load transfer effect,
occurs due to the rigidity of the frame system connecting the bearings, the discrepancy in
stiffness between the CL and LR bearings in the vertical direction, and the effective

decrease in stiffness of the LR bearings at large horizontal displacements.

A numerical simulation model that represents current numerical approaches for design
was developed for the isolation system and the structure. The lead-rubber bearings were
modeled with a bilinear force-displacement relation with uncoupled behavior in the
horizontal and vertical directions, referred as the uncoupled bearing model. Due to the
amplitude dependence of the bearing response, the parameters of the uncoupled model
were calibrated independently for each simulation to assess the experimental LR bearing
response. Although the uncoupled bearing model could produce base shear and bearings

displacements that closely matched the experimental response, the peak bearing



iii
responses (base shear and horizontal displacements) were not captured by the uncoupled
bearing model. The revised bounding analysis methodology was investigated to
determine if the peak bearings responses could be reliably bounded with this approach.
The bounding analysis was not 100% reliable to bound the observed experimentally peak
horizontal displacement and peak base shear of the LR bearings due to spectral variation
of the excitations. However, the new bounding analysis procedure that considers the
responses of both upper bound and lower bound to bound both peak displacements and

peak forces, was found to be an improvement over current design practices.

The uncoupled bearing model could not predict the load transfer effect that was observed
during the experiment. Thus, a multi-spring LR bearing model with coupled behavior in
the horizontal and vertical directions that could predict the load transfer effect was
developed and validated. The numerically predicted horizontal responses obtained from

the multi-spring bearing model and uncoupled bearing model were nearly identical.

Significant portions of this dissertation were taken from a report (Ryan et al. 2013a)
prepared for the sponsor one year following the test. The author of this dissertation
worked collaboratively on that report with other authors. All data from the experiments is
permanently archived and publicly accessible in the NEES Project Warehouse (Ryan et

al. 2013b, 2013c, 2013d).
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NOMENCLATURES

Definition
Crass-sectional area of the bearing

Horizontal acceleration of the compound including top connecting
plate and bottom half of the isolator

Vertical acceleration of the compound including top connecting
plate and bottom half of the isolator

Acceleration at the geometric center of the floor in x-direction

X component of the horizontal acceleration at the South-East corner
Acceleration at the geometric center of the floor in y-direction

Y component of the horizontal acceleration at the South-East corner
Plate width

Flange width of column

Damping coefficient

Damping coefficient of additional damper

Constant dependent on nth mode shape

Side cover rubber thickness

Given horizontal displacement of the bearing
Overall diameter

Design displacement

Horizontal displacement

Isolator displacement

Diameter of the lead plug

Bearing displacement at the center of rigidity
Maximum isolator displacement

Minimum isolator displacement

Lead diameter

Absolute peak displacement for selected cycle
Additional reaction

Maximum displacement

Vertical displacement

Displacement component at the center bearing in X direction
Story drift in the x-direction at the geometric center



OxSE

Dy,rub
DYa

EDC
EDClilin
EDCrest

FZx

K1_char
K1_Iea1d

K1_rub

XXIX

Story drift in the x-direction at the South-East corner
Yield displacement
Yield displacement of rubber

Displacement component at the center bearing in Y direction
Elastic modulus

Energy dissipated per cycle

Energy dissipated per cycle for a bilinear force-displacement loop

Energy dissipated per cycle for experimental data

Rubber's elongation-at-break

Frequency
Shear force

X-component of the axial force of truss 1 (x-direction)
Axial force on truss 2 (x-direction)

X-component of the axial force of truss 2 (x-direction)
Y-component of the axial force of truss 2 (x-direction)
Axial force on truss 3 (y-direction)

Y-component of the axial force of truss 3 (y-direction)
Axial force on truss 4 (y-direction)

Y-component of the axial force of truss 4 (y-direction)
Axial force on CL bearings

Maximum force

Minimum force

Overturning force

Absolute peak force for selected cycle

Yield force

Shear modulus
Gravitational acceleration
Calibration factor

Plate height

Moment of inertia
Horizontal stiffness

Initial stiffness of bearing
Characterized initial stiffness
Initial stiffness of lead

Initial stiffness of rubber
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Kis Initial stiffness of the CL bearing

Kp Horizontal stiffness of low-damping natural rubber

Kbo Reduced horizontal stiffness of the LR bearing

Kg Post-yield stiffness of bearing

K char Characterized post-yield stiffness

K des Design post-yield stiffness

K fit Fitted post-yield stiffness

K, max Maximum post-yield stiffness for bouding analysis

K, min Minimum post-yield stiffness for bouding analysis

Kest Effective or secant stiffness

Kn Kinematic hardening modulus

KL First stiffness of the lead-plug for trilinear model (Figure 7-14)
KLz Second stiffness of the lead-plug for trilinear model (Figure 7-14)
Kis Third stiffness of the lead-plug for trilinear model (Figure 7-14)
Kic Vertical stiffness of load cell

Kplate Plate bending stiffness

Kt Tension vertical stiffness for LR bearing

Kiotal Total vertical stiffness

Ktruss Equivalent elastic stiffness of axial element

Ky Compressive vertical stiffness for LR bearing

Kye Compressive vertical stiffness for CL bearing

Kyj Vertical stiffness on vertical spring j

Kur Reduced vertical stiffness of LR bearing

Kut Tension vertical stiffness for CL bearing

L Length of element

La Distance between a and A' measured by the displacement transducer
Aae Uncertainty factor for bounding analysis - aging and envrionmental effects
Lclear Clear length between adjacent load cells

Amax Maximum property modification factor

Amim Minimum property modification factor

Asec Uncertainty factor for bounding analysis - manufacturing uncertainty
Atest Uncertainty factor for bounding analysis - prototype test

m’m Modal mass of the nth mode
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Mass of the compound including top connecting plate and bottom half

Me of the isolator

Mye Yield strength of spring representing bending of the flanges

Myp Yield strength of spring representing shear behavior of panel zone
N Number of rubber layers

Nir Number of lead-rubber bearings

P Axial load

P Vertical force

Patlow Allowable axial load at a lateral displacement of zero

Per Reduced buckling load

Perit Critical axial load

Pero Nominal critical buckling load

Qq Characteristic yield strength of bearing or system

Qdchar Characterized characteristic strength

Qu.des Design characteristic strength

Qu fit Fitted characteristic strength

Qdlead Characteristic strength of lead

Q. max Maximum characteristic strength for bouding analysis

Qd,min Minimum characteristic strength for bouding analysis

Qd,rub Characteristic strength of rubber

Qir Total characteristic strength of lead rubber bearings

Qroll Total characteristic strength of rolling bearing

R Radius of curvature of friction pendulum bearing

Rex Dynamic reaction component in x-direction at the load cell level
Rez Dynamic reaction component in z-direction at the load cell level
Ri test Reaction at bearing | at the beginning of a test simulation

Rx Dynamic reaction component in x-direction at the isolator level
Rz Dynamic reaction component in z-direction at the isolator level
Rz init Initial static vertical reaction

Sk Initial stiffness of spring representing bending of the flanges

Sp Initial stiffness of spring representing shear behavior of panel zone
T Period

thp Bottom mounting plate thickness

tes Flange thickness of column



T4
Teff

Oy,LP

XXXIi

Post-yield period of bearing or system
Effective period of bearing or system
Internal plate thickness

Total thickness of rubber

Layer thickness

Shim thickness

Top mounting plate thickness
Equivalent uniform load on the beam element
Total base shear in the isolator system
Shear force at the i node

Shear force at the | node

VVolume of panel zone web

Estimated weight on each CL bearing
Tributary weight supported by the i isolator
Total weight carried by the LR bearings
Total static weight of the building

Total static weigh on LR bearings

Total weight of the structure

Length of the gusset plate

X- coordinate of node a

X-coordinate of displaced node A’
Width of the gusset plate

Y-coordinate of node a

Y-coordinate of displaced node A'
Viscous damping ratio

Additional damping ratio

Equivalent damping ratio

Displacement of center bearing in x-direction computed by data
processing

Displacement of center bearing in y-direction computed by data
processing

Coefficient of friction of a sliding or rolling bearing

Ultimate strength
Yield strength
Dynamic yield strength of the lead plug



W7z rigid

Rotation of center bearing computed by data processing
Horizontal displacement at base in the nth mode shape

Horizontal displacement at roof in the nth mode shape
Angular frequency of the nth mode
Vertical frequency of a "rigid body"

XXXl



CHAPTER 1: INTRODUCTION

1.1 Background of Seismic Isolation and its Consideration for Safety

Related Nuclear Facilities

Seismic base isolation is a technology used to protect structures from the damaging
effects of earthquake ground motion by decoupling the structure from the foundation
through the incorporation of a flexible interface between the two. Flexible isolation
devices are incorporated to shift or elongate the natural period of the structure in the
horizontal direction away from the typical dominant energy of the earthquake, thereby
significantly reducing the accelerations, inertial forces, and subsequently base shear
demands on the structure. Increased displacements are accommodated in the isolation
system, while structural deformations are substantially reduced such that the structural

system practically moves “rigidly” above the isolators.

Seismic isolation has been shown to successfully protect the structural system and
content of numerous structures in prior earthquakes. Most recently, many isolated
buildings were shaken in the 2011 Tohoku Earthquake and Tsunami, with isolator
displacement demands ranging from 20 to 40 cm (Nishiyama et al. 2011). Seismic
isolated structures around the world now number in the several thousands, and seismic
isolation systems have been incorporated into the design of nuclear power plants in
France and South Africa (Malushte and Whittaker 2005). As a result, seismic isolation is

being considered for the future generation of nuclear power plants in the United States.



