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ABSTRACT 

Since the dynamic response of an isolated structure depends on the combined characteristics of 
the ground motion, bearings, and structure, standard isolator prototype component tests may not 
by themselves be sufficient to assess seismic performance and verify the adequacy of numerical 
models used for computer simulation. Thus, when assessing the applicability of seismic isolation 
to nuclear power facilities, tests that simulate dynamic response under realistic excitations are 
desired. However, available shaking tables have limits on the size, strength, and weight of the 
specimens they can test. Shaking table tests of reduced-scale test specimens introduce 
uncertainties about the realism of test results and complicate validation of numerical models 
since the properties of isolation bearings are likely sensitive to scale and rate-of-loading effects. 
Even where a relatively small number of full-scale bearings might be used in tests of simplified 
shaking table specimens, significant technical and economic challenges must be addressed in 
order to capture the stress and deformation conditions that would occur in bearings supporting 
large nuclear power plants (NPPs) subjected to gravity and three-dimensional seismic 
excitations. The best option for testing such large specimens may be through the use of “hybrid 
dynamic simulation.” 

Because laboratory facilities exist to test full-scale seismic isolation bearings under 
prescribed displacement or load protocols, and the supported structure is expected to remain 
essentially within the elastic range of response, hybrid simulation methods provide a unique 
opportunity to assess experimentally the dynamic behavior of base isolated NPPs using full-scale 
bearings. The adaptation of such a testing facility and the implementation of hybrid simulation 
using full-scale experimental bearings in a seismically isolated NPP model are described in this 
report. 

The research program was able to confirm that hybrid simulation is indeed a viable and very 
promising testing method to experimentally assess the behavior of very large isolators in full-
scale. It was confirmed that it is feasible and necessary to employ high-performance parallel 
computing analysis machines to perform hybrid simulations of large structures with several 
thousands of degrees of freedom, such as seismically isolated NPPs. 

The primary objective of the research reported herein was to evaluate the dynamic response 
of an isolated NPP and assess key response parameters. A simplified, but realistic numerical 
model of an APR-1400 NPP designed by KEPCO Engineering and Construction (KEPCO E&C) 
was used as the basis of these studies. Two different types of isolation systems were considered: 
one based on lead plug rubber bearings, and the other based on friction bearings. Both have 
relatively high effective damping ratios. The isolation system was represented in the hybrid 
model by (a) a single test bearing representing all of the bearings supporting the plant, and (b) 
various combinations of numerically modeled and physically tested bearings. Ground motions 
used in the hybrid simulations were selected to represent situations that might be encountered in 
the design of NPPs in the U.S. or Europe for design-level events. Hybrid simulations were 
conducted considering one or two horizontal components of ground motion, as well as 
considering three components of excitation. 

These hybrid simulations demonstrated the ability of the seismic isolation systems 
employed to perform well under design level conditions for the ground motions considered, and 
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to protect the supported structure and components from the intense vibrations that might be 
expected in a fixed-base plant. The hybrid tests showed that adding a second horizontal 
component of motion tended to narrow hysteretic loops and somewhat increase bearing 
displacements. It is believed that this is related in large part to the greater energy dissipated (and 
temperature rise) that occurs during two-dimensional motions because of the larger distance 
traveled compared to the one-dimensional excitation case. The tests also revealed that both of the 
bearing types tested showed substantial verticalhorizontal coupling. While this behavior had 
negligible effect on bearing displacement demands, it had a major effect on floor response 
spectra. For both of the relatively high-damping bearings considered, significantly amplified 
horizontal spectral ordinates were observed near the vertical natural frequencies of the isolated 
plant. This amplification was somewhat greater for cases with two horizontal components of 
excitation, and for cases using the friction isolation bearing. It is concluded that it is essential to 
include vertical ground motion input to accurately predict horizontal floor response spectra near 
the plant’s fundamental vertical frequencies. Overturning moments had a negligible effect on the 
behavior of the isolators and resulted in relatively small increases in floor response spectra. For 
the friction-type isolators studied, the hybrid tests revealed some issues with breakaway and 
static frictions. True real-time hybrid simulations might alleviate such problems. 

The study presented here investigated the behavior of seismically isolated NPPs for 
design-basis events. Future hybrid simulations should not only consider design-basis events but 
also investigate bearing behavior, moat wall impact, and possible bearing failure for beyond-
design-level events. Additional development work that is needed to improve speed and 
performance of the hybrid test apparatus used in these tests is presented at the end of this report. 
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1 Introduction 

Recent reports related to the feasibility of applying seismic isolation technology to nuclear power 
plants (NPPs) and related facilities have noted the lack of publicly available test data on the 
mechanical characteristics of large full-scale seismic isolation bearings, especially when 
subjected to realistic seismic loading conditions [Wong at al. 2012; Wong et al. 2013]. These 
reports underscored the need for component and structure system tests that consider different 
types of full-scale bearings in order to identify the influence of axial load intensity and history, 
lateral deformation history, and loading rates on seismic performance, and to evaluate and 
improve the reliability of numerical models and methods. Because the dynamic response of an 
isolated structure depends on the combined characteristics of the ground motion, bearings, and 
the superstructure, standard prototype tests may not by themselves be adequate for use in 
computer simulations. Thus, dynamic tests of isolated NPP models under more realistic 
excitations than provided by standard prototype tests are desired. Moreover, bearing properties 
and ultimate behavior likely depend on scale and rate-of-loading effects. Thus, the use of 
reduced-scale test specimens and quasi-static methods decreases the confidence that can be 
placed in a new technology. Uncertainties about the relevancy of prototype tests complicate 
validation of numerical models and understanding of the behavior of an isolated system under 
ultimate loading conditions. 

Therefore, “hybrid dynamic simulations” may provide the best option for documenting 
both system and component response. This method combines in real time results from (a) test 
specimens representing critical components of a structure that exhibit uncertain nonlinear 
behavior; and (b) analytical models of the remainder of the structural system that exhibit 
behavior that can be predicted numerically with confidence. Because laboratory facilities exist to 
test full-scale seismic isolation bearings under prescribed displacement or load protocols, and the 
supported structure is expected to remain essentially within the elastic range of response, hybrid 
simulation methods provide a unique opportunity to assess experimentally the dynamic behavior 
of full-scale bearings for use in base isolated NPPs. 

Adaptation of an existing laboratory’s capabilities to perform these hybrid simulations is 
reported. The primary objective was to evaluate the dynamic response of an isolated NPP and 
assess key response parameters. A simplified, but realistic numerical model of an APR-1400 
NPP designed by KEPCO Engineering and Construction was used as the basis of these studies. 
Two different types of isolation systems were considered; one based on lead plug rubber 
bearings (LRPBs), and the other based on friction bearings. The isolation system was represented 
in the hybrid model by (a) a single test bearing representing all of the bearings supporting the 
plant, and (b) various combinations of numerically modeled and physically tested bearings. 
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Ground motions used in the hybrid simulations were selected to represent situations that might 
be encountered in the design of NPPs in the U.S. or Europe for design-level events. To help 
understand the capabilities of the hybrid simulation method used, and the effect of ground 
motions on seismically isolated systems, hybrid simulations were conducted considering one or 
two components of ground motion, as well as considering three components of excitation. 

For these studies, the key response parameters reported include bearing force, 
displacement and hysteretic response as well as superstructure floor response spectra. The 
following tasks were conducted for this study: characterization of the bearings, development of 
hybrid test capabilities, implementation and verification of this test methodology, and execution 
of the experimental tests. 

Several improvements and additions, specifically developed for this project, were 
introduced to the OpenSeesSP computational driver software and the OpenFresco middleware 
software. Both software frameworks are widely adopted to perform hybrid simulations. The 
research program confirmed that hybrid simulation is indeed a viable and very promising testing 
method to experimentally assess the behavior of large isolators in full scale. Rapid hybrid 
simulations, at or near-real-time conditions, were achieved, confirming that, when necessary, 
simulations can employ high-performance parallel computing analysis machines to perform 
hybrid simulations of large structures with several thousands of degrees of freedom (DOFs), such 
as seismically isolated NPPs. However, for cases where nonlinear numerical models of isolator 
behavior were included in the hybrid model, this study also determined that there is a need to 
improve the efficiency and fidelity of analytical models of isolators so that they can more closely 
capture the true behavior of a bearing in real time. Moreover, there is an overall need to 
streamline the transmission of command and feedback signals among the various equipment 
components used to implement the hybrid simulations, to tune the electronic system used to 
control the bearing test machine, and to investigate means to further increase computation speeds 
of such highly complex hybrid models in order to be able to perform near-real-time or real-time 
hybrid tests more reliably in the future. 

This report is divided into four chapters. Following the brief introduction in Chapter 1, 
Chapter 2 describes the prototype structure considered in the hybrid simulations, and the two 
types of isolation bearings used. Chapter 3 is subdivided into five major parts: (i) description of 
the Seismic Response Modification Device (SMRD) Testing facility at UCSD that was used to 
conduct the hybrid simulations; (ii) description of the various electronic components and the 
software used to implement the hybrid test method on the SRMD testing facility; (iii) description 
of the test set up, including the numerical models used in the hybrid simulations, the 
instrumentation and data acquisition/processing procedures, and installation of the bearings in 
the test machine, (iv) the test protocol used, and (v) the test results. In addition to hybrid 
simulations, additional tests were carried out to characterize the mechanical behavior of the 
physical bearings. Observations, conclusions and recommendations regarding the response of the 
hybrid model of a seismically isolated NPP and the validity of the hybrid test method are 
summarized in Chapter 4. Detailed test results for the two types of bearings in the hybrid and 
characterization tests are provided in four appendices. 

  



 3

 

2 Prototype Structure and Bearing Designs 

2.1 SEISMICALLY ISOLATED NUCLEAR POWER PLANT 

The prototype structure was a seismically isolated APR-1400 power plant. The 1400 MW 
Advanced Power Reactor’s seismic isolation system was designed by KEPCO E&C, composed 
of an isolation plane with 527 bearings that supported the superstructure. A carefully designed 
bearing layout produced a well-distributed axial load among the bearings. Considering this, an 
average design axial load was computed as 8663 kN. A total weight of 4572 MN would be 
isolated on a 103.6 m × 102.4 m upper mat, which includes the reactor, its containment building, 
and auxiliary buildings. Two bearing manufacturers produced full-scale test specimens based on 
this design parameter. The resulting specimens had significantly different design and ultimate 
displacement capacities. 

Bearing manufacturers performed quality control tests on the test specimen before 
delivery. This data was utilized to create the analytical models used to predict seismic demands. 
Predicted demands were used to develop the test protocol described in Section 3.4. 

2.2 UNISON BEARING 

Three lead-plug rubber bearings (LPRB) produced by Unison eTech were designated as UET-1, 
UET-2, and UET-3. These bearings were 1500 mm in diameter and had a 320-mm-diameter lead 
core; see Figure 2.1. Thirty-two, 7-mm-thick rubber layers resulted in a total rubber thickness of 
224 mm. These layers were sandwiched between 31, 7-mm-thick steel plates and 60-mm-thick 
end plates, resulting in a total bearing height of 527 mm. 

A design shear strain of 100% produced a design displacement capacity of 224 mm. The 
zero-displacement force intercept, Qd, was specified as 670 kN. Initial stiffness, K1, and second 
slope stiffness, K2, were calculated by Unison eTech to be 351 kN/mm and 3.4 kN/mm. These 
estimations agreed well with quality control test data provided by the manufacturer after the 
bearings were cycled three times to their design displacement; see Figure 2.2. The axial load 
applied during this test was 21,900 kN, a factor 2.5 times the design load. Results show a 
distinctly different initial quarter cycle force-displacement response; this cannot be analyzed 
using current models. 

The measured axial force-displacement response is shown in Figure 2.3. This shows a 
nonlinear hardening response with minor hysteresis. Interestingly, the transition of the bilinear 
response occurs at the design axial load. This characteristic and the hysteretic damping are 
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important considerations for the axial load fluctuations caused by vertical excitation and 
overturning. 

 

 
Figure 2.1 LPRB manufacturing specifications (courtesy of Unison eTech). 
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Figure 2.2 LPRB lateral quality-control test and design envelope. 

 
Figure 2.3 LPRB axial quality-control test. 

2.3 ESCO RTS BEARING 

Two bearings were provided by ESCO RTS for the test program. These bearings were 
EradiQuake System (EQS) isolators, that combine a flat slider with a restoring force generated 
by two horizontal, mass regulator (MER) compression springs; see Figure 2.4. The isolators had 
a low profile—only 474 mm high. The plan dimensions were 2110 mm × 2135 mm. The isolator 
consists of an upper sliding plate with stainless steel liner. A PTFE disk mates with the sliding 
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surface and sits in a recess of the middle plate. The middle plate is supported on a polytron disk 
that provides axial and rotational compliance. The polytron material behaves similar to rubber 
materials used in elastomeric bearing designs. Hence, derived mechanical properties can be 
calculated using a similar approach as is typical for elastomeric bearings. This disk sits on the 
lower plate that has a central shear key pin. The pin passes through a central hole in the polytron 
disk and locks the middle plate. The middle plate houses two guide rods per side that hold in 
place the MER springs. These compression springs react against vertical sliding plates attached 
to the upper plate. The vertical sliding plates are lined with stainless steel, and the ends of the 
MER springs have a PTFE liner to reduce lateral friction. 