The structures, systems, and components of nuclear power plants are required to be
designed for natural phenomena (such as earthquakes) without loss of capability to
perform their safety functions (10 CFR 50, 2011). Seismic isolation is most effective for
stiff, short period structures. Safety related nuclear structures fit this description since
their horizontal period is on the order of 0.1 to 0.25 sec. If designed to remain elastic
under strong ground motions, a short period structure attracts high acceleration demands
that are transmitted to any internal equipment. If, on the other hand, a short period
structure is designed to yield, it can experience large ductility demands relative to a
longer period structure with a comparable strength reduction factor (e.g. Chopra 2012).
Fortunately, the flexibility of the isolation system shifts the natural period of the building
to significantly reduce both force demands to the structural system and acceleration
demands to internal equipment. Thus, seismic isolation could be considered for safety
related nuclear facilities if the overall system is analyzable and the response is

predictable.

Two major classes of isolation devices have been used in the United States: elastomeric
bearings and friction pendulum bearings. Elastomeric bearings are composed of
alternating layers of natural, or synthetic, rubber bonded to intermediate steel shim plates.
A rubber cover is provided to protect the internal rubber layers and steel plates from
environmental degradation and corrosion. Elastomeric bearings can be categorized as: (1)
low-damping natural or synthetic rubber and (2) high-damping rubber. Low-damping
natural rubber material exhibits nearly linear shear stress-strain behavior up to

approximately 150% shear strain, wherein the horizontal stiffness K, is calculated as:



K, = 2
=

r

(1.1)

where G is the shear modulus, Ay is the cross-sectional area of the bearing, and T, is the
total thickness of rubber. A typical range of G for seismic applications is 0.4-0.9 MPa
(60-130 psi). The equivalent damping ratio, g, for low-damping natural rubber ranges
between 2% and 3% at 100% shear strain. To limit displacements across the isolation
interface, external supplemental damping devices or alternative isolation devices are
typically used in parallel with low-damping natural rubber bearings. A higher level of
damping can be achieved through the addition of fillers to the rubber; however, recently

such devices are rarely used in the United States.

Another type of elastomeric bearing is the lead rubber bearing. From a construction
perspective, lead-rubber bearings differ from low-damping natural rubber bearings only
by the addition of a lead-plug that is press-fit into a central hole in the bearing. The lead-
plug deforms plastically under shear deformation, enhancing the energy dissipation
capabilities compared to the low-damping natural rubber bearing. The horizontal force-
deformation relationship of a lead-rubber bearing is characterized using bilinear behavior
with an effective, or secant stiffness (Kef) calculated as:

K =%+Kd (1.2)

T d
where Qq is the bearing characteristic strength, which is controlled by the yield strength
of the lead in shear and the area of the lead-plug; Ky is the post-yield stiffness and d is a

given horizontal displacement of the bearing. The vertical stiffness of all types of

elastomeric bearings (low damping rubber, high damping rubber, and lead rubber) is



typically thousands of times larger than the horizontal stiffness so that isolation systems
composed of elastomeric bearings provide isolation only from the horizontal components

of ground shaking.

The Friction Pendulum™ (FP) bearing, developed by Earthquake Protection Systems,
Inc. is a sliding bearing that supports the weight of the structure on a bearing that rests on
a sliding interface. A single FP bearing consists of a single sliding interface, while a
Triple Pendulum™ (TP) bearing consists of multiple sliding interfaces. The sliding
interface is designed with a low coefficient of friction, which limits the resistance to
horizontal forces. The single FP bearing consists of a base-plate, an articulated slider and
a spherical concave dish. Under horizontal motion, the spherical concave dish displaces
horizontally relative to the articulated slider and base-plate. Friction between the two
surfaces provides frictional resistance and energy dissipation, whereas the radius of
curvature of the spherical concave dish provides a restoring force. The shear force-
horizontal deformation behavior of FP bearings is characterized using a bilinear
relationship. The horizontal strength, or zero-displacement force-intercept, Qg, IS

controlled by the bearing material and the weight W carried by the isolators, according to:

Qa = uW (1.3)
where u is the sliding coefficient of friction of the bearing interface. The sliding

coefficient of friction can range between 0.03 and 0.2. The post-yield stiffness of the FP
bearing is controlled by weight acting on the isolator and the radius of curvature, R, of the
spherical concave dish. The TP bearing consists of four spherical sliding surfaces and

three independent pendulum mechanisms. The internal pendulum mechanism with two



concave plates and a rigid slider determines the response during low intensity shaking.
The outer stainless steel concave surfaces, when designed with different curvatures and
friction coefficients, provide two independent pendulum mechanisms that determine the
response during medium to high intensity shaking. Both the single FP and the TP
bearings provide no resistance to tensile forces and thus are free to uplift. In certain
situations uplift in the bearings could occur, e.g. bearings on the perimeter of slender
structures or those located under braced frames. For these situations resistance to uplift is

considered desirable.

1.2  State of Knowledge and Motivation for Full Scale Testing

The following briefly summarizes the research and development that has led to the
modern seismic isolation systems used today. Early proof of concept earthquake
simulator or “shake table” tests are discussed, as well as later tests that examined system
level technical concerns. Then, numerical simulation capabilities for elastomeric isolation
bearings that have been developed mostly in conjunction with device level testing are
reviewed. Finally, the need for full scale earthquake simulator testing of isolated

structures is addressed.

Initial development and proof-of-concept earthquake simulator testing was carried out in
the United States on elastomeric and friction pendulum isolators in the 1980’s and 1990’s
(e.g., Kelly et al. 1980a, 1980b; Kelly and Hodder 1981; Zayas et al. 1987; Mokha et al.
1988, 1990; Kelly and Chalhoub 1990; Constantinou et al. 1990; Al-Hussaini et al.

1994). In Japan, research and development was also carried out at construction



companies that built several demonstration buildings to be tested by earthquakes (Kelly

1988).

Earthquake simulator testing eventually progressed beyond basic validation to examine
performance of the overall isolation system under challenging loading conditions, and
elastomeric bearings have been tested to various limit states under dynamic loading. For
example, a series of uplift experiments were performed on slender structures isolated
with elastomeric bearings (Griffith et al. 1988a, 1988b), and researchers have developed
and tested several uplift restraint devices suitable for elastomeric isolation systems (e.g.
Griffith et al. 1990; Kasalanati and Constantinou 2005). Uplift restraint in elastomeric
bearings is often provided through limited engagement of the elastomers in tension by
providing a fully bolted connection detail for the elastomeric bearing. One project
designed a series of experiments to drive an isolated structure out to its ultimate capacity,
including large isolator displacement demands and structural yielding (Clark et al. 1997).
The experiment showed that design strategies can be adopted to ensure that the isolation
system is not the weak link, and that isolators can withstand significant tension due to
structure overturning. At least two studies performed earthquake simulator tests where
the intensity of the excitation was increased until the bearings ruptured (Sato et al. 2002;
Takaoka et al. 2011). A more detailed review of the history of earthquake simulator or
“shake table” testing of isolated building structures was provided in Warn and Ryan

(2012).

Recently, much progress has been made in understanding and modeling the macro-

mechanical behavior of natural rubber and lead-rubber bearings. Bidirectionally coupled



bilinear or Bouc-Wen models are frequently used by commercial software to represent
the hysteretic behavior of lead-rubber bearings. These models are incapable of
representing the amplitude dependence of the hysteretic properties and the lateral-axial
interaction of the response, which may or may not be significant. In lead-rubber bearings,
theoretical models have been developed to account for the decrease in characteristic
strength of the lead plug with repeated cycling due to viscous heating of the lead plug
(Kalpakidis and Constantinou 2009a, 2009b). In addition to the heating effect of the lead
plug, Constantinou et al. (2007) also evaluated the effects of history of loading, aging,
and environmental conditions (such as extreme temperature variation) on the behavior of
elastomeric isolation hardware. Since the exact state of the bearing at the time of a
seismic event is unknown, probable maximum and minimum values of K4 and Qg4 were
suggested by Constantinou et al. (1999). The lower and upper bound values of Ky and Qg
are determined with the use of system property modification factors, which are
multipliers to the nominal design parameters to account for variation in isolation system
properties (Constantinou et al., 2007). In general, the upper bound properties are used to
estimate the base shear demands, while the lower bound properties are used to estimate

the displacement demands.

Bounding values have been implemented by the American Association of State Highway
and Transportation Officials (AASHTO) design guidelines (AASHTO, 1999) and a more
rigorous bounding analysis will be implemented in the new edition of the American
Society of Civil Engineers ASCE 7 guidelines for the analysis and design of new

buildings (ASCE, 2016) and ASCE 41 for the rehabilitation of existing buildings (ASCE,



2017) with seismic isolation systems. In the ASCE 7 implementation, the upper and
lower bound properties are to be applied separately to the numerical model and the
largest value of each response parameter determined by the upper and lower bound

analyses is to be used for design (ASCE, 2016).

The influence of axial load on the horizontal force-deformation behavior of elastomeric
bearings leads to complexity that can affect the analyzability of the overall system;
however much recent research has been completed to evaluate the critical load capacity
and post-buckling behavior of the bearings. The overlapping area approximation was
developed to estimate the reduction in critical load capacity with increasing displacement
(Buckle and Liu 1994). Several studies have experimentally evaluated stability and post-
buckling behavior of elastomeric bearings (Buckle et al. 2002; Warn and Whittaker 2006;
Weisman and Warn 2012; Sanchez et al. 2012). They all concluded that the overlapping
area approximation is conservative, and improvements have been proposed. Experimental
studies also evaluated the reduction in vertical stiffness at large horizontal displacements

(Warn and Whittaker 2007).

A simple two-spring model that includes the influence of vertical load on the horizontal
response was developed by Koh and Kelly (1987) for linear material behavior and
extended by Ryan et al. (2005) for nonlinear material behavior. Another extension of the
two-spring model considered large displacement/rotation theory to predict the stable post-
critical behavior that has been observed in test data (Nagarajaiah and Ferrell 1999). The
Koh-Kelly linear model was also modified by lizuka (2000) to introduce finite

deformation and nonlinear springs to predict the large-deformation behavior such as



hardening, load deterioration and buckling phenomena of lead rubber bearings. A more
recent variation to the Koh-Kelly model was developed by Kumar et al. (2014), where the
effect of the axial load on the horizontal behavior is considered indirectly by selecting
mechanical properties in the horizontal and vertical directions that are dependent on each
other. More advanced distributed spring models accounting for these second-order effects
have been developed that are also capable of exhibiting zero or negative tangential
horizontal stiffness (Yamamoto et al. 2009, Kikuchi et al. 2010). However, these models
rely on experimentally calibrated parameters. Therefore, Han et al. (2014) proposed a
variation of Yamamoto and Kikuchi bearings models that does not rely on experimentally

calibrated parameters, making it more practical for design purposes.

Most of the aforementioned studies (especially earthquake simulator tests) involved
reduced scale structural models and reduced scale isolation bearings. Despite the wealth
of data on reduced-scale systems, the following knowledge gaps specific to the response

of the isolation system still need to be addressed.

e Dynamic test data of full-scale elastomeric bearings is not available for a system
earthquake simulator test. A full scale system test is necessary to verify that the
complex phenomena observed in reduced-scale bearings under realistic
earthquake loading (e.g. velocity effects, temperature effects, horizontal and
vertical interaction) are scalable to much larger devices. Earthquake simulator
tests of a full scale building isolated with high damping rubber bearings and
natural rubber bearings with dampers were performed (Sato et al. 2011), but

bearing force data was not recorded as part of that particular program.
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e FEarthquake simulator testing of isolated building models under combined
horizontal and vertical loading is somewhat limited. Full scale testing should be
performed that emphasizes realistic three-dimensional input and strong vertical

input recorded in near-fault ground motions.

1.3  Testing of a Hybrid Isolation System at E-Defense

An opportunity was seized to test a full scale building with base isolation at the Hyogo
Earthquake Engineering Research Center of Miki, Japan, also known as E-Defense, that
houses the only single earthquake simulator capable of reproducing three-dimensional

earthquake excitation to test full scale structures (http://www.bosai.go.jp/hyogo/ehyogo/).

The developed test program made use of an existing 5-story steel moment frame building
structure that had been tested at E-Defense in early 2009 as part of a program on value-
added buildings (Kasai et al. 2010). The test plans evolved testing structural and non-
structural contents of a moment frame building in the fixed-base configuration as well as
the isolated configuration. The test program was developed prioritizing the testing of TP
bearings as they were the initial focus of the research. However, the incremental cost of
testing an additional isolation system incorporating lead-rubber bearings that could be
designed for representative nuclear seismicity was low. Thus, shortly before the planned
start of testing, the project team, with product and in-kind support from Dynamic
Isolation Systems, Inc., proceeded with the design and manufacture of an additional

isolation system using lead rubber (LR) bearings to be tested at E-Defense. The payload
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project was able to utilize support assemblies incorporating triaxial load cells to measure

the shear and axial forces in the lead-rubber bearings.

The main objective for the payload project, which differs from the objectives of this
dissertation, was to evaluate the performance of the elastomeric isolation system designed
for a safety related nuclear structure in beyond design basis earthquake (DBE) shaking.
Ground motions were developed for a representative central and eastern United States
soil site. The test program was developed considering the performance objectives of
ASCE 43-05 (ASCE 2008), that the isolation system has less than 1% probability of
unacceptable performance for 100% DBE shaking and less than 10% probability of
unacceptable performance for 150% DBE shaking. For acceptable performance,
individual isolators are expected to (1) sustain no damage during DBE shaking; (2)
sustain gravity and earthquake induced axial loads at 90™ percentile lateral displacements
consistent with 150% DBE shaking; and (3) have 1% or less probability of impacting the
surrounding structure for 100% DBE shaking and 10% for 150% DBE shaking. The third
objective was not directly assessed in the test program, but relates to the predictability of

the isolation system.

The moment-frame structure was light, which precluded the use of only elastomeric
bearings to simultaneously provide sufficient period elongation and meet the
displacement demands at a representative United States nuclear site. This led to the
pairing of LR bearings with near frictionless tension-capable Cross Linear (CL) bearings
manufactured by THK, referred to as the hybrid LR isolation system. The low friction of

the CL bearings added negligible horizontal stiffness to the isolation system, which
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allowed the total base shear to be resisted solely by the LR bearings, which was desired.
As LR bearings are displaced horizontally, their vertical stiffness decreases, which can
lead to buckling of the bearings at large horizontal displacement. In the hybrid LR
isolation system, the CL bearings were expected to provide overall stability to the
isolation system at large horizontal displacements. Moreover, the CL bearings provided
tensile resistance to overturning loads, which was considered desirable in light of the
preliminary calculations of overturning demands. Furthermore, LR and CL bearings have
been used together in over 100 projects in Japan. Thus, the hybrid system was found to be

a reasonable solution for the test.

A possible disadvantage of the hybrid LR isolation system is that as the bearings
displace, axial loads can transfer between the LR and CL bearings. The load transfer
between these devices, referred as the load transfer effect, occurs due to the rigidity of the
frame system connecting the bearings, the discrepancy in stiffness between the CL and
LR bearings in the vertical direction, and the effective decrease in stiffness of the LR
bearings at large horizontal displacements. Axial force demands on the bearings can vary
greatly due to load transfer effects. Thus, prediction of the axial force demand on the
bearings is essential for design and to protect the devices from excessive tension or
compression forces. Load transfer was observed during the test program and caused LR
bearings to sustain tension during some of the simulations. To the knowledge of the
author, the load transfer effects have not been reported by other authors prior to the E-

Defense test.
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1.4  Research Objectives

The main objectives of this dissertation are:

(1) Analyze the response of the LR bearings during the E-Defense test, as it was one
of the first known full-scale experiment that incorporated LR bearings and CL
bearings, and one of the first system level full-scale validations of seismic
isolation.

(2) Develop a numerical model that represents current numerical approaches used by
registered design professionals to investigate and predict the lateral displacement
and the horizontal and vertical force of the LR bearings. The load transfer effect is
not predicted by this simplified numerical model.

(3) Determine whether the bounding analysis methodology can reliably bound the
displacement and force response of the LR bearings. This objective is motivated
by the fact that current simplified numerical models do not always predict peak
force and displacement demands of the LR bearings.

(4) Develop a numerical model that can predict load transfer effects to evaluate peak
tensile and compressive axial force demands in LR bearings. A secondary
objective to the development of this model was to make the mechanics and
implementation transparent and easily modifiable by other users, and hence
provide registered design professionals with a way to check for load transfer

effect in the design when pertinent.

The extensive data obtained from the E-Defense test is used to investigate the bound

analysis methodology and to validate the numerical models.
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1.5 Dissertation Organization

This dissertation is organized as follows. Chapter 2 describes the 5-story steel moment
frame building, for which the hybrid LR isolation system was designed, as well as the
nonstructural components and building content that were monitored during the tests.
Chapter 2 is mainly an excerpt from Dao and Ryan (2015) with some pertinent
modifications and is included in this dissertation for completeness. The design of the
hybrid LR isolation system, including the iterative thought process through which the
final selections were derived, is described in Chapter 3. This chapter also explains the
consideration for selection and scaling of ground motions during the 2 days of testing on
the hybrid LR isolation system. Chapter 4 summarizes the test program, including the
assembly and connection of isolators and building to the earthquake simulator,
instrumentation to measure structural and bearing responses, shaking test schedule,
amplitude of realized table motions relative to the targets, and algorithms to generate
derived data. For completeness, the shaking test schedule includes the test days for the TP
configuration and the fixed-base configuration, although the test results for these systems
are discussed only briefly in this dissertation. A statistical summary of the test results for
the hybrid LR building configuration is given in Chapter 5, where peak values of key
response quantities are identified for every simulation. Chapter 6 examines the technical

response and unique aspects of the hybrid LR isolation system.

The latter part of the dissertation furthers the understanding of the test data through
development, validation and synthesis of a robust numerical simulation model of the

hybrid LR isolation system and building. Chapter 7 describes the numerical model of the
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superstructure. In Chapter 8, the modeling assumptions for the LR bearings and CL
bearings are presented, and the parameters of the model are calibrated to the bearing test
data. Furthermore, the numerically predicted responses of the LR bearings with calibrated
bearing properties and the superstructure are compared to the test data for four
representative excitations at the end of Chapter 8. Chapter 9 examines the bounding
analysis methodology. A new implementation of a numerical LR bearing model that can
predict load transfer between the LR bearings and CL bearings is developed and
validated in Chapter 10. The numerically predicted responses of two configurations of the
new LR bearing presented in Chapter 10 and the superstructure are compared to the test

data in Chapter 11. Chapter 12 summarizes the major findings from this dissertation.
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CHAPTER 2: DESIGN AND CONFIGURATION OF THE 5-
STORY STEEL MOMENT FRAME TESTBED
STRUCTURE

2.1 Description of Testbed Structure

The testbed structure used in this experiment program was designed by Hyogo
Earthquake Engineering Research Center in 2008 and used in a test in March 2009 (Kasali
et al., 2010). The author of this dissertation was not involved in its design. Hereafter is
description of the testbed structure to enable later interpretation of results. The complete
structural drawings of the building with hybrid LR isolation system are given in

Appendix A.
2.1.1 Basic Dimensions

The testbed specimen was a five-story steel moment frame building with rectangular plan
(Figure 2-1). The building was 10 x 12 m (32.8 x 39.4 ft) in plan and approximately 16 m
(52.5 ft) in height, with 2 bays in each direction. The bay widths in the long direction —
12 m or 39.4 ft — were 7 m (23 ft) and 5 m (16.4 ft) to promote torsion, which is typical
of asymmetric structures. Figure 2-2 shows the basic dimensions of the building and the
assumed coordinate system for presentation of results, where the Z-axis is the vertical
axis. The previous researchers chose to simulate a 5-story steel specimen because it is on

the high side of the typical building stock in Japan and without added damping, would be
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susceptible to more significant demands than comparable taller buildings (Kasai et al.

2010).

Figure 2-1: The 5-story steel moment frame specimen
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Figure 2-2: Basic dimensions of the specimen: (a) typical plan view from floors 2 to 5,
and (b) elevation view.