The manufacturer specified a nominally larger design axial load of 10,000 kN from the 
average axial load obtained from the seismic design. The design displacement specified by 
ESCO RTS was 120 mm. No axial quality control data was provided, but lateral characteristics 
were provided by the manufacturer, see Figure 2.5. The axial load applied during these tests was 
10,000 kN. Response characteristics show the influence of stick-slip friction upon initial loading 
followed by a nonlinear hardening behavior due to the engagement of the springs. The spring 
stiffness exhibits hardening at about 60% of the design displacement. A peak force of 1120 kN 
was sustained before sliding initiated. After six cycles at the design displacement, the stabilized 
Qd was approximately 620 kN, which is influenced by a dip in the force-displacement response 
as it crosses zero displacement. This is likely produced by the transition between compression 
springs on opposing sides. Pre-compression of the MER springs is not specified by the 
manufacturer, so unloaded springs disengage from their sliding surface. As they engage the 
sliding surface upon reloading, tolerances and the unloading strain rate of the MER spring on the 
opposite side are possible sources for this dip. 
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Figure 2.4 EQS bearing manufacturing specifications (courtesy of ESCO RTS). 
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Figure 2.5 EQS lateral quality control test. 
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3 Experimental Tests 

3.1 DESCRIPTION OF THE SRMD TESTING FACILITY 

The Seismic Response Modification Device (SRMD) Testing facility at UCSD was designed for 
real-time six-DOF dynamic characterizations of full-scale bearing devices and dampers using 
predefined loading protocols; see Figure 3.1. The facility was developed jointly by the California 
Department of Transportation (Caltrans), the Department of Structural Engineering at UCSD, 
and MTS Corporation of Eden Prairie, Minnesota. Longitudinal and lateral displacement 
capacities of 1.219 m and 0.610 m, respectively, are more than 2.5 times the bearings’ design 
displacements. The machine’s axial load capacity, 53,400 kN, is well above the design gravity 
load and anticipated axial load demand induced by overturning moment. A summary of the 
machine’s capacities is given in Table 3.1. testing facility 

The testing system consists of a prestressed concrete reaction frame box surrounding a 
moving platen, connected by four horizontal actuators to the concrete box. The platen, 3.658 m 
wide × 4.750 m long, slides over four hydraulic hydrostatic low friction bearings attached to the 
floor of the concrete structure, see Figure 3.2. For improved stability, the platen also extends 
with four steel outrigger arms that support pairs (i.e., upper and lower) of low friction slide 
bearing actuators.  

To expand the capabilities of the SRMD for the purpose of this project, the testing facility 
was adapted for hybrid simulation by utilizing existing, external command capabilities. For the 
project described herein, the SRMD was used for hybrid simulation of two types of large seismic 
isolators considered as an experimental substructure of a larger numerical model of a seismically 
isolated NPP. 

 

Figure 3.1 SRMD testing facility [UCSD 2014]. 
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Figure 3.2 SRMD plan view. 

 

Table 3.1 Testing machine technical specifications. 

Component Capacity 
Accuracy of 
application Accuracy of readout 

Vertical force 53,400 kN ±5% 0.5% full range 

Longitudinal force 8,900 kN  1.0% full range 

Lateral force 4,450 kN  1.0% full range 

Vertical displacement ±0.127 m ±2% 1.0% full range 

Longitudinal displacement ±1.22 m ±2% 1.0% full range 

Lateral displacement ±0.61 m ±2% 1.0% full range 

Vertical velocity ±254 mm/sec ±10%  

Longitudinal velocity ±1,778 mm/sec ±10%  

Lateral velocity ±762 mm/sec ±10%  

Rotation (roll, pitch, and yaw) ±2   
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3.2 DEVELOPMENT OF HYBRID SIMULATION AT SRMD TESTING FACILITY 

While the SRMD was not originally designed with the intent of conducting hybrid simulations, it 
includes different software and hardware components as well as communication links that allow 
for this adaptation. Each of these components needs to be fast, reliable, and able to communicate 
with each other and external hardware. Limitations in performance of the SRMD facility such as 
actuator delay and the speed of communication will determine the rate of testing that can be 
achieved.  

In general, a hybrid simulation requires a computational driver to solve the equations of 
motion of the hybrid structural model, using time-stepping integration algorithms. The hybrid 
model needs to be linked to the experimental subassembly, which is loaded by the SRMD. Thus, 
the hybrid model needs to communicate with the SRMD control system in each integration time 
step. In order to achieve continuous communication with the SRMD controller, the architecture 
shown in Figure 3.3 was proposed that included a computational driver, the SRMD control 
system, and a real-time Digital Signal Processor (DSP) to communicate between the digital 
computers and the analog input/output of the SRMD control system. The different components 
of this hybrid simulation system are discussed in the following sections. 

 

 
Figure 3.3 Hybrid simulation hardware configuration. 

3.2.1 Hybrid Simulation Hardware Components 

Hybrid simulation requires that customizable hardware components communicate between the 
computational driver, which solves the hybrid model consisting of numerical and experimental 
subassemblies, and the controller in the laboratory loading the experimental subassembly. Figure 
3.4 illustrates the implementation of the hybrid set-up on top of the SRMD conventional 
configuration. The SRMD controller is used in a manner similar to conventional cyclic dynamic 
testing except that instead of providing a predefined loading signal, the longitudinal and lateral 
displacement commands and the vertical force command are external reference signals being 
computed as the simulation progresses. 
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Figure 3.4 dSpace experimental control. 

3.2.1.1 Digital Signal Processor for Real-Time Signal Generation 

A real time digital signal processor (DSP) is used in the test set-up consisting of a dSpace ACE 
1104 Hardware Kit [dSpace 2013]. The ACE 1104 Hardware Kit consists of a DSP processor on 
a PCI card with a Connector Panel with 16 BNC connectors. The connector panel has eight ADC 
inputs (Analog to Digital Converters), four with 16-bit resolution and four with 12-bit resolution, 
and eight DAC outputs (Digital to Analog Converters) with 16-bit resolution via BNC 
connectors. The dSpace DSP is used for signal generation; it sends commands and receives 
feedbacks at 1000 Hz (1 millisecond), which is identical to the rate of operation of the SRMD 
controller. 

The dSpace command signals were calibrated to the same volt-displacement/force ratio 
as the command displacement/force of the SRMD facility for each DOF. In hybrid simulation, 
the digital control signals generated by the predictor-corrector algorithm running on the dSpace 
DSP are then converted to analog signals before transmitting them to the SRMD control system. 
With the Real-Time Interface (RTI) software, Simulink models can easily be run on the DS 1104 
R&D Controller Board. Also, users are able to configure all I/O graphically, insert the blocks 
into a Simulink block diagram, and generate the model code via Simulink Coder (formerly Real-
Time Workshop). The real-time model is then compiled, downloaded, and started automatically, 
thus reducing implementation time to a minimum. 

3.2.1.2 MTS Controller for SRMD Machine 

The SRMD is a six-DOF table system governed by movements of its collective actuators. This 
facility was primarily designed to have large displacement capacity with relatively high velocity 
as well as high load capacity. Each actuator is controlled using multi-stage closed-loop control 
principles, where the inner loop controls the poppet valves and the outer loop controls actuator 
displacements. Four-stage poppet valve assemblies are used in place of more traditional multi-
stage servo-valves typically used in structural testing to provide the high volume of oil needed to 
facilitate movement of these actuators at the expense of more accurate control. 

OpenSees & OpenFresco 

 

Integrator Loop 

Predictor-Corrector Loop 

Servo-Control Loop 

dSpace (DSP) 

External ref.

commSignal

Feedback 

measSignal 

External ref. 
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Each actuator in the SRMD test system is controlled using a Proportional and Integral 
(PI) closed-loop displacement controller. In addition, the digital real-time controller provides 
overall closed-loop control of the six degree-of-freedom system motion (DOF control). The 
controller also provides programming and feedback summing capabilities to guarantee an 
accurate reproduction of the desired waveform on top of the platen surface. The control hardware 
architecture is based on Digital Signal Processing technology that optimizes the performance of 
embedded control system, and allows for implementation of advance control and data filtering 
operation. The digital controller provides the following features: DOF control, displacement 
control, and force balance. 

There are six controllable DOFs: vertical, lateral, longitudinal, yaw, pitch and roll. In 
addition, because there are eight actuators being controlled, there are two "internal" DOFs 
designed to maintain control of the system. The vertical force on a test bearing is controlled 
through a cascade control loop. The primary vertical control mode is displacement, while force is 
applied and controlled through an integrator dominated control loop. 

3.2.1.3 Signal Conditioner 

Sending feedback from the SRMD to the computational driver requires extracting signals in 
analog form using D/A (digital to analog) converters that are built into the SRMD. This D/A 
conversion introduced noise spikes in the feedback signal received by dSpace, which was 
resolved by adding signal conditioners (analog conditioning); see Figure 3.5. These spikes in the 
feedback signals were also observed through an oscilloscope, which was used to verify that the 
analog output was noisy and related to the output generated by the SRMD; see Figure 3.6. 
Digital filtering was another option to remove those glitches in the feedback signal. Using 
Moving Median and Moving Average digital filters within the Simulink model helped but did 
not solve the problem completely. 

 

  

Figure 3.5 Analog signal conditioning for the feedback signal. 
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Figure 3.6 Noise in the feedback signal from the SRMD. 

3.2.2 Hybrid Simulation Software Components 

Integrated software and hardware is necessary to be able to conduct hybrid simulations in the 
laboratory. In general, a fast computational solver needs to communicate with the laboratory’s 
controllers through a middleware that bridges numerical and physical portions of the hybrid 
simulation testing system. These software components need to communicate with each other 
throughout the test. The key software components for a hybrid simulation as implemented at the 
SRMD facility for this test series are described below. 

3.2.2.1 OpenSees 

OpenSees, the Open System for Earthquake Engineering Simulation, is a software framework for 
simulating applications in earthquake engineering using finite element methods, developed in 
1997 by PEER. OpenSees has advanced capabilities for modeling and analyzing the nonlinear 
response of systems by using a wide range of material models, elements, and solution 
algorithms. OpenSees is an object-oriented software, implemented in C++ through an open-
source development process; it is designed for parallel computing (OpenSeesSP) to allow for 
scalable simulations on high-performance computing platforms or for parameter studies 
[OpenSees 2014]. Using OpenSeesSP for hybrid simulation provides researchers with the ability 
to test the physical specimen in the laboratory, together with complex and nonlinear numerical 
models of structures with many DOFs at a faster rate. OpenSees is readily adaptable for hybrid 
simulation through a middleware component, OpenFresco. 

3.2.2.2 OpenFresco 

OpenFresco (the Open-source Framework for Experimental Setup and Control) is an 
environment-independent software framework that connects finite element models with control 
and data acquisition systems in laboratories to facilitate hybrid simulation of structural and 
geotechnical systems. OpenFresco standardizes the deployment of hybrid simulation and extends 
its capabilities to applications with advanced numerical techniques by providing an interface for 
different software and laboratory equipment [OpenFresco 2014]. 

3.2.2.3  Real-Time Predictor-Corrector 

The SRMD control system runs at a rate of 1000 Hz, updating the actuator commands in each 
cycle at this rate. For smooth control and movement of the actuators, the commands to the 
actuators from the hybrid controller should be updated at the same exact rate. However, the 
numerical portion of the hybrid simulation may not be running in a real-time environment and 



 15

could require variable calculation times often exceeding the 0.001 sec/step to calculate the new 
target value for the control system. Therefore, a real-time Predictor-Corrector is needed to 
generate smooth signals updated at the same rate as the actuator controller while receiving 
displacement commands from the numerical model at a non-deterministic rate. 

The Control Desk dSpace environment allows running real-time applications generated 
from Simulink and Stateflow models; see Figure 3.7. Simulink is a block library tool for 
modeling, simulating, and analyzing dynamic systems. Combined with Simulink Coder 
(formerly Real-Time Workshop) [Mathworks 2013] in the MATLAB environment it can 
generate C code for the real-time implementation of systems. Stateflow is an interactive design 
and simulation tool for event-driven systems. All these tools are used to create the event-driven 
real-time Predictor-Corrector algorithm used for continuous hybrid simulation. [Mosqueda et al. 
2005; Schellenberg et al. 2009]. While receiving displacements from the numerical model, a 
polynomial is fitted to the displacement commands to generate a continuous command signal at 
the desired rate. The order of the fitted polynomial can simply be changed in the state-flow coder 
diagram (see Figure 3.7) before executing a hybrid test. For these simulations, first and second 
order polynomials were used. 

 
Figure 3.7 Predictor-corrector [Schellenberg et al. 2009]. 

3.2.3 Preparations for Hybrid Test 

Before performing hybrid simulation in the laboratory, a few preliminary checks are required to 
make sure that different components are communicating properly and that the feedback signals 
to the numerical model are accurate. In this case, feedback signals consisted of the shear forces 
generated in the bearing. 
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3.2.3.1 Calibration 

Numerical models calculate the command signals for the laboratory controller. These numerical 
values need to be converted to corresponding voltage through different gains based on the 
settings in the controller, shown schematically in Figure 3.8. The dSpace controller board 
(DS1104) has a ±10 volts input and output voltage range, which is the same as the MTS 
controller voltage range in the SRMD. Based on the output voltage and the resolution of each 
channel, the noise level for each DOF can be calculated. Table 3.2 shows D/A and A/D channels 
of the dSpace controller board connected to the MTS controller. The SRMD machine internal 
units are U.S. ton (ton short) for force, inches for displacement and degree for rotational DOF. 
Unit conversions from the hybrid model using [kip, ft, and rad] to the SRMD machine units of 
[ton, in., and  ] are performed through scale factors that can be specified for the experimental set-
up in OpenFresco. 

Signal calibration was based on a linear fit on each DOF calculated from Equation (3.1). 
This calibration, which did not need the machine hydraulics powered on, was done by comparing 
values for each DOF from the SRMD controller and the dSpace control desk experiment. 
Calibration points were selected at zero, ± half span and ± full span for longitudinal, lateral, roll, 
pitch, and yaw. For compression force, points were checked for five different values. Linear 
regression was applied and proper gain value [Equation (3.2)] and required offset voltage 
[Equation (3.3)] were added to command reference signals sent to and feedback coming from the 
MTS Controller. Table 3.3 is an example of the values obtained for the longitudinal displacement 
DOF. 

Linear Fit : y ax b   (3.1) 

where x and y are dSpace and SRMD readings; and 

Gain =1  a  (3.2) 

Offset = 10 voltsb a   (3.3) 
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Figure 3.8 Hybrid controller configuration. 

Table 3.2 Voltage conversion units for different channels. 

Feedback (ADC) Conversion Reference (DAC) Conversion 

Longitudinal displacement (mm) 1219.2 Longitudinal displacement (mm) 1/1219.2 

Longitudinal force (kN) 21016.8 Lateral displacement (mm) 1/609.6 

Lateral displacement (mm) 609.6 Vertical displacement (mm) 1/127 

Lateral force (kN) 16418.9 Roll () 1/2.25 

Vertical displacement (mm) 127 Pitch () 1/2.25 

Vertical force (kN) 70977.8 Yaw () 1/2 

- - Vertical force (kN) 1/70977.8 

Table 3.3 Signal calibration for longitudinal displacement. 