2.1.2 Design Spectra and Design Criteria

The design of the lateral system was based on Japanese Level Il and Level Il earthquake
design spectra (Figure 2-3). Because the testbed was designed to be a “value-added”
building (Kasai et al. 2008), whose structural components and non-structural components
are protected for major earthquakes, the story drift angle of the frame was limited to
0.005 rad for a Level Il earthquake, whereas the drift angle limit for conventional frames
would be 0.01 rad. The structure was also required to remain elastic for a drift angle up to

0.01 rad (Kasai et al. 2008).
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2.1.3 Framing System

The lateral system was designed and detailed according to Japanese code and
construction practice. The framing system was a three dimensional steel moment frame
where the columns were engaged in flexure about both their principal axes. The columns
were made of 350 mm x 350 mm (13.8 in x 13.8 in) hollow box sections with thickness
varying from story to story. The beams were either rolled or built-up I-sections. The
primary beams, which were connected to the columns, consisted of a small-section
segment at the middle and two large-section segments at the ends (Figure 2-4). These 3
segments were all 400 mm (15.7 in) height and bolted together at the approximate
inflection points determined from gravity loading. Connections between columns and
beams were all fully restrained moment connections, with both flanges and web of the
beam welded to the column. Generally, the flanges of the primary beams were haunched
at their ends to form plastic hinges away from the columns and improve the beam-to-
column connection. Continuity plates were also provided to protect the panel zones

(Figure 2-4).
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Figure 2-3: Design spectrum for Japanese Level 11 and Level 111 earthquakes
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To connect the testbed to the shaking table and provide the stiffness required to “fix” the
testbed at its base, column bases and grade girders were designed with special details.
The column bases were detailed as steel boxes with dimension of 2.5 m x 2.5 m x 0.9 m
(8.2 ft x 8.2 ft x 3 ft) (Figure 2-5). Vertical stiffeners were installed inside the boxes. The
grade girders were bolted to the column bases and were the same height as the column
bases (0.9 m or 3 ft). The foundation framing was braced in its plane as shown in Figure

2-6.

(©)

Figure 2-5: Column base: (a) view from top (b) view from bottom, (c) rendering of
stiffeners
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2.1.4 Slabs

The composite floor slabs were formed from 75 mm (3 in) high corrugated (ribbed) steel
decking and 80 mm (3.1 in) thick normal weight concrete cast over the ribs of the deck.
The corrugated steel deck (Figure 2-4) was 1.2 mm (0.05 in) thick and oriented parallel to

the Y-direction. Typical reinforcement in the floor slabs was a single layer of $10 mm @

150 mm (¢0.4 in @ 5.9 in) rebar in both directions placed at the slab mid-thickness.

The roof slabs were 150 mm (5.9 in) normal weight concrete slabs cast on a 1.2 mm (0.05
in) flat steel deck. Reinforcement for the roof slab included layers of $13 mm @ 200 mm
(0.5 in @ 7.9 in) rebar in each direction at the top and bottom of the slab. The roof slab
was nearly twice as thick as the floor slabs as it was designed to carry roof mounted

equipment (e.g., air conditioning system, water tanks) and a penthouse.
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Shear studs connected the concrete slabs to the primary beams to provide a fully

composite connection (Figure 2-4).

2.1.5 Material Properties

The specified yield strengths of steel were 295 MPa (42.8 ksi) and 325 MPa (47.1 ksi) for
the columns and beams, respectively. The expected ultimate tensile strengths were 400
MPa (58 ksi) for columns and 490 MPa (71 ksi) for beams. Coupon tests showed that
yield and ultimate strengths of the steel varied from member to member and the average
ratio of measured to nominal strength was 1.2 (Kasai et al. 2010). Table 2-1 presents the
range of observed yield strength o, and ultimate strength oy of steel used for the beams

and columns.

Table 2-1: Yield and Ultimate Strength of Steel from Coupon Tests (Source: Kasai et al.

2010)
Member o,(MPa) o,(MPa)
Columns 346 — 398 430 - 470
Beams 331-422 510 - 557

The compressive strength of the normal weight concrete used in the slabs was 21 MPa (3
ksi); the measured compressive strength of standard samples was 24 MPa (3.5 ksi). The
concrete slabs were reinforced by SD295A grade rebar. The nominal yield stress for the

rebar was 295 MPa (42.8 ksi); measured rebar strengths were unavailable.
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2.2 Non-Structural Components and Contents

Nonstructural components, including an integrated system of interior walls, suspended
ceilings, and sprinkler piping were installed in the 4" and 5™ stories, where the floor
acceleration was expected to be maximized. The overview of the nonstructural
component response in both isolated and fixed-base building configurations is discussed

in Soroushian et al. (2012) and is out of the scope of this dissertation.

To investigate the response of non-anchored contents in the isolated and fixed-base
buildings for different earthquake excitation, furnishings representing a hospital room on
the 4™ floor (Figure 2-7) and an office room on the 5" floor (Figure 2-8) were installed in
specially designed enclosed areas. Both rooms were 2 m x 4 m (6.6 ft x 13.1 ft) in plan
and were constructed on top of the concrete mass blocks already present on the floors
(Figure 2-2(a)). Contents in the hospital room included a wheeled patient bed, a dresser
containing medical equipment, a medical cart, a storage cart, IV poles, a mobile lamp,
medical bottles and boxes. Many of these items were wheeled. The office room was

furnished with desks, chairs, computer system, bookcases and a photocopy machine.

V.
el
o

Figure 2-7: Hospital room
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Figure 2-8: Office room

2.3 Weights

In addition to the weight of structural components, nonstructural components and
contents, additional mass in the form of concrete and steel blocks were installed to
simulate permanent live load. Concrete weights, whose typical size and position on the
floors are shown in Figure 2-2(a), were built as a permanent part of structure on floors 2
to 5, while steel blocks were tied to the roof as shown in Figure 2-9. The categorized
weights of the testbed components are listed in Table 2-2. This information was used to
design the isolation system, model the structure and compute inertia forces from recorded

accelerations.

In the 2009 experimental program that first used the testbed building (Kasai et al. 2010),
steel blocks were distributed uniformly to the roof level to represent additional weight of
equipment such as an air conditioning unit, water tank, or even a small penthouse. Each
block included either 7 or 8 steel plates of size 2.1 m x 4.3 m x 0.025 m (6.9 ft x 14.1 ft x

0.08 ft). The roof slab was specifically designed to accommodate the additional weight,
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which summed to 820 kN (184 kips). For this experimental program, the weight at the
roof was altered from that used in 2009 experiments to introduce additional mass
eccentricity and increase torsional response; specifically, about one third of the steel
plates were removed on the West side of the building (Figure 2-9). The altered weight of
the steel plates for this experimental program was 535 kN (120 kips). The intent of the
added weight as designed for the original experiments was to simulate equipment weight
in a typical building lacking a basement (Kasai 2011). However, this supplementary
weight far exceeds the concentrated weight introduced by a typical single piece of roof
mounted equipment, such as a chiller (about 80 kN or 18 kips), and thus might be
considered atypical or even unrealistic. The issue is noteworthy because the
supplementary weight influenced the seismic response of the building, which is discussed

throughout the dissertation.
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| Figure 2-9: Location of steél weights at roof
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The estimated total weight of the testbed, about 5122 kN (1151 kips), was well below the
maximum capacity of the E-Defense earthquake simulator, which is 12000 kN (2700
kips) (Tagawa and Kajiwara 2007). The actual weight of the specimen measured during

testing was 5220 kN (1174 Kips) as reported in Section 4.3.

Table 2-2: Estimated Weight of the Specimen by Component and Floor Level (unit: kN)

Floor Structural Viz(e)ir;% ¢ Steel weight S trl::tr:ral Total
Roof 599 0 535 19.4 1153

5F 478 258 0 35.5 771

4F 497 268 0 16.2 781

3F 528 213 0 41.2 782

2F 527 176 0 89.6 792
Base 794 © 0 0 48.4 842
Sum w/ base 3422 914 535 250 5122
S“t:zs"g/ ° 2628 914 535 202 4279

(*) Before the test, the weight of structural component at base was estimated at 256 kN. This low
value did not account the weight of column bases. The total weight of the specimen corresponding
to this value was 4585 kN.

2.4  System ldentification

The experimental response of the fixed base building to white nose excitations was
analyzed (Sasaki et al., 2012) to find the periods and damping ratios of natural modes of
the structure. Figure 2-10 shows examples of transfer functions determined from the
white noise excitation on the fixed-based building conducted prior to the primary
earthquake excitation. The period and damping ratio corresponding to the fundamental

response modes were evaluated by curve fitting theoretical transfer functions to the
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measured transfer functions using a least square algorithm. Table 2-3 summarizes the

periods and damping ratios of first 3 modes in both directions determined from this

process. Rocking of the earthquake simulator has been observed to affect the natural

frequencies and mode shapes (Kasai et al., 2011; Sasaki et al., 2012); however, the effect

of rocking was ignored in the modes presented in Table 2-3. The tested moment frame

building has a natural period in the range of 0.65 to 0.70 seconds.
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Table 2-3: Experimentally Determined Natural Periods and Damping Ratios of the Fixed-

base Building

White noise X White noise Y White noise 3D

Period Damping . Damping . Damping

() atio ) 01090 o) PM9C)  ratio (w)
Mode 1 X 0.65 3.3 n/a n/a 0.68 4.1
Mode 2 X 0.20 1.6 n/a n/a 0.21 2.0
Mode 3 X 0.11 3.3 n/a n/a 0.11 3.7
Mode 1Y n/a n/a 0.68 25 0.69 35
Mode 2 Y n/a n/a 0.21 1.7 0.21 1.9
Mode 3Y n/a n/a 0.11 2.6 0.11 3.6
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2.5 Condition of the Testbed Prior to Testing

The testbed was built in 2008 and tested first in March 2009 equipped with several types
of damping devices (Kasai et al. 2010). The testbed was stored outdoors and unprotected

between April 2009 and July 2011.

Several cracks in concrete slabs formed during the March 2009 test (Kasai et al. 2010).
Examples of these cracks are shown in Figure 2-11. Steel beams and columns had not
been painted and some corrosion was present in August 2011 (Figure 2-11). The effects

of this damage were not quantified but suspect they are insignificant.

Figure 2-11:  Cracks in concrete slab and rust on steel member
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3. DESIGN OF THE ISOLATION SYSTEM

3.1 Target Response of a Nuclear Site

A main objective of the test program was to demonstrate the stable response of an
isolation system subjected to beyond design basis shaking at a representative nuclear site.
Extensive prior work was performed by Huang et al. (2009) to characterize the site
specific response spectra and displacement demands of representative isolation systems
for three potential United States nuclear sites: North Anna, Vogtle and Diablo Canyon.
North Anna represents a Central and Eastern United States (CEUS) rock site, Vogtle
represents a CEUS soil site, and Diablo Canyon represents a Western United States
(WUS) rock site. During an initial consultation, the external Advisory Board
recommended designing an isolation system suitable for one of the three sites. The
options were quickly narrowed down to focus on the Vogtle site while eliminating the
other two sites from consideration. Even in beyond design basis shaking, the
displacement demands for the North Anna site were too small to fully realize the shaking
potential of both present isolation hardware and the E-Defense earthquake simulator
facility in Japan. On the other hand, the displacement demands for the Diablo Canyon site
were quite large, making it extremely difficult to size the lead-rubber bearings to provide
sufficient flexibility, displacement capacity, and stability for the lightweight structure.

Because of these difficulties, it is recognized that isolation of a safety related nuclear
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facility may be more likely to come to fruition on a CEUS site; thus, the Vogtle site was

deemed a more appropriate selection.

The development of site specific response spectra and spectrum matched motions for the
Vogtle site, as utilized in this study, was described in detail in Huang et al. (2009) and is
hereby summarized. Spectra representing the design basis earthquake (DBE) were
developed by Southern Nuclear Operating Company. The uniform risk spectrum (URS)
was developed by a combination of probabilistic seismic hazard analysis (PSHA), site
response analysis, and conversion of the uniform hazard spectrum (UHS) to a URS. The
seismic hazard was de-aggregated for a mean annual frequency of exceedance (MAFE)
of 10 and 107°. Spectral shapes were developed for both high and low frequency spectral
ranges using the attenuation relationship of McGuire et al. (2001) for Central and Eastern
United States. Site response analysis was conducted to determine the amplification of
rock motion to the free field surface. Site class factors and resulting spectra for the high
and low frequency sets were merged into one, which led to the site specific UHS. The
UHS was converted to a URS according to the procedure of ASCE 43-05 (ASCE 2008).

These site specific spectra for horizontal and vertical response are shown in Figure 3-1.

Thirty spectrum matched motions were developed using seed ground motions selected
based on the controlling magnitude M,, and distance r pair (M, = 7.2 and r = 130 km) for
the low frequency spectral range. Each set of ground motions included two horizontal
components and a vertical component. These seed motions were spectrally matched to

the Vogtle site specific URS for the DBE to get 30 spectrum compatible motions. These
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motions were then amplitude scaled to develop maximum-minimum spectrum compatible
motions. The maximum and minimum components consider the effects of directionality,
wherein the minimum demand occurs at an orientation perpendicular to the maximum
demand. The 5% damped response spectra for the 30 sets of developed maximum-

minimum motions for the Vogtle site (Huang et al. 2009) are shown in Figure 3-2.
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Figure 3-1: 5% damped URS for the DBE at the Vogtle site (Source: Huang et al. 2009)
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Figure 3-2: 5% damped response spectra for the 30 sets of spectrum compatible
maximum-minimum motions: (a) maximum component, (b) minimum component and (c)
vertical component. (Source: Huang et al. 2009)
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3.2 Isolation System Design

The design properties of the LR bearings to be used in the test program were selected
with the following considerations in mind. First, as mentioned above, the isolation system
was to be tested under beyond design basis ground motions. Thus, the general procedure
utilized was to scale the record(s) for the Vogtle site (Huang et al. 2009) to an intensity
level corresponding to beyond design basis, estimate the displacement demands in the
isolation system, and size the isolators accordingly. Second, the configuration and force
demands in the isolators were to be selected such that connection assemblies designed for
the complementary tests on the TP bearings could also be used to measure the shear and
axial forces in the LR bearings. Third, safety requirements were imposed by the facility

to protect the equipment.

3.2.1 Estimated Displacement Demands

To obtain an approximate estimate of the isolator demands, the isolated building was
modeled as a simple spring-mass system (rigid structure supported by a flexible isolator
driven by bidirectional pairs of ground motions), consistent with the assumptions in
Huang et al. (2009). The spring, or isolator, was modeled with a bi-directionally coupled
bilinear force-displacement relationship (Figure 3-3) characterized by the post-yield
stiffness Kqy (corresponding to the period Tg), and the yield strength normalized by the
weight (Q4/W). The post-yield stiffness is generally associated with the horizontal
stiffness of the rubber while the yield strength is associated with the shear strength of the

lead plug. Additional 2% viscous damping was assigned to the isolator model in each
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horizontal direction based on the post-yield stiffness of the isolator (Huang et al. 2009).

The weight of the building was estimated to be 4540 kN (1020 Kkips) for design.

b

b Shearing force

Lateral Displacement

Figure 3-3: Idealized bilinear force-displacement relationship for LR bearings,
determined by post-yield stiffness Ky (stiffness of rubber), characteristic strength Qq
(strength of lead plug) and initial stiffness K, or yield displacement D,. An effective or
secant stiffness K is determined as the peak-to-peak stiffness based on maximum force
Fmax and displacement Dyay.

A subset of the parameters considered by Huang et al. (2009) was used as a starting point
for this project, namely T4 = 2 and 3 sec, and Q4/W = 0.06 and 0.09. The systems with
Q¢/W = 0.06 and 0.09 are hereafter referred to as Q6 and Q9. Other values of Ty, between
2 and 3 sec, were considered. The isolation period was desired to be greater than 2 sec to
maximize the isolation effect and go beyond the soil-column related peak in the Vogtle
spectrum just below 2 sec. A challenge with this testbed was to provide both the
flexibility and the displacement capacity required at T4 = 3 sec due to the relatively low
weight of the building. Figure 3-4(a) shows the median displacement demands of the

maximum-minimum motions (Figure 3-2) predicted for a Q6 and Q9 system at different
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periods, determined by statistical analysis of the responses of the single degree-of-
freedom (SDOF) system; the values at 2 and 3 sec are identical to those in Huang et al.
(2009). Reducing the period for the Q6 system below 3 sec did not reduce the
displacement demand, which is likely related to the local maximum in the response
spectrum near 2 sec. The peak displacement demand of the Q6 nonlinear system occurred
between periods of 2.4 and 2.6 sec. For the Q9 system, the displacement demand
decreased monotonically as the period was reduced below 3 sec. Figure 3-4(b) shows the
90% percentile displacement demand of the maximum-minimum motions scaled to 150%
— representative of beyond DBE shaking — for a Q6 and Q9 system. For this case,
reducing the period below 3 sec caused the 90" percentile displacements to increase for
both Q6 and Q9 systems. Based on these observations, a target period of 3 sec was

selected for initial design and both Q6 and Q9 systems were considered.

(a) Median Displacement for Max-Min Motions (b) 90th %ile Displacement for 150% Max-Min Motions
400 T T T T T 700 T T T T T
| —*— Q6 Systems
350 —#— Q9 Systems 600 ]
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Figure 3-4: Displacement demand representing (a) median response to maximum-
minimum motions and (b) 90% percentile response to 150% maximum-minimum motions
for Vogtle site.
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3.2.2 Configuration of Lead-Rubber Bearings

As mentioned previously, the testbed was a 2 bay frame in each direction with 9 columns.
The configuration of columns at the base labeled by direction coordinates is shown in
Figure 3-5. Forces in LR bearings could potentially be obtained by bolting the bearings to
connection assemblies. The connection assemblies, which were designed for the TP
isolation system (Dao and Ryan, 2015), consisted of 7 to 9 load cells sandwiched
between two steel plates (e.g. Figure 3-6). Further details of the connection assemblies

are provided in Chapter 4.

The target design parameters of the system could only be achieved with a small number
of LR bearings. Thus, a design using four LR bearings was proposed. Given that LR
bearings would not be placed beneath every column, two alternatives were considered. In
Configuration Option 1, LR bearings were to be placed at the four corner columns (SE,
SW, NE and NW) with no isolators beneath the remaining 5 columns (Figure 3-7(a)). In
Configuration Option 2 (Figure 3-7(b)), LR bearings were to be placed beneath the four
edge columns (S, E, W and N), and complementary low friction bearings were to be
placed beneath the remaining 5 columns, comprising a hybrid isolation system as
introduced in Chapter 1. (Note that the selected CL bearings were one of several types of
low friction bearings that could have been used for this purpose.) The weight supported
by each isolator based on tributary load calculation is indicated for each configuration
option. Configuration Option 1 was preferred since the LR bearings were to carry the

total weight of the building, leading to a good test of the isolator stability, which was
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related to the test objectives. Configuration Option 1 was ultimately eliminated because
the base diaphragm was not believed to be sufficiently stiff to suppress bouncing of the
unsupported columns, and the expected loads on individual isolators exceeded the

capacities of the designed connection assemblies (Figure 3-6).