Long. displacement (mm)         

Before calibration   After calibration         

SRMD dSpace    SRMD dSpace          

-609.27 -609.85   -609.27 -609.35    offset -0.00167 

-304.42 -304.55   -305.26 -305.44    gain 0.998702 

-0.71 -0.51   -0.71 -0.79         

303.91 304.29   303.56 303.86         

608.46 609.60   609.02 608.89         
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3.2.3.2 Limiter Settings for Magnitude and Rate 

Magnitude limits (magnlimits) are set based on (1) the capacity of the machine; and (2) the limits 
that the SRMD machine operator has specified on the machine’s control system to make sure 
that the command signals from the Simulink Predictor-Corrector model do not exceed certain 
values. This is necessary for safety reasons as both the equipment and the specimen can be 
damaged at certain levels. Typically, longitudinal and lateral displacement and vertical force are 
the DOFs that are controlled in a hybrid test of a bearing with the SRMD. The displacement and 
force limits were specified as shown in Table 3.4. 

Velocity limits (ratelimits) are also important for the safety of the laboratory equipment, 
which caps the maximum rate at which the command signal is ramped to a certain values. If this 
rate cap is reached during the test, a command signal will continue to increase at the maximum 
allowable rate with constant velocity until it is able to catch up to the signal, which often occurs 
during load reversal. This value should be set slightly larger than the maximum expected 
velocity during the test, but can be an effective safety measure if the simulation becomes 
unstable and provides an excessively large command. The ratelimits set for the SRMD were as 
follows: 

 Longitudinal displacement: 2540 mm/sec  

 Lateral displacement: 2540 mm/sec 

 Vertical force: 17,780 kN/sec 

These ratelimits need to be modified when the testing rate (Simulation Time Step/Integration 
Time Step) is changed. Implementation of the magnitude and velocity limiters is schematically 
shown in Figure 3.9. 

Table 3.4 Magnitude limits for different degrees of freedom. 

 Full Stroke/Capacity magnlimit 

Longitudinal Displacement ±1219.2 mm ±787.4 mm 

Lateral Displacement ±609.6 mm ±533.4 mm 

Vertical Force 79476.6* kN [+31,115 and -31.115] kN 

* Compression is positive and tension is negative for the machine. 
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Figure 3.9 Applying the limits on the command signals. 

3.2.3.3 Delay Check 

Delay is another important parameter in hybrid simulation that needs to be considered. In 
general, delay is the time difference between the command signal from the real-time machine 
and what it measures as the response to that signal. The machine by itself has roughly 32 
milliseconds of internal delay, but the built-in D/A converters introduce additional delays. By the 
time the measured signals are available in the dSpace Predictor-Corrector model, delays on the 
order of 100 milliseconds were observed. Implementing more advanced control strategies, such 
as adding feed-forward control, will help reduce this delay. 

Different delay values for different DOFs 

It is possible to have different delays for each DOF in multi-DOF systems. Compensating by a 
single time value for all DOFs may result in the actuators moving out of sync and exciting the 
higher modes in the system, especially in real-time testing and should be avoided. Also, in the 
SRMD facility, the vertical DOF is controlled in force control mode, while the other DOFs are 
controlled in displacement control mode. Thus, there can be large differences in the delay for the 
vertical DOF in comparison with the other two horizontal DOFs. Even the two horizontal 
displacement DOFs have been observed to have different delay times. Therefore, compensating 
for the proper delay in each DOF is necessary. A few changes have been made in the Simulink 
model to implement different delay values in the hybrid controller model, as shown in Figure 
3.10. 
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Figure 3.10 Delay model in simulink. 

Feed-forward gain 

Although the rate of testing for hybrid simulation is determined by different parameters, it is 
primarily governed by the computation time of the numerical model and the delay in the actuator 
system. One way to reduce the delay in the set-up is to use more advanced control strategies, 
such as adding an additional feed-forward gain control parameter. In the feed-forward control 
strategy, the derivative of the command signal is multiplied by the feed-forward gain and added 
directly to the servo-valve command signal. Basically, the command signal tries to predict the 
next value by using the current velocity, which can be problematic especially for higher 
frequency signals. Therefore, special caution is required when the controller uses this 
compensator. 

The control system for the SRMD had this gain internally implemented, but because it 
was not useful for conventional testing, this feature had been deactivated on the operator 
interface to the system. Reintroducing this feature into the controller user-interface and tuning 
the system for feed-forward gain resulted in a significant improvement in performance; see 
Figure 3.11. The feedforward gain eliminated the delays in longitudinal and lateral DOFs, which 
were previously 110 and 105 milliseconds. With this improvement, the rate of testing was 
brought down from 25 times slower to five times slower than real time. The complexity of the 
numerical model required significant computational time to calculate the new target value and 
required substantial time to write results to the solid-state drive, which limited the rate of testing 
to five times slower than real time. Since the delay in the SRMD can be nearly reduced to zero, it 
is likely that real-time testing can be achieved for a simple computational model if the delays in 
the analog converters can be eliminated. 
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(a) (b) 

Figure 3.11 Tracking signal for delay: (a) no feed-forward and (b) with feed-forward. 

 

Unfortunately, this feed-forward gain was not helpful in the vertical direction because the 
control system in the vertical direction is mainly in force control mode. Therefore, one-
dimensional (1D) or two-dimensional (2D) hybrid testing (controlling translational DOFs in 
longitudinal and/or lateral direction) were conducted relatively quickly while three-dimensional 
(3D) hybrid tests (controlling the vertical force on the bearing as well as horizontal displacement 
DOFs) had to be run at a slower rate. Furthermore, the feed-forward gain was not implemented 
until late in the test program. Therefore, tests on the Unison bearings and the first ESCO RTS 
bearing did not take advantage of this important feature. 

3.2.4 Compensation for Friction and Inertia Force 

Feedback forces in the SRMD controller are obtained from load cells on the actuators. The 
measurements include not only the resisting forces in the bearing but also the friction and inertia 
forces of the table. Therefore, before sending back these feedback signals as restoring forces to 
OpenSees, some correction is required to remove these additional forces from the measured 
signal. In order to return a corrected value during the test, a model was developed in an effort to 
compensate for friction and inertia online (on-the-fly). In all previous cyclic testing of bearings 
on the SRMD, these effects are corrected during post-test analysis, often by subtracting the 
measured forces from an empty table run of the same motion. While an empty table run should 
ideally provide zero shear-force readings in the absence of friction and inertia, large forces on the 
order of 5 tons have been observed due mainly to friction by sliding on the vertical actuators and 
outrigger supports of the table, as well as inertial force of the table mass during fast tests with 
significant accelerations. The friction model, schematically shown in Figure 3.12, was calibrated 
by trying to reduce the measured force to zero during empty table runs. 
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Figure 3.12 Model schematic to correct for friction, inertia and offset. 

3.2.4.1 Friction Force Dependent on Velocity 

Previous studies of the SRMD have identified the dependence of the friction force values with 
velocity as shown in Table 3.5 and Figure 3.13. In addition, the friction forces have been found 
to be dependent on the direction of sliding; e.g., the longitudinal and lateral directions indicate 
different friction values. Two different assumptions can be made to estimate the friction forces. 

1. Use the square root of sums of squares (SRSS) of both (longitudinal and lateral 
direction) velocities to calculate the peak velocity dependent friction force and 
then distribute them based on their magnitude, neglecting the dependence on the 
direction; and 

2. Calculating the corresponding friction force for each horizontal DOF based on its 
own velocity. 

Based on several experiments, the second approach was found to be more appropriate in 
correcting for friction. Calculation of velocity and the application of any filter in displacement 
will add additional delays in the signal. It was first attempted to calculate velocity directly from 
the measured table displacements and/or accelerations, but the resulting signal turned out to have 
significant noise. Alternatively, the velocity was calculated based on the command signal sent to 
the controller from Simulink. However, the command is not guaranteed to be in phase with the 
actual motion of the table due to delays. To make sure that friction correction is applied with 
proper delay compensation, some empty table runs were first examined in the expected range of 
velocity. First, a few parameters were set, including the velocity at which to cap the maximum 
friction force. In order to simplify the model, a cap was assumed below a certain threshold 
velocity since the static friction force was not possible to capture. Also, to avoid big jumps in the 
force feedback, especially at displacement reversals when the velocity changes its sign, the 
friction force was set to zero below another threshold value. This is also beneficial during free 
vibration at the end of the experiment when the velocity is oscillating and large changes in the 
friction force would cause high-frequency noise in the measured signals sent back from Simulink 
to OpenSees. 

Note that when one-directional testing is performed in the laboratory, velocity from the 
other DOF should be set to zero. The reason for this is because the noise in the calculated 
velocity can be very large even though the displacement is small. This large velocity noise in the 
perpendicular direction will change the calculation of the friction force, leading to erroneous 
compensation for friction due to the velocity. compensation for friction due to the velocity. 
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Table 3.5 Approximate friction force versus instantaneous velocity. 

Instantaneous 
velocity (mm/sec) 

Friction force (kN) 

0.0 0.0 

0.3 0.0 

0.5 33.5 

3.0 33.5 

4.1 33.5 

5.1 33.5 

62.0 30.5 

110.0 25.0 

199.9 23.3 

254.0 23.3 

500.1 24.2 

1000.0 28.3 

 

 
Figure 3.13 Friction force for different instantaneous velocity values. 

 

3.2.4.2 Friction Force Dependency on the Vertical Load on the Table Support Bearings 

A study by Spangler Shortreed et al. [2001] demonstrated that there is also another source for 
friction force, which depends on the vertical load in the machine. Movement of the platen will 
involve nine different friction surfaces, eight on outrigger actuator contact surfaces and one for 
the four vertical actuators beneath the table platen, see Figure 3.14. 
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This vertical load dependent friction force is a function of the direction of motion, 
outrigger forces, overall vertical load, and lift pressure. Based on the expected vertical load on 
the bearing during the hybrid simulations, constant single values can be calculated for different 
directions. If there had been enough channels available in the ADC controller board on the 
dSpace, this vertical load dependent friction force could have been calculated at each time step, 
and updated values could have been used for the correction; however, variations of this portion 
of the friction force were found to be negligible for these tests. 

 

 
(a) (b) 

 
(c) (d) 

Figure 3.14 Machine contact surfaces: (a) and (b) are he vertical actuators; (c) and (d) are 
the outriggers. 

3.2.4.3 Inertia Force 

Inertia force also needs to be considered for fast hybrid testing. To calculate the inertia force, the 
effective mass of the set-up consisting of the weight of the specimen, platen and also the actuator 
pistons and the accelerations of the table in each direction are estimated. In these tests, 
accelerations were calculated through the Predictor-Corrector algorithm to obtain a smoother 
signal, similar to the calculation of velocities for the friction correction. The effective mass of the 
table can change for different set-ups and for different specimens. Bare weight of the machine 
for this specific test set-up was measured to be 1226.8 kN. Effective mass of the machine can 
also be estimated with system identification techniques discussed in the following section. 

3.2.4.4 Initial Offset 

Observations during testing with the SRMD found that there may be signal offsets in the 
measured forces by the controller. These offsets can be caused by drifts in the instrumentation 
with temperature or many other sources. There appears to be similar offsets in the measured raw 
data before correction is applied in all the tests performed in the SRMD laboratory. In order to 
resolve this issue, some maintenance or further calibration of the load cells may be required. 
Figure 3.15 shows the schematic of the SRMD for the calibration. 
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 General offset on the force 

o 11.55 kN in the longitudinal direction 

o 8 kN in the lateral direction 
 

 
Figure 3.15 Schematic of SRMD machine for the calibration. 

 

3.2.5 Pre-Test Checks  

Pre-test checks required before hybrid simulations included: 

 For a hybrid simulation in 1D: 

o Set the velocity for the other translational DOF to be zero. Otherwise this could 
cause high-frequency noise in the friction correction model creating incorrect and 
noisy compensation of the feedback signal, which in turn introduces spurious 
high-frequency noise in the numerical model. 

 For a hybrid simulation in 2D: 

o Different delay values may need to be considered for each DOF based on the 
machine’s controller settings as these affect table response performance. 

 For a hybrid simulation in 3D: 

o The SRMD machine operates in force control mode for the vertical DOF. Delay 
compensation and control gains must be determined for the vertical force DOF. 

o Safe and appropriate rate limiter settings must be determined. Special 
consideration is given for the case that vertical ground motion is also applied. 

 To prevent movement of the machine during gravity load application, the reference 
signal span needs to be set to zero until gravity is applied. Due to the gravity load in 
the model, a small deformation may result in either the lateral or longitudinal 
direction. This is within the noise level of the machine and can cause errors if the 
control system attempts to execute such low-level commands, so control of the 
machine should be taken after applying gravity. 
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 Any change in the machine settings (i.e., poppet-valve overlaps) will change the 
behavior of the machine, which means pre-test preparation such as delay calculation 
should be redone. Therefore, it is recommended to keep the same setting for the entire 
hybrid simulation test sequence. 

3.3 TEST SET-UP 

3.3.1 Hybrid Infrastructure 

As described in the previous section, several components are necessary to conduct hybrid 
simulations with the SRMD. Figure 3.16 shows the different components and their line of 
communication with each other. The numerical model is programmed in OpenSeesSP to solve 
the governing equations of motion at each integration time step for the hybrid model. 
OpenSeesSP calculates new target displacement values for the next time step, and it sends these 
to all elements (including numerical elements and to OpenFresco, which is the link to the 
experimental subassembly). OpenFresco transforms the target signals to actuator DOFs and then 
communicates with the real-time DSP running the Simulink model of the hybrid controller. This 
Simulink model running on dSpace is able to generate smooth command signals by updating an 
analog output signal each 1 millisecond using a Predictor-Corrector algorithm within the 
simulation time step. The MTS SRMD real-time controller receives these command signals as 
external reference signals and moves the SRMD machine accordingly. 

At the end of each simulation time step when the target displacement is reached by the 
SRMD, measurements of each desired DOF are recorded and then sent back to the numerical 
model. For a 2D hybrid simulation, the measurements are two horizontal displacements and their 
corresponding horizontal forces. Note that these feedback forces do not just consist of internal 
forces in the physical specimen; they are also contaminated with other forces such as inertia 
forces of the platen and friction forces of the table. These additional forces need to be subtracted 
from the feedback signals before sending them to the numerical model to apply the proper 
bearing restoring force. This correction of the feedback forces has been implemented within the 
Simulink real-time machine model described earlier. Once OpenSeesSP receives the restoring 
forces from the numerical and experimental elements, the analysis can proceed to the next 
integration time step. 
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Figure 3.16 Schematic of the test set-up. 

 

3.3.2 Analytical Model 

KEPCO E&C provided an analytical model of the isolated NPP. Details of the analytical models 
can be found in an internal report by Schellenberg et al. [2014a]. Analytical bearing models in 
OpenSees included a newly developed Bouc-Wen model for a LPRB and a newly developed 
element for the EQS bearing. 

To improve the hysteretic behavior of the elastomeric bearing [Schellenberg 2010], a new 
OpenSees element was developed based on the bidirectional coupled Bouc-Wen model [Casciati 
1989]. This provides the capability to model hysteresis loops with rounded corners (see Figure 
3.17), which more closely resemble the behavior of an elastomeric bearing than the bilinear 
behavior of the existing elastomeric element in OpenSees. In addition, the hardening behavior of 
the bearing was modified to be nonlinear and capture the stiffening effects that are observed at 
large shear strains in high-damping rubber bearings; see Figure 3.17. Ranges of possible 
hysteresis loops that can be generated with the new element are shown in Figure 3.18 below. 

Another OpenSees bearing element was developed specifically for this project for the 
EQS isolator; see Figure 3.19. The EQS bearings consist of a flat PTFE-Stainless-Steel sliding 
interface and MER compression springs that provide restoring force capability. This element was 
specifically developed to address the unique combination of a circular yield surface with a post-

OpenSeesSP Finite Element 
Model

OpenFresco Middleware 

dSpace real-time 
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yield stiffness capable of deformation hardening; see Figure 3.20. Previous analytical software 
capabilities did not exist for this combination of hysteretic damping and nonlinear restoring force 
in a single element, and a special OpenSees element was developed specifically for this project 
to have this capability. 

 

  
Figure 3.17 New OpenSees elastomeric isolator based on enhanced Bouc-Wen material 

properties. 

 

 
Figure 3.18 Possible hysteresis loops for different Bouc-Wen model parameters. 
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Figure 3.19 RJ-Watson EQS sliding isolator. 

 
Figure 3.20 New EQS isolator element in OpenSees. 

3.3.3 Experimental Set-Up 

A system of concrete spacers blocks (bolted to the platen) and a system of steel spacers (bolted 
to the cross beam) were utilized to install the isolators into the test machine. The concrete spacer 
blocks were aligned, leveled, grouted, and then post-tensioned (through high-strength 38-mm-
diameter threaded rods) to the platen. The steel spacers and upper adapting plate were aligned to 
the cross beam and bolted using high-strength 38-mm-diameter A325 bolts. The position of the 
lower adapting plate was established relative to the upper adapting plate assembly. The lower 
adapting plate was grouted and then post-tensioned (through high-strength 38-mm-diameter 
threaded rods) to the platen. An overview of the basic test set-up for this program is shown in 
Figure 3.21. 
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Figure 3.21 Overview of the typical test set-up. 

3.3.4 Instrumentation 

Horizontal force readouts on the SRMD test system are obtained by means of four load cells 
mounted at the interface between platen and horizontal actuators. Vertical force readouts are 
obtained by means of pressure cells on the four vertical actuators and the eight outrigger 
actuators. The position of the platen is measured using stroke transducers on the four horizontal 
actuators and the four vertical actuators. Each millisecond, the data recorders calculate the x, y, 
and z displacement components, and each force component is combined in order to provide three 
forces (longitudinal, lateral, and vertical) and three moments (roll, pitch, and yaw) acting on the 
platen. Accelerometers are installed on the platen, within the top surface plate for acceleration 
measurements in x, y, and z directions. 

Each of the four horizontal load cells was calibrated in accordance with ASTM E4 on a 
test machine at McGill University, Montreal, Canada. Load cells were calibrated against a 
standard MTS cell calibrated by NIST. The twelve pressure cells were calibrated by means of a 
dead weight pressure standard. The force read-out from the load cells installed on each 
horizontal actuator contains a component of the frictional forces mainly generated at the sliding 
interfaces between reaction frame and vertical actuators as well as a component of the inertia 
forces caused by the platen mass. Sensors are calibrated yearly to be consistent with ASTM 
Standards. 
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The raw data provided by the machine and external sensors are stored for each test in 
binary format on a computer hard disk. The user is allowed to select the channels to be stored in 
a file, the sampling rate, starting delay and recording period, and the start recording trigger that 
can be either manual or synchronized with the run command. A typical list of channels recorded 
for tests on isolation bearings is provided in Table 3.6. Modifications to this list were introduced, 
for this project, based on the specific type of test and bearing. 

Linear voltage displacement transducers (LVDTs) were used to measure vertical 
deformations of the bearing. Vertical displacement feedback of the table is not the same as 
vertical deformation of the bearing because of the flexibility of the cross beam, see Figure 3.22. 
Figure 3.23 shows the configuration for these LVDTs. The LVDTs for the Unison eTech 
bearings were placed in four corners as close as practical to the bearing. The LVDTs for the 
ESCO RTS bearing were placed internally between the middle and bottom plates to capture 
deformation of the polytron disk, and were left in place throughout testing. In order to obtain a 
more reliable measurement of the vertical deformation of the bearing—especially for calculation 
of the vertical stiffness of the bearings—average values of the four displacement transducers at 
each corner of the bearing were considered. 

 
Figure 3.22 Vertical displacement of the SRMD and LVDTs. 

 

 
Figure 3.23 LVDTs used to measure vertical deformation of the bearings. 
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Table 3.6 Typically recorded channel list. 

Channel number Channel Units 

1 Long. reference in. 

2 Lat. eeference in. 

3 Long. feedback in. 

4 Lat. deedback in. 

5 Vert. feedback in. 

6 Roll feedback  

7 Pitch feedback  

8 Yaw feedback  

9 Long. force fbk U.S. ton 

10 Lat. force fbk U.S. ton 

11 Vert. force fbk U.S. ton 

12 Roll force fbk Ton-ft 

13 Pitch force fbk Ton-ft 

14 Yaw force fbk Ton-ft 

15 Compression force fbk U.S. ton 

16 V-NE force fbk U.S. ton 

17 V-SE force fbk U.S. ton 

18 V-NW force fbk U.S. ton 

19 V-SW force fbk U.S. ton 

20 O-NE force fbk U.S. ton 

21 O-SE force fbk U.S. ton 

22 O-NW force fbk U.S. ton 

23 O-SW force fbk U.S. ton 

24 AXNE accel fbk g 

25 AYNE accel fbk g 

26 AYNW accel fbk g 

27 AZNE accel fbk g 

28 NE disp. in. 

29 SE disp. in. 

30 NW disp. in. 

31 SW disp. in. 
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Figure 3.24 Snapshot from the camera mounted inside the EQS bearing. (courtesy of 

ESCO RTS). 

Video and audio recordings were obtained of all testing stages via three color cameras. 
One other camera was installed inside the EQS bearings by ESCO RTS; see a video snapshot in 
Figure 3.24. Video captured through this camera helped to understand the behavior of the 
bearing, and in case of failure it helped identify the failure mechanism. 

Thermocouples installed in the Unison eTech bearings were monitored by a separate data 
acquisition system. Synchronization of this system with the primary data acquisition system is 
achieved by comparison of a common signal recorded on both systems. Temperature monitoring 
of the EQS bearings by thermocouples was deemed impractical. Since heat generation and 
dissipation is a fairly slow process, temperature data was recorded at a low sampling rate of 
1 Hz. 

3.3.5 Data Reduction Procedure 

Units reported in Table 3.6 are consistent with the units that are used in the machine operation. 
First, the data reduction process involves converting to the units requested by the client. Note 
that herein tons are English tons. The description of the physical quantities recorded reflects the 
classic control language. The Reference quantities (Channel #1 and #2) serve as the target signal 
used as input to the control; e.g., the signal histories of displacement components that the user 
requests the machine to perform. The corresponding feedback (fbk) readouts are the response 
histories of what the machine sensors detected. Note that the readout of forces and displacements 
in longitudinal, lateral, and vertical directions, (#3#15) represent the results of computations by 
the control computer in order to combine the local readouts of the system sensors in the DOF 
directions. 

In Table 3.6, vertical force (#11: Vert Force fbk) represents the net force exerted by the 
four vertical actuators mounted under the platen and the eight outrigger actuators. This vertical 
force takes into account all weights and external vertical loads applied to the platen and does not 
represent the vertical load applied to the test specimen. Instead, the Compression Force (#15 
Compression Force fbk) is intended as the uncorrected vertical force applied to the specimen. 
The signals V-xx and O-xx (Channels #16 thru #23) indicate force readouts for vertical and 
outrigger actuators, respectively, at xx (e.g., NE=North-East etc.) location in the machine plan. 
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Channels #24#27 are the acceleration readouts of the sensors installed within the top surface of 
the platen where X = Longitudinal, Y = Lateral, and NE = North East, and so on. The data from 
the displacement transducers utilized to measure the vertical deformation across the bearing were 
recorded in channels #28 through #31 when available. 

As a general procedure adopted by the SRMD laboratory, the main objective of the data 
reduction process is to remove the components that are not directly applied to the test specimen 
from the measured forces; specifically the inertial and machine friction forces. This procedure 
required a theoretical and experimental phase of machine characterization and shake-down, 
mainly oriented to the assessment of the frictional and inertial characteristics of the system. 
Recorded forces are corrected based on the idealized horizontal equilibrium equation of the 
system: 

Force readouts = Shear across the specimen + Inertial forces + Machine friction + Error. 

Here, the error term takes into account all the uncertainties related to the readout and 
correction process. The inertia forces were estimated by means of the accelerometers mounted at 
the table top surface with longitudinal, lateral, and vertical orientation. The horizontal platen 
mass was assessed during high-speed tests at assigned frequency and amplitude, and calculated 
from actuator force-displacement hysteresis loops. Velocities and accelerations used for 
correction purposes can also be calculated as derivatives and double derivatives of the recorded 
displacements. In order to obtain smooth velocity and acceleration histories when derivatives are 
used in the reduction process, a preliminary smoothing procedure is applied to raw displacement 
data using a Savitzky-Golay (polynomial) smoothing filter. 

In order to improve the assessment of the machine friction component independent of the 
applied vertical load, empty table runs were completed without the test specimen. These were 
conducted with displacement and velocities amplitudes identical to those previously applied to 
the isolators. The friction component obtained during these tests represents the most significant 
portion of the overall machine friction force. The friction component due to the instantaneously 
applied vertical load is later added to the frictional forces recorded during the runs without the 
test specimen since there was no vertical load on the platen during these runs. With this 
procedure, the forces recorded during the actual tests are corrected, point by point, by removing 
the overall friction forces generated by the test equipment. Data is presented in the form of 
"processed data" when data has been corrected with either of these processing protocols. 

3.3.6 Pre-Test Bearing Condition 

3.3.6.1 Unison Bearings 

The Unison eTech bearings UET-1, UET-2, and UET-3 were received by UCSD, on April 4, 
2014. Upon delivery to the SRMD laboratory, the LPRB bearings were inspected and found to 
be in poor condition. Lead-core cover plates were dislodged, which was caused by lead-core 
expansion and subsequent bolt failure, see Figures 3.25 and 3.26. The bolts, items 1.5 in “detail 
a” of Figure 2.1, failed in tension, presumably by differential creep of the pre-compressed lead 
core and surrounding bearing, which was compressed during lead installation. All three bearings 
had cover plate bolt fractures on either the top or bottom cover plate. Bolts continued to fracture 
after delivery. Prior to installation in the SRMD machine, the cover plates were compressed 
using the SRMD machine and spacer plates to install replacement bolts. 
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Figure 3.25 Unison bearing pre-test condition. 

 
Figure 3.26 Unison bearing cover plate bolt failure. 
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Bearing end plates were bowed in a manner consistent with the lead core’s pre-
compression. The plates were convex, making installation of the adapter plates challenging. In 
order to close the millimeter-wide edge gaps between the bearing end plates and bearing adapter 
plates, the sandwiched bearings were loaded in the side of the machine and squeezed to enable 
the insertion of the bolts. The result was that the bearing adapter plates conformed to the bow of 
the bearing end plates. 

Three thermocouples were installed in the lead core during production. One was installed 
near the top at an unspecified depth. The remaining two were installed next to each other down 
approximately one-third of the bearing height. Precise locations were not provided. In bearing 
UET-1, only one of the three thermocouples survived production and shipment. All three 
thermocouples in UET-2 were intact upon delivery. UET-3 was reserved as backup, and the 
thermocouples were not tested for continuity. 

3.3.6.2 ESCO RTS Bearings 

ESCO RTS bearings EQS-1 and EQS-2 were received by UCSD, on April 3, 2014. Upon 
delivery to the SRMD laboratory, the EQS bearings were in good condition; see Figure 3.27. 
They were delivered with the sliding plate on the bottom. However, installation of the 
asymmetric machine adapter plates required the sliding plate to be on top. The bearings were 
flipped to conform to this installation configuration and tested with the sliding plate on the top. 

 

 
Figure 3.27 ESCO RTS bearing pre-test condition. 
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3.4 HYBRID SIMULATION TEST PROTOCOL 

Hybrid simulations were conducted at hazards corresponding to a safe shutdown event according 
to EUR 2.4.6 and NRC RG1.60 specifications [EUR 2012; NRC 1973]. The hazards were each 
characterized with a set of twenty dispersion-appropriate three-component ground motions 
[Schellenberg et .al. 2014b]. The mean elastic response spectrum agreed well with the design 
spectrum, but significant deviations are present in individual records. Ground motions used in 
the hybrid tests were selected from both of these hazards. 