Thus, Configuration Option 2 was selected. The LR bearings were located at the edge
columns in Configuration Option 2 (Figure 3-7(b)) where they were expected to carry
larger axial forces, which was desirable for a better test of the stability of the bearings at
large displacements. A drawback to this arrangement was that it decreased the torsional

resistance of the isolation system from Configuration Option 1.
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Figure 3-5: Drawing of testbed base plan with column labels (N = North, E = East, S =
South, W = West, C = Center).
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Figure 3-6: Ilustration of a connection assembly with triaxial load cells to measure
bearing forces.
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Figure 3-7:  (a) Configuration Option 1 with LR bearings beneath 4 corner columns, (b)
Configuration Option 2 with LR bearings (circles) beneath 4 edge columns and low friction
bearings (squares) beneath remaining columns. The supported weights (in units of kN) at
the isolators based on tributary loads are also indicated.
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3.2.3 Selection of the Bearing Dimensions

Based on the target period T4 = 3 sec and a displacement demand of 600 mm (23.6 in) for
a Q6 system and 500 mm (20 in) for a Q9 system (Figure 3-4(b)), three alternative
isolators were proposed by Dynamic Isolation Systems, who provided the bearings for
this project. The parameters for each alternative are shown in Figure 3-8, where D is the
overall diameter, N is the number of rubber layers, Pajow is the allowable axial load at a
lateral displacement of zero, and Dmax is the maximum displacement capacity of the
bearing at the anticipated axial load demand. All options assumed 6 mm (0.236 in) thick
rubber layers and a shear modulus G = 0.41 MPa (0.06 ksi). The post-yield stiffness Kg

was calculated from
K, =Sh (3.1)

where Ay is the area of the bearing, and T, is the total thickness of rubber. Pyon Was
computed as the maximum axial load of the bearing in the undeformed configuration
divided by a factor of 3, which is standard industry practice in the United States to
provide a high margin of safety under gravity loads. Figure 3-9 illustrates the theoretical
axial load capacity (computed as a minimum of buckling, elastomer limit or stress limit)
for each proposed bearing design as a function of lateral isolator displacement
(Constantinou et al. 2007). The peak axial load demand was estimated for the trial
calculations as the peak dead weight supported by any isolator (based on tributary area)

increased by a factor of 1/3 for overturning: 850 kN (191 kip). For the trial design the
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displacement capacity was estimated as the displacement at an axial load of 850 kN (191

kip) on the axial force-lateral displacement curve (Figure 3-9).
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LR Option 1 was the most flexible of the three (T4 = 2.87 sec) and it nearly met the target
period, but its displacement capacity was limited. The target displacement could only be
achieved for Q9. LR Options 2 and 3 provided nearly the same effective period, but LR
Option 3 had a substantially higher displacement capacity, which was achieved by
increasing the diameter and height of the bearing. LR Option 3 was preferred to LR

Option 2.
3.2.4 Selection of the Lead Plug Dimensions

Initially, lead plugs were sized for Q6, Q9 and an intermediate option Q7.5 (Q4/W =
0.075), where contributions to the zero-displacement force intercept were to be made by
low friction bearings with a friction coefficient « = 0.06 and the lead plugs in the LR
bearings. Recall that LR bearings were to be installed under the edge columns (columns
S, E, W and N in Figure 3-7(b)) and low friction bearings were to be installed under the
remaining 5 columns. The low friction bearings alone would have provided a yield force
of approximately 120 kN (27 kips) based on the tributary weight and a coefficient of
sliding or rolling friction of 0.06. The lead plugs were sized to provide the remainder,

based on the following equation:

_( Qo
QLR _(W ]W Qroll

= NLRO-y,LP (7[/4) DEP

(3.2)
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where Qg and Qo are the characteristic strength of the LR bearings and low friction
bearings, respectively. Nir is the number of LR bearings (4), oy,.p is the dynamic yield
strength of the lead plug and D,p is the diameter of the lead plug. For this calculation,
oy, .p Was taken as 7.94 MPa (1.15 ksi), which is the value recommended by Dynamic
Isolation Systems for their products. Table 3-1 lists the required diameter of the lead plug
for Q6, Q7.5 and Q9, tabulated from Equation (3.2). The required diameter of the lead

plug increased by about 33% (from 77 mm (3.0 in) to 106 mm (4.2 in)) from a Q6 to a

Q09 design.
Table 3-1: Required Diameter of the Lead Plug
Yield Strength Strength required Diameter
: : Area lead plug lead plug
Label | strength oyp required Q per bearing in mm? (inz) D.. in mm
in MPa (ksi) in kN (kip) in kN (kip) LP(in)
Q6 7.94 (1.15) 146.8 (33) 36.7 (8.25) 4620 (7.2) 77 (3.0)
Q7.5 7.94 (1.15) 213.5 (48) 53.4 (12.00) 6720 (10.4) 93 (3.6)
Q9 7.94 (1.15) 280.2 (63) 70.0 (15.75) 8850 (13.7) 106 (4.2)

If the diameter of the lead plug is small, then the hysteresis may be pinched as seen in
later figures. Importantly, if the plug is too small, little energy dissipation is achieved. If
the diameter of the lead plug is too great, then the isolator may not provide sufficient
confinement of the core during repeated cycling. The rule of thumb, based on years of
experimentation and analysis is that the ratio of the diameter of the lead plug to the
bonded diameter of the bearing is between 1/6 and 1/3. Table 3-2 presents the ratio of
D.p/D for the different combinations of bearing and lead plug sizes. For most

combinations, the ratio did not meet the minimum of 1/6. The diameter ratios were lowest
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for LR Option 3, which provided the largest displacement capacity. Based on Table 3-2,
the combination of LR Option 3 and Q9 almost met the minimum diameter ratio
requirement, but the displacement demand would be lower for a Q9 design, such that the
provided capacity of the bearing would not be fully utilized in the test. Thus, an

alternative low friction bearing was considered, as described in the next section.

Table 3-2: Ratio of Lead Plug Diameter to Bearing Diameter (D, /D)

Q6 Q7.5 Q9

(D =76.7mm) | (Dip=9.25mm) | (Drp = 106.2 mm)
|(_§ :O gf;i;rr]r#n) 0.13 0.16 0.18
I(_LEQ:O g:?grr:n?n) 0.12 0.15 0.17
I(_EEQ:O g;i;rrﬁn) 0.11 0.13 0.15

3.2.5 Cross Linear Bearings

The cross-linear (CL) bearing manufactured by THK allows nearly resistance-free linear
motion. The LM Guide technology allows free rolling motion of a weight supporting part
on a rail, where the part and the rail are internally separated by recirculating ball
bearings. The CL bearing uses two orthogonally mounted LM Guide assemblies (Figure
3-10). The CL bearing can be combined with traditional isolation devices to support the
weight of the building without increasing the total base shear of the isolation system. The
coefficient of friction of the rolling system varies from 0.48-0.62%, leading to a

negligible contribution to the base shear for a reasonable value of the supported weight.
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Making use of the CL bearings means that Qo in Equation (3.2) can be taken to zero;
thus allowing the lead plugs to provide the yield strength in entirety. Opting for a Q6
design, the required diameter of the lead plug was 101.6 mm (4.0 in), which provided the

estimated total yield strength of 267 kN (60 kip) or 66.75 kN (15 kip) per bearing.

Figure 3-10:  Photo of installed CL bearing illustrating orthogonal LM guides assemblies
on top and bottom.

Besides its low friction rolling capability, the CL bearing provides significant resistance
to tensile forces. A more careful evaluation of overturning on the hybrid isolation system
suggested that the LR bearings alone would be unable to resist the tensile demands. The
tensile force demands in the system at a displacement of 600 mm (23.6 in) were
estimated as follows. First, the total base shear Vy in the isolation system was estimated

as:
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Vb = NLR (Qd + Kd Dmax)
=4(66.75 kN + 0.65 kN/mm - 600 mm) (3.3
=1827 kN (411 kip)

The post-yield stiffness Ky and strength Qg assumed LR Option 3 with a lead plug
diameter D p = 101.6 mm (4 in). The base shear was assumed to act at 9 m, which is
about half the height of the building (Figure 3-11). The overturning moment generated by
the base shear was balanced by an overturning force For times the shortest base
dimension of the building (10 m). Thus, For was calculated as 9/10 of the base shear Vy
(For = 1644 kN or 370 kip). The overturning demand was assumed to be carried by
tension on the more lightly loaded South side of the building (Figure 3-7(b)). The total

tension T carried by the three isolators (SE, S and SW) was computed as:

T= FOT _Ziwi
=1644 kN — (385+605+185)kN (3.4)
=469 kN (105 kip)

where W, is the tributary weight supported by the i isolator, summed over the SE, S and
SW isolators. Without CL bearings, the 469 kN (105 kip) of tension would be carried by
a single LR bearing. Since CL bearings were utilized, the CL bearings were expected to
carry the overturning induced tension and each CL would be subjected to about 235 kN
(53 kip) tension. In reality, the tensile demands may not be equally balanced by the CL
bearings, since the SW bearing carries significantly less weight than the SE bearing

according to tributary area (Figure 3-7(b)).
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Equation (3.4) suggested that peak compressive force on a given side of the building
could increase by a factor of 2 or more due to overturning. The initial estimate of axial
force demand (850 kN or 191 kip) used to estimate the displacement capacity of the LR
bearings would then be unconservative. However, the CL bearings were much stiffer in
compression than the LR bearings, and the vertical movements of LR and CL bearings
were coupled together by the rigidity of the base diaphragm. This base diaphragm
constraint was expected to prevent individual LR bearings from shortening or buckling,
thus enhancing the overall stability of the isolation system such that the projected axial
force limits would not be relevant. The interaction and load transfer between LR bearings
and CL bearings is a unique aspect of this isolation system, which is evaluated
extensively later in this dissertation. The suitability of the tested hybrid system for

nuclear facilities is also evaluated based on a synthesis of the experimental data.
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Figure 3-11:  Total base shear (Vy,) and overturning forces (For) acting on an elevation
view of the testbed building.
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3.2.6 Summary of Design Properties

The final hybrid LR isolation system design included four LR bearings and five CL
bearings. The configuration of the bearings (LR bearings at edge columns and CL
bearings at center and corner columns) is shown in Figure 3-12, along with photographs
of the devices taken prior to installation. LR Option 3 was used for the LR (D = 699 mm
or 27.5 in, 40 rubber layers, post yield stiffness Kq = 0.65 kN/mm or 3.71 kip/in and Ty =
2.6 sec) and the lead plug was sized for Q6 (D.p = 101.6 mm or 4 in). The estimated
displacement capacity of the LR bearings based on a stability limit was 600 mm (23.6 in).
The CL bearings were designed with a displacement capacity of 600 mm (23.6 in)
imposed by a low force capacity stopper at the end of travel in each perpendicular
direction that was not intended to be reached.