A subset of ground motions was selected from the EUR and NRC sets of twenty records. 
The selection criteria were based on peak lateral displacement and axial force demands. These 
demands were analytical estimates obtained from nonlinear response history analyses conducted 
on bearing models calibrated against the manufacturer’s quality control tests; see Sections 2.2 
and 2.3. However, post-test comparisons showed these analytical estimates differed from results 
obtained in repeated manufacturer quality tests conducted at the SRMD. Ground motions that 
imposed a peak lateral displacement close to the median of the set were preferred. Attention was 
then directed towards motions that imposed large variations in axial force without producing 
uplift or tension in the isolators. For the LPRB isolator, the peak demands are provided in Figure 
3.28 for lateral displacement and Figure 3.29 for axial force considering the EUR hazard, and 
considering the NRC hazard the demands are provided in Figure 3.30 for lateral displacement 
and Figure 3.31 for axial force. The resulting selections for the LPRB were Record #5 for the 
EUR hazard and Record #15 for the NRC hazard. 

 
Figure 3.28 Analytically determined peak lateral displacement demands per the EUR 

hazard level [2012] based on an LPRB isolator (green lines = median with 95% 
confidence interval, red lines = 5th and 95th percentile). 
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Figure 3.29 Analytically determined peak axial force demands for the EUR hazard level 

[2012] based on an LPRB isolator (green lines = median with 95% confidence 
interval, red lines = 5th and 95th percentile). 

 
Figure 3.30 Analytically determined peak lateral displacement demands for the NRC 

hazard level [1973] based on an LPRB isolator (green lines = median with 95% 
confidence interval, red lines = 5th and 95th percentile). 
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Figure 3.31 Analytically based peak axial force demands for the NRC hazard level [1973] 

based on an LPRB isolator (green lines = median with 95% confidence interval, 
red lines = 5th and 95th percentile). 

For a FPSB isolator, the peak demands considering the EUR hazard are provided in 
Figure 3.32 for lateral displacement and Figure 3.33 for axial force, and considering the NRC 
hazard the peak demands are provided in Figure 3.34 for lateral displacement and Figure 3.35 for 
axial force. Selections for the EQS bearing were Record #5 for the EUR hazard and Record #2 
and #10 for the NRC hazard. 

The selection criteria resulted in ground motions designated as EUR5 and NRC15 for the 
LPRB bearing, and EUR5, NRC2, and NRC10 for the EQS bearing. These are characterized in 
terms of their horizontal and vertical response spectra in Figures 3.363.39. The set of hybrid 
simulation scenarios conducted on the LPRB using these records is summarized in Table 3.7. 
Hybrid simulation scenarios performed on the EQS bearing are summarized in Table 3.8. These 
tables contain the ground motion considered, ground motion components considered, model 
discretization, which bearing was tested, the test rate, and the test number. The test rate is the 
number of times slower than real time at which the test was conducted. The complete set of tests 
performed, including development tests and hybrid simulations, are provided in Appendix A for 
the LPRB bearing and Appendix C for the EQS bearing. Appendices B and D contain the full set 
of characterization tests conducted on the LPRB and EQS bearings, respectively. 
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Figure 3.32 Analytically determined peak lateral displacement demands for the EUR 

hazard level [2012] based on an FPSB isolator (green lines = median with 95% 
confidence interval, red lines = 5th and 95th percentile). 

 
Figure 3.33 Analytically determined peak axial force demands for the EUR hazard level 

[2012] based on an FPSB isolator (green lines = median with 95% confidence 
interval, red lines = 5th and 95th percentile). 
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Figure 3.34 Analytically determined peak lateral displacement demands for the NRC 

hazard level [1973] based on an FPSB isolator (green lines = median with 95% 
confidence interval, red lines = 5th and 95th percentile). 

 
Figure 3.35 Analytically determined peak axial force demands for the NRC hazard level 

[1973] based on an FPSB isolator (green lines = median with 95% confidence 
interval, red lines = 5th and 95th percentile). 
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Figure 3.36 Response spectra of the EUR05 ground motion characterizing the EUR hazard 

level [2012] 
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Figure 3.37 Response spectra of the NRC02 ground motion characterizing the NRC hazard 

level [1973]. 
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Figure 3.38 Response spectra of the NRC10 ground motion characterizing the NRC hazard 

level [1973]. 
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Figure 3.39 Response spectra of the NRC15 ground motion characterizing the NRC hazard 

level [1973]. 
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Table 3.7 Hybrid tests conducted on the LPRB bearings. 

Ground 
motion 

Components Model Bearing Test 
rate 

LPRB test 
no. 

EUR5 Longitudinal Exp = All UET-2 25 37 

EUR5 Longitudinal Exp = All UET-2 25 44 

EUR5 2D Exp = All UET-2 25 26 

EUR5 2D Exp = All UET-2 25 45 

EUR5 3D Exp = All UET-1 25 78 

EUR5 3D 
5 groups of bearings 

(Exp = Center) 
UET-1 25 82 

EUR5 3D 
5 groups of bearings 

(Exp = Corner-No. 3) 
UET-1 25 83 

NRC15 Longitudinal Exp = All UET-2 25 47 

NRC15 2D Exp = All UET-2 25 55 

NRC15 2D Exp = 1 of 527 bearings UET-2 75 61 

NRC15 2D 
5 groups of bearings 

(Exp = Center) 
UET-2 25 63 

NRC15 3D 
5 groups of bearing 

(Exp = Center) 
UET-1 25 84 

NRC15 3D 
5 groups of bearing 

(Exp = Corner-No. 3) 
UET-1 25 85 

NRC15 3D with vertical 
5 groups of bearings 

(Exp = Corner-No. 3) 
UET-1 25 89 
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Table 3.8 Hybrid tests conducted on the EQS bearings. 

Ground 
motion 

Components Model Bearing Test 
rate 

EQS test no. 

EUR5 Longitudinal Exp = All EQS-1 25 17 

EUR5 Longitudinal Exp = All EQS-2 5 53 

EUR5 2D Exp = All EQS-1 25 18 

NRC2 2D Exp = All EQS-1 25 21 

NRC2 Longitudinal Exp = All EQS-1 25 22 

NRC2 2D 
5 groups of bearings 

(Exp = Center) 
EQS-2 

5 
43 

NRC2 3D 
5 groups of bearings 

(Exp = Center) 
EQS-2 

20 
47 

NRC2 3D 
5 groups of bearings 

(Exp = Corner) 
EQS-2 

20 
50 

NRC2 
3D with 

vertical motion 

5 groups of bearings 

(Exp = Corner) 
EQS-2 

20 
51 

NRC2 Longitudinal Exp = All EQS-2 5 52 

NRC2 2D Exp = All EQS-2 5 54 

NRC10 2D Exp = All EQS-2 5 58 

3.5 HYBRID SIMULATION TEST RESULTS 

For all hybrid simulation tests, data was simultaneously recorded on four different machines that 
were part of the overall testing system. Nodal and element response quantities for the entire 
OpenSees model that was analyzed on a 12-core, high-performance computing machine were 
recorded there. Because the analysis model was a hybrid model consisting of numerical as well 
as an experimental element, measured response quantities included the experimental element. 
Furthermore, OpenFresco was deployed on the analysis machine, allowing control and data 
acquisition quantities to be recorded through the dSpace experimental control object. Response 
quantities in OpenSees and OpenFresco were recorded at the integration time step interval of 
0.01 sec, providing a frequency resolution of up to 50 Hz. Secondly, data was recorded on the 
dSpace real-time digital signal processor board where the synchronization predictor-corrector 
algorithms were executed. All the commanded and measured data that passed through the 
predictor-corrector was recorded at the dSpace sampling rate of 1 kHz, which is identical to the 
MTS SRMD real-time digital controller sampling rate. In order to confirm the correct operation 
of the event-driven predictor-corrector and the real-time SRMD machine friction correction 
algorithm, it was necessary to record data at such a high sampling rate, even though the overall 
hybrid simulation was executed 25 times slower than real time for most of the tests. The third 
machine that recorded data during each hybrid simulation was the digital SRMD controller. For 
the majority of the hybrid tests, the data acquisition rate on the SRMD controller was set at 50 
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Hz. Command and measured signals for the six-DOFs table were recorded for most tests. The 
fourth data acquisition machine was the aforementioned standalone machine that monitored 
thermocouples. 

Because the SRMD was not originally designed with the intent of conducting hybrid 
simulations it was necessary to determine and understand the limitations and difficulties arising 
from the many different testing components required to perform hybrid simulations. Hence, 
many of the hybrid simulation runs carried out over the five-week testing period were necessary 
to study, recalibrate, and ultimately improve the performance of the overall hybrid test system. 
These runs, which were crucial for the success of the test program, are considered developmental 
runs and their results are reported only in the appendices. Results that were recorded from the 
dSpace digital signal processor, the SRMD digital controller, and the independent DAQ system 
are also presented in the appendices of this report. 

Results presented focus on the structural responses recorded by OpenSees and 
OpenFresco. A list of the hybrid simulation runs that are being discussed and compared is shown 
in Table 3.7 for the Unison eTech bearings and in Table 3.8 for the ESCO RTS bearings. For 
each comparison, the behavior of the experimentally tested isolator is presented in terms of 
displacement and force demands, and on the in-structure response in terms of floor response 
spectra. For the isolator specimen, hysteresis loops in longitudinal and lateral directions, the 
horizontal displacement orbit, and the shear-force interaction surface are provided. For the plant 
superstructure, floor response spectra at three different elevations along the height of the reactor 
containment building (RCB) and along the height of the primary shield wall (PSW) are provided. 
The response spectra for the input ground motion are included. The elastic response spectra were 
generated by analyzing 2 DOF linear-elastic systems with 5% damping; the reported spectral 
quantities are vector norms of the response quantities in the two horizontal directions. 

3.5.1 Unison eTech: LPRB Test Results 

3.5.1.1 Comparison of 1D and 2D Horizontal Inputs 

Figure 3.40 presents a comparison of the hysteresis loops for a 1D longitudinal hybrid simulation 
(Run 44) with a 2D bidirectional hybrid simulation (Run 45). The hybrid model had one 
experimental bearing representing all the bearings and was analyzed for the EUR5 ground 
motion. As can be seen from the figure, the maximum longitudinal displacement demand from 
the 1D test is 61 mm, which is larger than the 54 mm demand from the 2D test. From the 
longitudinal hysteresis loop of the 2D test, shear-force fluctuations are obvious at around 40 mm, 
caused by the lateral deformation. Furthermore, the hysteresis loops of the 2D test become 
narrower a little more quickly compared to the 1D test. This reduction of the yield force over 
time is caused by the increase of the temperature in the lead core. In the 2D test the lead core 
heated up faster because of bidirectional motion, hence the observed narrowing of the hysteresis 
loops. However, for the very first few cycles, the hysteresis loop of the 2D test is wider than the 
1D test, which ultimately caused the larger displacement demand seen in the 1D test. At this 
point it is not clear why this occurred. It is possibly the result of a small change made to the 
friction compensation model; further investigation is needed. Finally, the shear-force interaction 
surface was nearly circular, reaching a maximum shear force of 841 kN. The reason for the 
shear-force interaction surface being nearly circular is because the displacement demands caused 
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by the EUR5 ground motion were very small, and the LPRB responded primarily in its linear-
elastic range, with only a few cycles exceeding the yield surface. 

Figure 3.41 shows several floor response spectra for the RCB and PSW. Generally, the 
floor response spectra from the 1D and 2D test are nearly identical. Peaks can be identified in the 
spectra at several distinct frequencies. For the RCB, the largest spike in the floor spectra reaches 
1.5g and occurs at ~3.7 Hz, which corresponds to the first horizontal mode of vibration of the 
RCB. A much lower spike of ~0.6g is observed between 7.510 Hz, which is due to the 
interaction of the RCB with the PSW and SSW. Similarly, in the floor response spectra of the 
PSW the main spike can be identified at ~9.5 Hz reaching a spectral acceleration of 2g. This 
spike corresponds to the first-mode frequency of the PSW. Finally, for all of the floor spectra for 
both substructures there is a small hump around 0.65 Hz, which corresponds to the isolation 
frequencies with the isolator responding somewhere in between the linear-elastic and nonlinear 
range. 

 
Figure 3.40 LPRB bearing: comparison of bearing responses to ground motion EUR5 (1D 

and 2D analyses). 
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Figure 3.41 LPRB bearing: response spectra comparison of response to ground motion 

EUR5 (1D and 2D analyses). 
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Figures 3.42 and 3.43 compare the 1D (Run 47) to 2D (Run 55) results of the hybrid 
model with one experimental bearing representing all the bearings analyzed for the NRC15 
ground motion. As can be seen in Figure 3.42, the maximum longitudinal displacement demand 
from the 1D test is 468 mm, which is smaller than the 531 mm demand obtained from the 2D 
test. Due to the faster and increased generation of heat in the lead core during bidirectional 
cycling in the 2D test as compared to the 1D test, the hysteresis loops of the 2D test became 
narrower much faster than the one of the 1D test. This effect is much more pronounced in these 
NRC15 tests with larger displacement demands than in the EUR5 tests. Because of this increased 
heat generation, bearing displacement demands from the 2D test were ultimately larger than the 
ones obtained from the 1D test. The shear-force fluctuations in the 2D test caused by 
perpendicular deformations were more pronounced in the NRC15 test than in the EUR5 test. 
This can be attributed to the almost ten times larger overall displacement demand in the NRC15 
test. Finally, the shear-force interaction surface was no longer circular, and a maximum shear 
force of 1797 kN was reached. The shear-force interaction surface ceases to be circular because 
the displacement demands caused by the NRC5 ground motion are very large; therefore, the 
LPRB mostly responds in its post-yield range. 