The dimensions and target stiffness and strength parameters of the LR bearings are listed
in Table 3-3. All parameters were provided by the manufacturers. Several of the
parameters are modeling parameters recommended for a bilinear representation of the
force-deformation relation, as shown in Figure 3-3. The bearings were tested by Dynamic
Isolation Systems prior to shipment to E-Defense. Force-deformation characterization
was generated for cycles of amplitude 300 mm (11.8 in), 500 mm (19.7 in) and 650 mm
(25.6 in) at different axial loads. Pseudo-static tests were performed and dynamic
material properties were not provided. The results of this characterization are reported in

Chapter 7.
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The main properties of the CL bearings are listed in Table 3-4. The vertical stiffness of
the CL bearings in compression and tension was provided by Aseismic Devices Co.
Design drawings and specification sheets for both LR and CL bearings provided by the

manufacturers are included in Appendix B.

Figure 3-12:  (a) Final plan drawing of the hybrid LR isolation system, (b) photo of LR
bearing, and (c) photo of CL bearing
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Table 3-3: Lead Rubber Bearing Properties

Bearing Dimensions

Overall Diameter, D

Number of Rubber Layers, N

Lead Diameter, D,

Shim Thickness, t;

Layer Thickness, t;

Side Cover Rubber Thickness, ¢

Top Mounting Plate Thickness, t,
Bottom Mounting Plate Thickness, ty,
Internal Plate Thickness, tj,

Isolator Properties

Effective Period, Tes

Post Yield Period, T4

Design Displacement, Dp
Maximum Displacement, Dry,
Post-Yield Stiffness, Kq

Initial Stiffness, K;

Characteristic Strength, Qq

Yield Force, Fy,

Yield Displacement D,
Compressive Vertical Stiffness, K,
Tension Vertical Stiffness, K;
Shear Modulus, G

Rubber Ultimate Strain (at-break), e,

6985 mm (27.5in)
40

101.6 mm (4.0 in)
3 mm (0.1196 in)
6 mm (0.236 in)
12.7 mm (0.5 in)
25.4 mm (1in)
25.4 mm (1in)
25.4 mm (1in)

2.27 sec

2.62 sec

300 mm

600 mm

0.65 kN/mm (3.7 kip/in)
6.5 kN/mm (37 kip/in)
65.7 kN (14.8 kip)

73 kN (16.4 kip)

11.28 mm (0.44 in)
1500 kN/mm (8566 kip/in)
30 KN/mm (171 Kip/in)
0.414 MPa (0.06 ksi)
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Table 3-4: Cross Linear Bearing Properties

Isolator Properties

Coefficient of Friction, u

Yield Displacement, D,
Compressive Vertical Stiffness, K,
Tension Vertical Stiffness, Ky

0.48%-0.62%

0.1 mm

3471 kN/mm (19821 kip/in)
245 kKN/mm (1399 kip/in)

3.3

Selection and Scaling of Ground Motions

The test program for the hybrid LR isolation system was developed based on the

recommendations and interests of several different parties, including the research

sponsor, the Advisory Board members, the manufacturers, the project team and Japanese

collaborators. Two days of testing were planned for the hybrid LR isolation system
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configuration, where 7 independent trials (in extreme cases 8) could be executed each

day.

Demonstrating the stable performance of elastomeric isolation systems in design or
beyond design basis earthquakes is an important step to enable the use of base isolation
for safety related nuclear structures. The seismic hazard at the Vogtle site is well known
to the nuclear engineering community, and thus a record representing the seismic hazard
at the Vogtle site was prioritized for the test program. A Vogtle record was sought from
among the set of 30 maximum-minimum spectrum compatible ground motion pairs
developed by Huang et al. (2009) that would produce a peak LR bearing displacement
demand of about 600 mm (23.6 in) when scaled to 150%, in accordance with the beyond
design basis target. Extensive pre-test analysis was conducted to identify the best Vogtle
record for this purpose. While the isolation system was designed specifically for beyond
design basis motions at the Vogtle site, its capabilities also permitted the system to be
subjected to a Diablo Canyon record, representative of a WUS rock site, scaled to about
100%. The Diablo Canyon record was selected from a set of 30 maximum-minimum
spectrum compatible ground motion pairs developed by Huang et al. (2009) using a
procedure similar to the one described for the VVogtle site. The sponsor requested that the
maximum displacement demands on the LR bearings be imposed in as few trials as
possible so that the bearings were in their virgin state. The performance of bearings made
from natural rubber has generally been found to be stable after repeated cyclic testing,
although the hysteresis of LR bearings can be affected by heating of the lead plug and

strain hardening induced by cumulative travel effects (Constantinou et al. 2007). An
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additional objective evolved from these considerations, which was to repeat one of the
early trials at the end of the test program to evaluate the consistency of the LR bearing

response.

Once the sponsor objectives had been met, other objectives could be entertained. For
example, the project team aimed to identify a service level, design level, and maximum
considered earthquake (MCE) level motion to be replicated on all three building
configurations (TP isolation system, hybrid LR isolation system, and fixed base). The
Japanese collaborators aimed to identify a strong Japanese motion that could be
replicated on all three building configurations. Dynamic Isolation Systems requested a
sine wave characterization test to be repeated at the beginning and the end of the test

program.

The test facility imposed additional constraints on the test program based on safety

considerations, which are described next.

3.3.1 Imposed Limitations for Safety

The following limitations related to target demands and test sequence were imposed.

1. The target displacement demand of the LR bearings was limited to 550 mm (21.6
in). In initial discussions, Japanese collaborators imposed a displacement limit
equal to the design displacement of 300 mm (11.8 in), which was comparable to
displacements permitted in previous tests at E-Defense. A compromise was
reached after a) it was demonstrated that shear rupture was not expected before

displacements of 800-900 mm (31.5-35.4 in), b) it was demonstrated that the CL
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bearings would stabilize the entire isolation system, and ¢) Dynamic Isolation
Systems agreed to in-house characterization tests of the LR bearings to
displacements of 650 mm (25.6 in) prior to shipment of the bearings to Japan.

2. The target displacement demand of the CL bearings was limited to about 400 mm
(15.7 in) in each of the x and y perpendicular directions, which is a factor of
safety of about 1.5 relative to the displacement limit of the CL bearings. This
agreement was reached after Aseismic Devices Co. agreed to add a safety stop at
the end of travel in each direction. The safety stop was not intended to stop the
momentum of the building if a high impact collision of the rolling system with the
safety stop were to occur.

3. The largest displacement was to be approached over a series of 3 or 4 incremented
trials that gradually increased the intensity of the earthquake shaking. This
incremental approach was intended to validate the numerical simulation and allow
adjustment to the intensity of the largest imposed record as necessary. This
constraint conflicted with the objective to impose the largest intensity record early

in the test sequence, but could not be avoided.

3.3.2 Vogtle and Diablo Canyon Motions

Substantial effort was expended to identify the best Vogtle record and best Diablo
Canyon record for the testing program. Six Vogtle records were considered; these records
were identified by evaluating the peak bidirectional displacement demand of the SDOF
system to all 30 pairs of Vogtle records scaled by 150%, and selecting those that

predicted a peak displacement closest to 550 mm (21.6 in). Displacement traces (X vs y-
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direction displacement) and displacement histories for the 6 records that were considered
are shown in Figure 3-13 and 3-14. Preference was given to the records that included
multiple cycles of large displacement (Figure 3-14), and followed a partially circular
trace rather than a linear trace in a given direction (Figure 3-13). Vogtle #13 and Vogtle

#9 were considered to meet these criteria better than the other records.

Vogtle #3 Vogtle #9 Vogtle #13
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Figure 3-13: Calculated displacement trace of the isolation system for 6 Vogtle
motions by SDOF analysis
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Figure 3-14:  Calculated displacement histories of the isolation system in x and y-
directions for 6 Vogtle motions by SDOF analysis

Next, the records were applied to the isolated building model that was developed in
OpenSees (described in Chapter 8) to obtain a more accurate assessment of the
displacement and force demands. In general, the peak displacement demands of the
isolators in the building model were somewhat larger than in the SDOF model. Upon
examining the data, two sources of discrepancy were identified. First, the building model
did not contain viscous damping alongside the isolation system. Displacements in the
SDOF model were re-evaluated after removing this damping (2% of critical calibrated to
the isolator post-yield stiffness), and they increased substantially, which indicated that the

response was sensitive to the seemingly small additional damping. Although some
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viscous energy dissipation may be present, the damping was removed from the SDOF

model to err on the side of conservatism.

Second, substantial rotational demands at the base level were predicted by the analysis of
the building model, which caused amplification of the displacement on one side or corner
of the building compared to the other. To illustrate this, the displacement traces of each
bearing are presented in Figure 3-15. Due to the rotation, the peak displacement in one
bearing was predicted to be 540 mm (21.3 in), while the peak displacement predicted in
the opposite corner was only 460 mm (18.1 in). The project team was skeptical about the
significant amount of torsion predicted by the analysis, and experimented with the
modeling assumptions to develop confidence in the prediction and possibly identify a
cause. Several alternative assumptions were considered, including bearing placement at
the corners rather than on the edges, and accounting for the rotational stiffness of both the
LR and CL bearings. None of the modifications significantly altered the amplitude of the
rotational demands, and the experimental data later validated the torsion predicted by
numerical simulation (see Chapters 5 and 9). The rotational demands observed in the
isolation system resulted from limitations on the number and placement of LR bearings
for the testbed structure. In a large building or safety related nuclear structure with
hundreds of isolators, isolation system asymmetries and rotational demands could be

eliminated or minimized by strategic placement of bearings with and without lead plugs.