Figure 3.43 compares the floor response spectra for the NRC15 ground motion; note that 
there is a distinct difference in the size of the spectral acceleration spikes between the 1D and 2D 
tests. While the peaks occur around the same frequencies, the spectral accelerations from the 2D 
test are significantly smaller compared to the 1D test. For the 2D test the spectral amplitude at 
the first-mode frequency of the RCB is 0.6g, whereas the one from the 1D test is 1.0g. Similarly, 
the spectral amplitude at the first-mode frequency of the PSW is 0.8g for the 2D test and 1.7g for 
the 1D test. Less acceleration is transmitted to the superstructures in the 2D test as compared to 
the 1D test for two reasons: 

1. As described earlier, the yield strength of the lead core reduces more and faster in 
the 2D test than the 1D test. A smaller characteristic strength of the isolator means 
that less shear force and hence less acceleration is being transmitted into the 
superstructure; and 

2. The bidirectional movement in the 2D test produces more rounded hysteresis 
loops than the unidirectional movement in the 1D test. A more rounded hysteresis 
loop causes less abrupt changes in shear force; therefore, there are fewer 
acceleration spikes. 

Note that all the spectral acceleration peaks computed from the recorded floor 
accelerations of the NRC15 tests are significantly smaller than the ones computed for the EUR5 
tests. This improvement is attributed to the isolator mostly responding in its nonlinear range (low 
post-yield stiffness) for the NRC15 ground motion, whereas for the EUR5 ground motion the 
isolator mostly responds in its linear-elastic range (high initial stiffness). This same observation 
also explains the shift of the low-frequency spectral acceleration hump from 0.65 Hz for the 
EUR5 motion to ~0.25 Hz. This means the isolation period corresponding to the post-yield 
stiffness is somewhere around 4 sec. Finally, it is important to observe that for most elevations, 
the peak floor accelerations are around 0.25g, which is a reduction by almost a factor of three 
from the peak ground acceleration (PGA). 

 
 



 52

 
 
 
 
 
 
 

 
Figure 3.42 LPRB bearing: comparison of bearing responses to ground motion NRC15 (1D 

and 2D analyses). 

600 300   0  300  600
2,000

1,000

     0

 1,000

 2,000

Longitudinal displacement (mm)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

 

 
1D .
2D .

600 300   0  300  600
2,000

1,000

     0

 1,000

 2,000

Lateral displacement (mm)

L
a
t
e
r
a
l
 
f
o
r
c
e
 
(
k
N
)

600 300   0  300 600
600

300

   0

 300

 600

Lateral displacement (mm)

L
o
n
g
.
 
d
i
s
p
l
a
c
e
m
e
n
t

(
m
m
)

2,000         0         2,000
2,000

1,000

     0

 1,000

 2,000

Lateral force (kN)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)



 53

 

 
Figure 3.43 LPRB bearing: response spectra comparison of responses to ground motion 

NRC15 (1D and 2D analyses). 
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3.5.1.2 Influence of Vertical Excitation 

Figure 3.44 compares the hysteresis loops obtained from a hybrid simulation without vertical 
excitation (Run 85) with a hybrid simulation including vertical excitation (Run 89). The hybrid 
model used for these tests had five equivalent bearings with one experimental bearing 
representing a group of 67 bearings under the south-west corner of the NPP, using the NRC15 
ground motion. The hysteresis loops in longitudinal and lateral directions, the horizontal 
displacement orbits, and the shear-force interaction surfaces are nearly identical for the two tests. 
Close observation of the plots demonstrates that the results from the test including vertical 
excitation show small higher frequency (~10 Hz) shear-force oscillations that are not present in 
the results from the test without vertical excitation. The oscillations are most noticeable in the 
lateral hysteresis loop but can also be seen in the shear-force interaction diagram. It is apparent 
from the displacement orbit plot that these additional shear-force oscillations due to the vertical 
excitation have negligible effect on the bearing displacement demands. However, the shear-force 
oscillations clearly demonstrate the verticalhorizontal coupling that occurs in LPRBs. As the 
bearing displaces sideways in horizontal direction and the axial force fluctuates (between 2000 
kN and 17,500 kN) due to the vertical ground motion input, the shear resistance of the bearing 
fluctuates as well. 

Comparing the floor response spectra for the hybrid simulations with and without vertical 
excitation (see Figure 3.45), there is a very distinct difference in the size of the spectral 
acceleration spikes between the two tests. While the peaks occur around the same frequencies, 
the spectral accelerations from the test including vertical excitation are significantly larger. The 
differences are most pronounced for the PSW floor response spectra. As can be seen from the 
figure, the peak spectral acceleration for the test without vertical excitation is around 0.75g, 
whereas the one from the test including vertical acceleration spikes up to 4.2g. The spikes occur 
at a frequency of ~10 Hz, which is identified as the fundamental vertical frequency of the plant 
superstructure. As discussed in the previous section the LPRB exhibits verticalhorizontal 
coupling; this effect becomes most apparent in the floor response spectra, whereas it was barely 
noticeable in the hysteresis loop plots. Because the vertical frequency of oscillation is around 10 
Hz, the shear-force oscillations caused by the coupling also occurred at around 10 Hz. The first-
mode horizontal frequency of the PSW is around 810 Hz, which is very close to the vertical 
frequency of the superstructure. On the other hand, the first-mode frequency of the RCB at 3.7 
Hz is well separated from the vertical frequency. Hence, the floor response spectra of the PSW 
are significantly affected by the verticalhorizontal coupling, while the floor response spectra of 
the RCB are much less influenced by this effect. 
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Figure 3.44 LPRB bearing: comparison of bearing responses to a ground motion with and 

without vertical excitation (ground motion NRC15, 2D and 3D analyses). 

  

600 300   0  300  600
2,000

1,000

     0

 1,000

 2,000

Longitudinal displacement (mm)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

 

 
No vertical .
W/ vertical .

600 300   0  300  600
2,000

1,000

     0

 1,000

 2,000

Lateral displacement (mm)

L
a
t
e
r
a
l
 
f
o
r
c
e
 
(
k
N
)

600 300   0  300 600
600

300

   0

 300

 600

Lateral displacement (mm)

L
o
n
g
.
 
d
i
s
p
l
a
c
e
m
e
n
t

(
m
m
)

2,000         0         2,000
2,000

1,000

     0

 1,000

 2,000

Lateral force (kN)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)



 56

\

 
Figure 3.45 LPRB bearing: response spectra comparison of responses to a ground motion 

with and without vertical excitation (ground motion NRC15, 2D and 3D 
analyses). 
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3.5.1.3 Influence of Axial Load Variation due to Overturning 

Figure 3.46 compares the hysteresis loops obtained from a hybrid simulation with the 
experimental bearing located in the center of the plant (Run 82) with a hybrid simulation where 
the experimental bearing is located in the south-west corner (Run 83). The hybrid model used for 
these tests had five equivalent bearings. The case with the experimental bearing in the center 
represents a group of 133 isolators, and the case with the experimental bearing in the south-west 
corner represents a group of 67 bearings. The EUR5 ground motion was used in these tests. The 
hysteresis loops in longitudinal and lateral directions, the horizontal displacement orbits, and the 
shear-force interaction surfaces were nearly identical for the two tests. It was concluded that the 
isolator location has a negligible influence on the response of the bearing for smaller shear 
strains demands, e.g., the ones caused by the EUR5 ground motion. It is also worth mentioning 
that the initial axial compression on the experimental bearing located in the center was 8357 kN 
and 8985 kN when it was located in the south-west corner. 

Comparing the floor response spectra for the two hybrid simulations (see Figure 3.47), 
the spectral accelerations are almost identical. The hybrid test with the experimental bearing in 
the corner consistently produced slightly larger spectral accelerations at all frequencies and 
elevations than the hybrid test with the experimental bearing located in the center. This small 
increase in spectral accelerations is caused by the verticalhorizontal coupling characteristic of 
LPRBs. The vertical overturning force fluctuated between 6807 kN (24% below the initial axial 
force) and 11,364 kN (26% above the initial axial force). These fluctuations, which have similar 
frequency content as the bearing shear forces, influence the shear forces. This changes the 
transmissibility of the entire isolation system, and spectral accelerations in the plant 
superstructure were increased. This effect would be more pronounced if improved analytical 
bearing elements, capable of verticalhorizontal coupling, were available for the other three 
corners of the NPP. 

Figure 3.48 compares the hysteresis loops obtained from a hybrid simulation with the 
experimental bearing located in the center of the plant versus a hybrid simulation where the 
experimental bearing was located in the south-west corner. The hybrid model used for these tests 
had five equivalent bearings. The case with the experimental bearing in the center represented a 
group of 133 isolators, and for the case with the experimental bearing in the south-west corner 
represented a group of 67 bearings. The NRC15 ground motion was used in these tests. The 
analytical bearing elements were changed from Bouc-Wen models (for the first test with the 
experimental bearing located in the center) to bi-linear plasticity models (for the second test with 
the experimental bearing in the south-west corner). This change makes comparisons of the two 
hybrid simulations very difficult because it is unclear if any of the differences in the results were 
caused by the change in bearing location or by the change of the analytical bearing models. It is 
again worth mentioning that the initial axial compression on the experimental bearing located in 
the center was 8357 kN and 8985 kN when it was located in the south-west corner. 

That being said, the hysteresis loops, displacement orbits, and shear-force interaction 
diagram are almost identical between the two hybrid simulations; see Figure 3.48. However, the 
isolator post-yield stiffness for the test where the experimental bearing is located in the corner 
was slightly smaller than for the test where the experimental bearing was located in the center for 
the hysteresis loops in the longitudinal direction at very large displacements. This was more 
likely due to the change of the analytical bearing models than the location of the experimental 
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bearing. Had this difference been caused by the vertical force fluctuations due to overturning 
(which only affect the experimental bearing in the second test) the P- effects would have been 
opposite to what was observed. Because the isolator was located in the negative longitudinal and 
lateral quadrant, a positive displacement should decrease the axial load, which should increase 
the shear stiffness; a negative displacement should increase the axial load, which should decrease 
the shear stiffness. This influence of the P- effect is opposite to what is shown in the figure. 

Comparing the floor response spectra for the two hybrid simulations (see Figure 3.49), 
the spectral accelerations are almost identical except for the spike at the fundamental frequency 
of the RCB, where the spectral acceleration from the center test is around 1.0g but from the 
corner test is around 1.5g. Again, it seems more likely that the larger spectral acceleration 
observed in the second test is caused by the change of the analytical bearing models rather than 
the change in the location of the experimental bearing. 

 

 
Figure 3.46 LPRB bearing: comparison of bearing responses depending on the location of 

the bearing (ground motion EUR5, 3D analysis). 

100  50   0   50  100
1,000

  500

     0

   500

 1,000

Longitudinal displacement (mm)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

 

 
Center .
Corner .

100  50   0   50  100
1,000

  500

     0

   500

 1,000

Lateral displacement (mm)

L
a
t
e
r
a
l
 
f
o
r
c
e
 
(
k
N
)

100  50  0   50 100
100

 50

   0

  50

 100

Lateral displacement (mm)

L
o
n
g
.
 
d
i
s
p
l
a
c
e
m
e
n
t

(
m
m
)

1,000         0         1,000
1,000

  500

     0

   500

 1,000

Lateral force (kN)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)



 59

 
Figure 3.47 LPRB bearing: response spectra comparison of responses depending on the 

location of the bearing (ground motion EUR5, 3D analysis). 
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Figure 3.48 LPRB bearing: comparison of bearing responses depending on the location of 

the bearing (ground motion NRC15, 3D analysis). 
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Figure 3.49 LPRB bearing: response spectra comparison of responses depending on the 

location of the bearing (ground motion NRC15, 3D analysis). 
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3.5.1.4 Variation due to Bearing Discretization Models 

Figures 3.50 and 3.51 compare test results from three different hybrid models. In the first model, 
one experimental bearing represents all 527 bearings (Run 55); in the second model, one 
experimental bearing represents one of five bearing groups (Run 85); and lastly, in the third 
model the experimental bearing represents one individual bearing out of 527 (Run 61). All 
models were analyzed for the NRC15 ground motion. However, the hybrid simulations for the 
first two models were executed 25 times slower than real time, whereas the hybrid simulation for 
the third model had to be executed 300 times slower than real time due to the complexity of the 
model. These different execution speeds make it very difficult to compare the third model 
against the first two models. As observed in Figure 3.50, the hysteresis loops in longitudinal and 
lateral directions, the horizontal displacement orbits, and the shear-force interaction surfaces 
match fairly well for the first two models. The model where the experimental bearing represents 
one of five bearing groups predicts an overall slightly larger displacement demand of 561 mm 
than the model where one experimental bearing represents all bearings, which produces a 
displacement demand of 531 mm. Shear-force demands from those two models are very similar, 
reaching ~1.9 MN for the one bearing model and ~1.8 MN for the five bearing model. In 
contrast, the bearing response from the third model where the experimental bearing represents 
only one out of 527 bearings is very different from the first two models. It is obvious that the 
analytical isolator model used for the remaining 526 bearings was fairly inaccurate, and the 
response of the whole isolation system was dictated by the analytical bearings. It is concluded 
that for hybrid simulations where the experimental bearing represents only one bearing in the 
entire isolation system, improved analytical isolator models are necessary, and time is required 
during testing to iteratively tune the parameters of such improved analytical isolator models. 
Furthermore, means to increase computation speeds of such highly complex hybrid models are 
needed to perform near-real-time hybrid tests in the future. 

Comparing the floor response spectra in Figure 3.51 results in similar conclusions to 
those drawn in the previous paragraph. The first two models produce spectral accelerations that 
match fairly well, while the ones from the third model—where the experimental bearing 
represents only one bearing—are quite different. As explained above, significant improvement in 
the spectral results would be expected if there had been time to better tune the analytical isolator 
models and/or improved analytical isolator elements had been available at the time of testing. 
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Figure 3.50  LPRB bearing: comparison of bearing responses to bearing layout 

discretization (ground motion NRC15, 2D analysis). 
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Figure 3.51  LPRB bearing: response spectra comparison of responses to bearing layout 

discretization (ground motion NRC15, 2D analysis). 
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3.5.1.5 Comparison Between Hybrid Simulation Tests and Analytical Estimation 

Figures 3.52 and 3.53 compare an analytical simulation (Run 44A) and a hybrid simulation 
(Run 44) for the model with one experimental bearing representing all the bearings. Both models 
were analyzed for the EUR5 ground motion applied in longitudinal direction only. The analytical 
model utilized a bearing element based on the Bouc-Wen model with the following parameters: 
k1 = 255 kN/mm, fy = 578 kN, k2 = 5.1 kN/mm,  = 0.75,  =  = 0.5. These parameters were 
based on experimental results from the hybrid simulation. As can be seen from Figure 3.52, the 
maximum longitudinal displacement demand from the analytical simulation is 66 mm, which is a 
little larger than the 61 mm demand from the hybrid test. Comparing the two longitudinal 
hysteresis loops, it is obvious that the analytical bearing model captured the initial stiffness, the 
initial lead-core yield strength, and the post-yield stiffness quite well. In addition, it captured 
fairly well the rounded transition from the linear-elastic range into the nonlinear range. However, 
the analytical bearing model was not able to capture the change of the lead-core yield strength, 
which occurs as the bearing heats up. Furthermore, the analytical model cannot capture any 
short-term Mullins’ effects or long-term scragging effects [Grant 2004]. 

A comparison of the floor response spectra presented in Figure 3.53 shows an excellent 
match between the analytical and hybrid simulation results. The simplified analytical model 
slightly overpredicts spectral accelerations at the first horizontal frequency of the RCB, and it 
slightly underpredicts spectral accelerations at the first horizontal frequency of the PSW. With 
the development of a more sophisticated model for LPRBs, the analytical predictions could be 
further improved. 

Figures 3.54 and 3.55 compare an analytical simulation (Run 47A) and a hybrid 
simulation (Run 47) for the model with one experimental bearing representing all the bearings. 
Both models were analyzed for the NRC15 ground motion applied in longitudinal direction only. 
The analytical model utilized a bearing element based on the Bouc-Wen model with the 
following parameters: k1 = 255 kN/mm, fy = 672 kN, k2 = 2.2 kN/mm,  = 0.55,  =  = 0.5. 
These parameters were based on experimental results from the hybrid simulation. As can be seen 
in Figure 3.54, the maximum longitudinal displacement demand from the analytical simulation 
was 471 mm, which is almost identical to the 468 mm demand from the hybrid test. A 
comparison of the two longitudinal hysteresis loops shows that, again, the analytical bearing 
model captures quite well the initial stiffness, the initial lead-core yield strength, and the post-
yield stiffness. However for the much larger shear strains caused by the NRC15 ground motion, 
the analytical model does not capture well the rounded transition from the linear-elastic range 
into the nonlinear range. As stated earlier, the analytical bearing model cannot capture the 
change of the lead-core yield strength, which occurs as the bearing heats up, or any of the more 
complicated phenomena, such as the short-term Mullins’ effect or long-term scragging effects. 

As shown in Figure 3.55, the simplified bearing model achieved an excellent match for 
all the floor response spectra. Once again, the analytical models slightly overpredicted spectral 
amplitudes for the RCB and underpredicted spectral amplitudes for the PSW; however, the 
differences in the spectral amplitude predictions obtained from the NRC15 ground motion are 
even smaller than for the previously presented results from the EUR5 motion. 
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Figure 3.52 LPRB bearing: comparison of hybrid simulation and analytical estimation 

bearing responses (ground motion EUR5, 1D analysis). 
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Figure 3.53 LPRB bearing: response spectra comparison of hybrid simulation and 

analytical estimation responses (ground motion EUR5, 1D analysis). 
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Figure 3.54 LPRB bearing: comparison of hybrid simulation and analytical estimation 

bearing responses (ground motion NRC15, 1D analysis). 
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Figure 3.55 LPRB bearing: response spectra comparison of hybrid simulation and 

analytical estimation responses (ground motion NRC15, 1D analysis). 
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Figures 3.56 and 3.57 compare an analytical simulation (Run 45A) and a hybrid 
simulation (Run 45) for the model with one experimental bearing representing all the bearings. 
Both models were analyzed for the EUR5 ground motion applied in the two horizontal 
directions. The analytical model utilized a bearing element based on the Bouc-Wen model with 
the following parameters: k1 = 255 kN/mm, fy = 578 kN, k2 = 5.1 kN/mm,  = 0.75,  =  = 0.5. 
These parameters were based on experimental results from the hybrid simulation. The same 
unmodified parameters were used as for the unidirectional analysis presented above. As shown in 
Figure 3.56, the maximum bidirectional displacement demand from the analytical simulation was 
68 mm, which is larger than the 54 mm demand obtained from the hybrid test. While a good 
match of the hysteresis loop in the lateral direction was achieved, the match in the longitudinal 
direction was not as good. Comparing the hysteresis loops in either direction, it is obvious that 
the analytical bearing model again captured quite well the initial stiffness, the initial lead-core 
yield strength, and the post-yield stiffness. As stated earlier, the analytical bearing model cannot 
capture the change of the lead-core yield strength, which occurs as the bearing heats up, or any 
of the more complicated phenomena, such as the short-term Mullins’ effect or long-term 
scragging effect. 

A comparison of the floor response spectra demonstrates an outstanding match between 
the analytical and hybrid simulation results, as shown in Figure 3.57. 

 

 
Figure 3.56 LPRB bearing: comparison of hybrid simulation and analytical estimation 

bearing responses (ground motion EUR5, 2D analysis). 
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Figure 3.57 LPRB bearing: response spectra comparison of hybrid simulation and 

analytical estimation responses (ground motion EUR5, 2D analysis). 
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Figures 3.58 and 3.59 compare an analytical simulation and a hybrid simulation for the 
model with one experimental bearing representing all the bearings. Both models were analyzed 
for the NRC15 ground motion applied in the two horizontal directions. The analytical model 
utilized a bearing element based on the Bouc-Wen model with the following parameters: k1 = 
255 kN/mm, fy = 672 kN, k2 = 2.2 kN/mm,  = 0.55,  =  = 0.5. These parameters were based 
on experimental results from the hybrid simulation. The same unmodified parameters were used 
as for the unidirectional analysis presented above. As shown in Figure 3.58, the maximum 
bidirectional displacement demand from the analytical simulation is 559 mm, which is larger 
than the 531 mm demand obtained from the hybrid test. While a decent match of the hysteresis 
loop in longitudinal direction was achieved, the match in lateral direction was not satisfactory. 
Comparing the hysteresis loops in either direction, it is obvious that the analytical bearing model 
again captures the initial stiffness, the initial lead-core yield strength and the post-yield stiffness 
quite well. For these large shear strains caused by the NRC15 ground motion, the analytical 
bearing model was not able to capture the roundedness of the hysteresis loops, the change of the 
lead-core yield strength, which occurs as the bearing heats up, or any of the more complicated 
phenomena, such as the short-term Mullins’ effect or long-term scragging effect. 

A comparison of the floor response spectra demonstrates a decent match between the 
analytical and hybrid simulation results; see Figure 3.59. Note that the analytical simulation 
consistently overpredicted spectral accelerations around the fundamental frequencies of the 
different parts of the superstructure. 

 

 
Figure 3.58 LPRB bearing: comparison of hybrid simulation and analytical estimation 

bearing responses (ground motion NRC15, 2D analysis). 
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Figure 3.59 LPRB bearing: response spectra comparison of hybrid simulation and 

analytical estimation responses (ground motion NRC15, 2D analysis). 
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3.5.2 ESCO RTS: EQS Test Results 

3.5.2.1 Comparison of 1D and 2D Horizontal Inputs 

Figure 3.60 compares the hysteresis loops obtained for a 1D longitudinal hybrid simulation (Run 
17) with a 2D bidirectional hybrid simulation (Run 18). The hybrid model had one experimental 
bearing representing all of the bearings and was analyzed for the EUR5 ground motion. Both 
tests were conducted 25 times slower than real time. As the figure shows, the 2D bidirectional 
test produces larger shear-force fluctuations and shear-force spikes compared to the 1D test. The 
shear-force spikes are caused by the static and breakaway friction characteristics of the EQS 
bearing when tested at slow speeds. Due to bidirectional excitation, more load reversals and 
therefore more shear-force oscillations and shear-force spikes occur in the 2D test compared to 
the 1D test. Most likely additional shear-force fluctuations were generated in the 2D test by 
sliding along the sidewalls of the EQS bearing. For the 1D test, the shear-force envelope reached 
1300 kN, which corresponds to a static coefficient of friction of approximately 15%. For the 2D 
test, the shear-force interaction surface was almost circular, and its radius was close to the static 
friction of 1800 kN. This corresponds to a static coefficient of friction in the bearing of 
approximately 20%. 

 

 
Figure 3.60  EQS bearing: comparison of bearing responses to ground motion EUR5 

executed 25 times slower than real time(1D and 2D analyses). 
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Figure 3.61 shows several floor response spectra for the RCB and PSW. In general, the 
magnitudes of the spectral acceleration spikes are different in the 1D and 2D test, but they occur 
at the same frequencies. These peaks can be identified in the spectra at several distinct 
frequencies. For the RCB, the largest spike in the floor spectra reaches 4.2g and occurs at ~3.7 
Hz, which corresponds to the first horizontal mode of vibration of the RCB. A lower spike of 
~1.5g is observed between 7.510 Hz, which is due to the interaction of the RCB with the PSW 
and SSW. Similarly, in the floor response spectra of the PSW it is possible to identify the main 
spike at ~9.5 Hz, reaching a spectral acceleration of 4.8g. This spike corresponds to the first-
mode frequency of the PSW. These large amplifications of the spectral accelerations at the 
fundamental frequencies of the RCB and PSW are caused by the very sudden and large change in 
stiffness that occurs when sliding commences, which is typical for isolators of the sliding friction 
type, especially if static and breakaway friction phenomena are present. Due to the larger shear-
force oscillations in the 2D hybrid simulation floor spectral accelerations around the fundamental 
frequencies of the RCB and PSW are larger in the 2D test than in the 1D test. Note that at higher 
elevations, peak floor accelerations in both the RCB and PSW exceeded PGAs. For the PSW, the 
peak floor acceleration reached as high as 0.75g. 
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Figure 3.61 EQS bearing: response spectra comparison of responses to ground motion 

EUR5 (1D and 2D analyses). 
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Figure 3.62 compares 1D (Run 22) versus 2D (Run 21) test results of the hybrid model 
with one experimental bearing representing all the bearings analyzed for the NRC2 ground 
motion. Both of these hybrid tests were executed 25 times slower than real time. The maximum 
longitudinal displacement demand for the 1D test is 100 mm, which is smaller than the 125 mm 
obtained from the 2D test. The reduction in the shear resistance in one direction due to 
simultaneous movement in the perpendicular direction results in a 25% larger displacement 
demand from the 2D test. Once again, the 2D test seems to exhibit more fluctuation in the shear 
forces. As described earlier, these additional oscillations are most likely caused by the increase in 
the static and breakaway friction forces due to bidirectional motion, and the additional shear-
force fluctuations that are generated by sliding along the sidewalls of the EQS bearing. For the 
1D test, the shear-force envelope reached 1600 kN, which corresponds to a static coefficient of 
friction of approximately 18%. For the 2D test, the shear-force interaction surface was almost 
circular, and its radius is close to the static friction of 2000 kN. This corresponds to a static 
coefficient of friction in the bearing of approximately 23%. Both of these static coefficients of 
friction for the NRC2 ground motion input are 3% larger than those obtained in the previously 
described hybrid tests with the EUR5 ground motion input. 

Figure 3.63 compares the floor response spectra for the NRC2 ground motion executed 
25 times slower than real time. Note the large amplifications of the response at certain 
frequencies even though the magnitudes of these amplifications are different for 1D and 2D 
hybrid tests. The specific frequencies are ~3.7 Hz and 9.5 Hz, which correspond to the first 
horizontal mode of vibration of the RCB and the PSW, respectively. For the RCB, response 
spectra for the 1D and 2D tests are almost identical. However, for the PSW floor spectra the 
spectral accelerations around the fundamental frequency of the PSW are significantly larger for 
the 2D test compared to the 1D test. It can be concluded that the previously described high-
frequency oscillations, which are larger in the 2D test than those obtained from the 1D test, are 
again the cause for the observed behavior. Finally, note that the small hump in the floor spectra 
at ~0.38 Hz, which corresponds to the first mode of vibration of the isolated structure at the post-
yield stiffness of the EQS bearing. 
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Figure 3.62 EQS bearing: comparison of bearing responses to ground motion NRC2 

executed 25 times slower than real time (1D and 2D analyses). 
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Figure 3.63 EQS bearing: response spectra comparison of responses to ground motion 

NRC2 executed 25 times slower than real time (1D and 2D analyses). 
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Figure 3.64 compares the test results of 1D (Run 52) versus 2D (Run 54) hybrid models 
with one experimental bearing representing all the bearings analyzed for the NRC2 ground 
motion. Both of these hybrid tests were executed five times slower than real time. The maximum 
longitudinal displacement demand for the 1D test is 92 mm, which is smaller than the 114 mm 
obtained from the 2D test. The reduction in the shear resistance in one direction due to 
simultaneous movement in the perpendicular direction results in a 25% larger displacement 
demand obtained from the 2D test. Heat generation on the sliding surface (due to rapid testing), 
as well as farther overall sliding due to bidirectional motion, might further reduce the shear 
resistance of the bearing as time elapses. Once again, the 2D test seems to exhibit more 
fluctuation in the shear forces. As described earlier, these additional oscillations are most likely 
caused by the increase in the static and breakaway friction forces due to bidirectional motion, 
and the additional shear-force fluctuations that are generated by sliding along the sidewalls of the 
EQS bearing. 