With the exception of Vogtle #13, the peak displacements predicted by the building

model exceeded those predicted by the SDOF model without viscous damping. Thus,
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Vogtle #13 was selected since the displacement predicted by the building model was

closest to that predicted by SDOF model for the desired scale factor of 150%.
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Figure 3-15:  Predicted displacement trace of each isolator for the OpenSees building

model subjected to 150% Vogtle #13

While the LR bearings could be subjected to displacements of up to 550 mm (21.7 in),

the CL bearings were not permitted to exceed displacements of 400 mm (15.7 in) in the x

and y-directions. Thus, the components of the input ground motion were rotate such that

the peak displacement demand occurred at approximately 45 degrees, which would

simultaneously minimize the demands in x and y-directions and maximize the vector
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displacement. To determine the rotation of the input motion, the building model was
analyzed to the Vogtle #13 input excitation rotated at increments of 11.25 deg. Thus,
rotated inputs at 0, 11.25, 22.5, 37.75, and 45 deg were considered. Based on this analysis
(summarized in Table 3-5), a rotation angle of 11.25 degrees was selected. The
anticipated peak displacement demand in any LR bearing for VVogtle #13 rotated by 11.25
degrees and scaled to 150% was 490 mm (19 in), while the peak displacement in any CL
bearing in the x or y direction was 400 mm (16 in). Adjustments to the scale factors were
made on the day of testing, and the actual peak scale factor applied was 175%. The

complete final schedule of simulations actually conducted is summarized in Chapter 4.

Table 3-5: Predicted x, y and Vector Peak Displacement in the Different Isolator for the
Building Model Subjected to 150% Vogtle #13 Record, with Rotated Horizontal
Components of Input Motion

Bearing . X - Peak Y - Peak Vector Peak
Rotation Angle . . .
Displacement | Displacement | Displacement
(degrees)
(mm) (mm) (mm)
. 0 337 450 498
(<5
£ 11.25 390 399 494
& 225 437 332 491
3 37.75 474 274 503
- 45 499 208 508
. 0 337 451 542
©
2 11.25 390 399 546
! 22.5 437 331 543
S 37.75 474 274 534
© 45 499 208 521
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Figure 3-16:  Predicted displacement trace of each isolator for the OpenSees building
model subjected to 150% Vogtle #13, with input ground excitation components rotated by

11.25 degrees.

A similar process was used to select the input motion to represent the design ground

shaking at the Diablo Canyon site, with a target scale factor of 100%. The Diablo Canyon

#15 record was selected for the test program. The predicted displacement trace of the

isolators for Diablo Canyon #15 scaled to 100% is shown in Figure 3-17. Rotation was

not required for this input motion since the vector displacement was approximately

maximized without rotation. The actual scale factor applied to Diablo Canyon #15 during

testing was 95%.
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Figure 3-17:  Predicted displacement trace of each isolator for the OpenSees building
model subjected to 100% Diablo Canyon #15.

3.3.3 Remainder of the Test Program

As mentioned previously, the objectives of the sponsor were prioritized in the planning of
the test program. These objectives were to simulate the response of LR bearings to
motions representing the seismicity at a potential nuclear site, and impose design basis
and extended design basis demands on the system. Once these objectives had been

satisfied, objectives of other interested parties could be entertained.
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For comparative purposes, the project team (United States and Japan collaborators)
proposed to include in the test program 3 ground motions, one each representing a service
level, design level and MCE as defined by the United States building code (ASCE 2010),
that would be commonly applied to each of the three building configurations. The
assumed seismic hazard associated with these events is presented in Dao and Ryan
(2015). In addition, Japan side collaborators requested that a large motion recorded
during a Japan earthquake be commonly applied to each of the three building

configurations. The preliminary selections are shown in Table 3-6.

During the testing of the TP isolation configuration, which was chronologically first in
the sequence, the response of the building was particularly affected by the strong vertical
excitation of the 1994 Northridge recorded at Rinaldi Receiving Station. This excitation
was not part of the planned test program for the hybrid LR isolation or fixed-base
configurations. However, late modifications to the planned test program were
accommaodated to repeat this excitation as a 3D excitation and an XY excitation (omitting
the vertical component) in each building configuration to better comprehend the response

of isolated and non-isolated buildings to strong vertical excitation.

In the end, not all objectives were met due to safety considerations (see Table 3-6) and
compromises were made. The imposed safety limits were numerically predicted isolator
displacements < 550 mm for the hybrid LR isolation system and numerically predicted
structural drift limits < 1.2% for all configurations. A suitable MCE level earthquake that
met the safety limitations for the hybrid LR isolated and fixed-base configurations could

not be identified, and the MCE comparison was removed from the test program. The
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selected design event (El Centro) was never applied to the fixed-base configuration, and

the selected Japan motion (lwanuma) as well as Rinaldi were applied to the fixed-base

building at reduced scale factors in the horizontal direction.

Table 3-6: Common Earthquake Records Considered for Three Test Configurations

Simulation Considered Safe?

" Scale - -
Objective | Earthquake Record TP Hybrid LR | Fixed-Base
Factor . . .
Config. Config. Config.
Service . ;
1987 Superstition Hills, 0
Earthquake Westmorland Sta. (3D) 80% ves ves ves
Design 1940 Imperi
perial Valley, 0 Safety
Earthquake El Centro Sta. (3D) 130% ves ves guestions
MCE 1994 Northridge, l\ilr(:pS:::jy ’\ilr?q’pS::s(tjy
0,
Earthquake Sylmar QR 1995 Kobe, 100% Yes displacement | story drift
Takatori (3D) . D
limit limit
Japan 2011 Tohoku No, Scaled
Earthquake Earthquake, Iwanuma 100% Yes Yes
to 70%
(XY)
XY vs 3D
Input 1994 Northridge, 0 No, Scaled
Comparison Rinaldi Rec. Sta. (XY) 88% Yes Yes to 35%
XY vs 3D No, Scaled
Input 1994 Northridge, 0 to 35%
Comparison Rinaldi Rec. Sta. (3D) 88% Yes Yes (88% in

vertical)




63

CHAPTER 4: EXPERIMENTAL PROGRAM

Development of the experimental program for the three test configurations (TPB, hybrid,
fixed base) was a collaborative effort between a large team of investigators in U.S. and
Japan. Many aspects of the experimental setup were applicable to all three systems, and
thus not developed directly by the author for the exclusive purposes of this dissertation.
As such, some of the information in this chapter is an excerpt from Dao and Ryan (2015)

and presented here for completeness.

4.1 Design of Connection Assembly

A plan was developed and executed for securely connecting the isolation devices (both
LR bearings and CL bearings) to the structure and to the earthquake simulator. As
described in Chapter 3, the connection design for the hybrid LR isolation system made
use of connection assemblies, each consisting of a layer of load cells sandwiched between
a square or rectangular base plate and a hexagonal shaped top plate, that were designed
for the TP isolation configuration. Details of the assembly design calculations and
supporting finite element analysis were described in Dao and Ryan (2015). The
assemblies were used at the N, S, E and W column locations to measure the forces in the

LR bearings.

The connection assemblies were not used at CL bearing locations, for several reasons.

First, the axial force demands on the CL bearings were expected to be high since the CL
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bearings would carry all overturning induced axial forces. Second, Aseismic Design
Corporation, the provider of the CL bearings, calculated that the supporting plates of the
connection assembly were too flexible to prevent rotation (bending) of the bearings about
the horizontal axes, and thus ensure their proper function. Although very small, the

contribution of the CL bearings to the total base shear could not be measured.

Three distinctly configured load cell connection assemblies had been devised for the TP
isolation configuration tests according to expected tributary weight carried by the
bearings at different plan locations: one for the center column, one for the edge columns,
and one for the corner columns. For the hybrid LR isolation system, the edge connection
assembly were used for three of the four bearings. However, the center connection
assembly was substituted at the East edge location, because erratic measurements were

observed in the assembly used at that location in the prior TP configuration tests.

The plan drawings of the two connection assemblies utilized for the hybrid LR
configuration are shown in Figure 4-1, and a photograph of a constructed assembly is
shown in Figure 4-2. The center column assembly placed 3 Type A load cells on a circle
350 mm (13.8 in) from the center of both plates and 6 Type B load cells on a circle 900
mm (35.4 in) from the center of both plates, both with equal angular spacing. The edge
column assemblies placed 1 Type A load cell at the center of both plates, and 6 Type B
load cells on a circle 750 mm (29.5 in) from the center of both plates with equal angular
spacing. The Type A and Type B load cells differed in their capacities as listed in Table
4-1. Drawings of the load cells are shown in Figure 4-3, which indicate the bolt pattern

for the top and bottom rings and the elevation. The connection plates were produced by
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milling a steel plate with thickness = 102 mm (4 in) down to 95 mm (3.7 in), which
leveled the surface. Because the two types of load cells differed in height, the thickness
of each bottom connection plate was milled down to 91 mm (3.6 in) at Type A locations
and 76 mm (3.0 in) at Type B locations (see Figure 4-4). The load cells were installed
upside down between the top and bottom connection plates. The complete set of drawings
for connection the load cell assemblies, LR bearings and testbed building to the simulator

platform are given in Appendix C.

o o o o o 0/ Plate connecting
\% & / Plate connecting

(@)

6 load cell B

o o o o o o Plate connecting

e
e

(b)

Plate connecting
6 load cell B

o o (o] [e] o o

Figure 4-1: Load cell connection assemblies used for: (a) East bearing and (b) North,
South and West bearings.



Isolator

Top connecting

plate
Load cell
Bottom
Shake table
connecting
Figure 4-2: Connection assembly
Table 4-1: Properties of Load Cells
. Vertical Horizontal Vertical Horizontal
Number Height . . . .
Type (units)  (mm) capacity capacity stiffness stiffness
(KN) (KN) (KN/mm)  (kN/mm)
44 180 400 250 8500 2400

B 32 195 700 400 14000 3500
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Figure 4-3: Load cell drawings with bolt patterns and elevation views: (a) Type A and (b)
Type B
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Figure 4-4: Connection of Type A and Type B load cells to top and bottom connection
plates
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4.2 Instrumentation

Approximately 470 channels were used for measuring the responses of structural and
nonstructural components in the building with the hybrid LR isolation system. The
sampling frequency of all channels was 1000 Hz. The results included in this dissertation
were based on measurements from the following three types of sensors:

e Sensors for measuring force: load cells (90 channels)

e Sensors for measuring displacement: displacement transducers (26 channels)

e Sensors for measuring acceleration: accelerometers (100 channels)

The following describes the details of each sensor type.

Unless otherwise mentioned, all reco