Figure 3.65 compares the floor response spectra for the NRC2 ground motion executed 
five times slower than real time. Note the large amplifications of the response at certain 
frequencies even though the magnitudes of these amplifications are different for 1D and 2D 
hybrid tests. The specific frequencies are ~3.7 Hz and 9.5 Hz, which correspond to the first 
horizontal mode of vibration of the RCB and the PSW, respectively. For the RCB, response 
spectra for the 1D and 2D tests are almost identical. However, for the PSW floor spectra the 
spectral accelerations around the fundamental frequency of the PSW are significantly larger from 
the 2D test than those obtained from the 1D test. It can be concluded that the previously 
described high-frequency oscillations, which are larger in the 2D test than the 1D test, are again 
the cause for the observed behavior. Finally, note the small hump in the floor spectra at ~0.38 
Hz, which corresponds to the first mode of vibration of the isolated structure at the post-yield 
stiffness of the EQS bearing. 
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Figure 3.64 EQS bearing: comparison of bearing responses to ground motion NRC2 

executed five times slower than real time (1D and 2D analyses). 
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Figure 3.65 EQS bearing: response spectra comparison of responses to ground motion 

NRC2 executed five-times slower than real time (1D and 2D analyses). 
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3.5.2.2 Influence of Vertical Excitation 

Figure 3.66 compares the hysteresis for a hybrid simulation without vertical excitation (Run 50) 
and a hybrid simulation including vertical excitation (Run 51). The hybrid model used for these 
tests had five equivalent bearings with one experimental bearing representing a group of 67 
bearings under the south-west corner of the NPP. The NRC2 ground motion was used and both 
hybrid tests were executed 20 times slower than real time. As can be seen in the figure, the 
hysteresis loops in longitudinal and lateral directions, the horizontal displacement orbits and the 
shear-force interaction surfaces are nearly identical for the two tests. To investigate the influence 
of vertical excitation, comparison of the floor response spectra is necessary. 

Figure 3.67 compares the floor response spectra for the hybrid simulations with and 
without vertical excitation; note that there is a distinct difference in the magnitude of the spectral 
acceleration spikes. While the peaks occur around the same frequencies, the spectral 
accelerations from the test including vertical excitation are larger than the test without vertical 
excitation. In general, the increase of the spectral accelerations due to vertical excitation are 
more pronounce at higher frequencies, and they are most pronounced around the first-mode 
frequency of the PSW. The peak spectral acceleration in the PSW for the test without vertical 
excitation was around 2.75g, whereas the one from the test including vertical acceleration 
reached 3.6g. This increase of the spectral accelerations is caused by the verticalhorizontal 
coupling behavior of the EQS bearing. As the vertical load on the EQS bearing fluctuates, the 
friction force and therefore the characteristic strength, Qd, of the bearing keeps changing as well, 
which ultimately affects the shear resistance of the EQS bearing. 

In the second test, the vertical ground motion input excites the vertical mode of vibration 
of the isolation system around 13 Hz as well as the first vertical mode of vibration of the plant 
superstructure around 10 Hz. Because the first-mode horizontal frequency of the PSW is around 
810 Hz, which is very close to the vertical frequency of the superstructure, the effect of vertical 
excitation on the floor response spectra of the PSW is more pronounced. On the other hand, the 
first-mode frequency of the RCB at 3.7 Hz is well separated from the vertical frequency of the 
plant superstructure. Hence, the floor response spectra of the RCB are much less influenced by 
the verticalhorizontal coupling behavior of the EQS bearings. Finally, this effect is less 
pronounced in the EQS bearings as compared to the LPRB bearings because the spectral 
acceleration spikes generated by the EQS bearings without vertical excitation are already very 
large to begin with (see Section 3.5.2.1). 
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Figure 3.66 EQS bearing: comparison of bearing responses to a ground motion with and 

without vertical excitation (ground motion NRC2, 2D and 3D analyses). 
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Figure 3.67 EQS bearing: response spectra comparison of responses to a ground motion 

with and without vertical excitation (ground motion NRC2, 2D and 3D 
analyses). 
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3.5.2.3 Influence of Axial Load Variation due to Overturning 

Figures 3.68 and 3.69 compare the results from a hybrid simulation with the experimental 
bearing in the center of the plant (Run 47) versus one where the experimental bearing is located 
in the south-west corner of the plant (Run 50). The hybrid model used for these tests had five 
equivalent bearings and was executed 20 times slower than real time. The case with the 
experimental bearing located in the center represented a group of 133 isolators. The case with the 
experimental bearing in the south-west corner represented a group of 67 bearings. The NRC2 
ground motion was used in these tests. As these figures show, the results for the two cases are 
almost identical despite axial force fluctuations between 6038 kN and 12,204 kN for the corner 
bearing case and for the middle bearing case a minimum and maximum axial forces of 8222 kN 
and 8500 kN, respectively. The only important difference can be observed in the floor response 
spectra of the PSW, where around 13 Hz, which corresponds to the vertical frequency of the 
isolation system, the spectral accelerations from the hybrid test with the experimental bearing 
located in the corner are slightly larger than the ones from the hybrid test with the experimental 
bearing located in the center. It can be concluded that the fluctuation of the axial load due to 
overturning has very little effect on the shear forces through the verticalhorizontal coupling 
behavior of the EQS bearings. In addition, the isolator location has negligible effect on the 
response of the EQS bearing. 

 

 
Figure 3.68 EQS bearing: comparison of bearing responses depending on the location of 

the bearing (ground motion NRC2, 2D analysis). 
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Figure 3.69 EQS bearing: response spectra comparison of responses depending on the 

location of the bearing (ground motion NRC2, 2D analysis). 
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3.5.2.4 Variation due to Bearing Layout Discretization Models 

Figure 3.70 compares the hysteresis loops from two hybrid simulations with different hybrid 
models. In the first model, one experimental bearing represents all 527 bearings (Run 54) and in 
the second model one experimental bearing represents one of five-bearing groups (Run 43). Both 
models were analyzed for the NRC2 ground motion and were executed five times slower than 
real time. As the figure shows, the behavior of the experimental bearing is fairly similar in the 
two hybrid tests. However, there are more high-frequency oscillations in the shear forces for the 
case of one experimental bearing representing all 527 bearings because the hybrid model with 
five bearing groups (containing the four analytical isolators, which were incapable of modeling 
the breakaway and static friction forces) captured only one-fifth of the breakaway and static 
friction forces. In contrast, the hybrid model where one experimental bearing represents all 527 
bearings, the entire isolation system experienced these phenomena. 

Figure 3.71 shows several floor spectra for the RCB and PSW for the two different 
bearing layout discretizations. As described earlier, in the case of the five bearing model, only 
one bearing group used the experimental results and the other four groups were modeled with 
analytical isolator elements. The analytical isolator element was not able to capture the true 
behavior of the bearing, especially the breakaway friction; therefore, the amplification of the 
higher modes was significantly smaller in comparison to the case where all of the bearings were 
using the experimental results. This effect was again most pronounced for the floor response 
spectra of the PSW, where the peak spectral acceleration was only 3g for the five-bearing model 
but nearly 8g for the one-bearing model. 

 
Figure 3.70 EQS bearing: comparison of bearing responses to bearing layout 

discretization (ground motion NRC2, 2D analysis). 
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Figure 3.71 EQS bearing: response spectra comparison of responses to bearing layout 

discretization (ground motion NRC2, 2D analysis). 
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3.5.2.5 Influence of Test Rate 

Figure 3.72 compares the hybrid test results for two different rates of testing. The hybrid model 
with one experimental bearing representing all of the bearings was tested 25 times (Run 17) and 
five times (Run 53) slower than real time. The EUR5 motion was applied in longitudinal 
direction in these tests. As the figure clearly shows, the test that was conducted 25 times slower 
has higher shear forces, which are caused by breakaway and static friction as a result of the five 
times lower velocities during the slower hybrid test. Also, the post-yield stiffness was nearly zero 
for these tests due to the small displacement demand (imposed by the EUR5 motion), which 
barley engages the MER spring restoring force mechanism. 

Figure 3.73 compares the response spectra for the five times and 25 times slower than 
real-time hybrid tests. The response spectra for the RCB were almost identical from the two 
testing rates. For the response spectra of the PSW, however, the spectral accelerations from the 
rapid hybrid simulation were significantly greater than the ones from the slow hybrid simulation 
for frequencies above 7 Hz. The rapid hybrid simulation must have generated some high-
frequency excitation that was transmitted through the EQS bearing but would be absent if the 
hybrid test was executed slowly. At present it is unclear if this effect was caused by suboptimal 
tracking performance of the test system when testing at faster rates or by the complex interaction 
between different friction forces on the various sliding surfaces in the EQS bearing. After 
comparing FFTs of the displacement errors and tracking indicators for the two test rates (see 
Appendix C), this behavior was most likely caused by poor tracking during the fast hybrid 
simulation in the lateral direction, perpendicular to the testing direction. Further investigation of 
this phenomenon is necessary to confirm this conclusion. 

 
Figure 3.72 EQS bearing: comparison of bearing responses to loading rates (ground 

motion EUR5, 1D analysis). 
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Figure 3.73 EQS bearing: response spectra comparison of responses to loading rates 

(ground motion EUR5, 1D analysis). 
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Figure 3.74 compares the hysteresis loops from two hybrid tests with different execution 
rates. As before, the hybrid model with one experimental bearing representing all of the bearings 
was executed 25 times (Run 22) and five times (Run 52) slower than real time. For these hybrid 
tests, the larger NRC2 motion was applied in longitudinal direction. As the figure shows, the test 
conducted 25 times slower has higher shear forces, which are caused by breakaway and static 
friction as a result of the five times lower velocities that occur during the slower hybrid test. In 
contrast to the previous results, the EQS bearing exhibited nearly four times larger 
displacements. The larger deformations engaged the MER spring restoring mechanism, which 
can be clearly identified from the positive post-yield stiffness. 

Figure 3.75 compares the response spectra for the five times and 25 times slower than 
real-time hybrid tests. The response spectra for the RCB have somewhat smaller spectral 
accelerations for the rapid hybrid simulation as compared to the slow hybrid test. However, for 
the response spectra of the PSW, the spectral accelerations from the rapid hybrid simulation are 
slightly greater than the ones from the slow hybrid simulation. Comparing the tracking 
performance of the two hybrid simulations (see Appendix C) once again confirms that the 
tracking achieved during the rapid hybrid simulation was less accurate than during the slow 
hybrid test. However, tracking performance was better than the previously described rapid hybrid 
simulation with the EUR5 input motion. Hence, the spectral amplitudes for the PSW response 
spectra from the rapid test are only slightly larger than the ones obtained from the slow hybrid 
test. Tracking errors were once again mostly accumulated in the lateral direction, perpendicular 
to the direction of testing, demonstrating that experimental errors need to be minimized at all 
cost to obtain accurate and reliable results from hybrid simulation tests. The faster the hybrid test 
is executed, the more crucial this requirement becomes because the tracking performance of 
hydraulic systems deteriorates at high frequencies. 
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Figure 3.74 EQS bearing: comparison of bearing responses to loading rates (ground 

motion NRC2, 1D analysis). 
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Figure 3.75 EQS bearing: response spectra comparison of responses to loading rates 

(ground motion NRC2, 1D analysis). 
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3.5.2.6 Comparison Between Hybrid Simulation Tests and Analytical Estimation 

Figures 3.76 and 3.77 compare an analytical simulation (Run 53A) and a hybrid simulation (Run 
53) for the model with one experimental bearing representing all the bearings. Both models were 
analyzed for the EUR5 ground motion applied in longitudinal direction only. The hybrid model 
was executed five times slower than real time. The analytical model utilized a bearing element 
based on the newly developed velocity-dependent OpenSees EQS bearing model (see Section 
3.3.2) with the following parameters: k1 = 511 kN/mm, Fast = 0.10, Slow = 0.08, k2 = 4.4 
kN/mm, k3 = 0 kN/mm,  = 3. As shown in Figure 3.76, the maximum longitudinal displacement 
demand from the analytical simulation is 26 mm, which is almost identical to the 28 mm demand 
obtained from the hybrid test. Comparing the two longitudinal hysteresis loops demonstrates that 
the analytical bearing model captures quite well the initial stiffness, the dynamic friction yield 
strength, and the post-yield stiffness. However, the analytical bearing model was not able to 
capture the shear-force spikes due to the static and breakaway friction characteristics of the EQS 
bearing that occurred at every load reversal. 

Comparison of the floor response spectra presented in Figure 3.77 reveals an excellent 
match of the spectral accelerations for frequencies below 6 Hz is obtained; see Figure 3.77. 
Above 6 Hz, however, the spectral accelerations from the hybrid simulation are substantially 
larger than the ones obtained from the numerical simulation. The reason for this behavior is 
twofold: 

1. The analytical model cannot predict the shear-force oscillations due to the static 
and breakaway friction that occurs in the physical bearing; these oscillations 
increase spectral accelerations at higher frequencies; and 

2. As mentioned earlier, the hybrid simulation Run 53 had some tracking 
performance issues. These systematic experimental errors excite higher mode 
effects and therefore amplify spectral accelerations at higher frequencies. 
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Figure 3.76 EQS bearing: comparison of hybrid simulation and analytical estimation 

responses (ground motion EUR5, 1D analysis). 

50 25  0  25  50
2,000

1,000

     0

 1,000

 2,000

Longitudinal displacement (mm)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

 

 
Hybrid .
Analytical .

50 25  0  25  50
2,000

1,000

     0

 1,000

 2,000

Lateral displacement (mm)

L
a
t
e
r
a
l
 
f
o
r
c
e
 
(
k
N
)

50 25  0  25  50
50

25

  0

 25

 50

Lateral displacement (mm)

L
o
n
g
.
 
d
i
s
p
l
a
c
e
m
e
n
t

(
m
m
)

2,000         0         2,000
2,000

1,000

     0

 1,000

 2,000

Lateral force (kN)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)



 97

 
Figure 3.77 EQS bearing: response spectra comparison of hybrid simulation and 

analytical estimation responses (ground motion EUR5, 1D analysis). 
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Figures 3.78 and 3.79 compare an analytical simulation (Run 52A) and a hybrid 
simulation (Run 52) for the model with one experimental bearing representing all the bearings. 
Both models were analyzed for the NRC2 ground motion applied in longitudinal direction only. 
The hybrid model was executed five times slower than real time. The analytical model utilized a 
bearing element based on the newly developed velocity-dependent OpenSees EQS bearing 
model (see Section 3.3.2) with the following parameters: k1 = 511 kN/mm, Fast = 0.10, Slow = 
0.08, k2 = 5.1 kN/mm, k3 = 0 kN/mm,  = 3. As shown in Figure 3.78, the maximum longitudinal 
displacement demand from the analytical simulation is 93 mm, which is consistent with the 92 
mm demand obtained from the hybrid test. Comparing the two longitudinal hysteresis loops 
demonstrates that once again the analytical bearing model captures quite well the initial stiffness, 
the dynamic friction yield strength, and the post-yield stiffness; however, as before, the 
analytical model was not able to capture the shear-force spikes and oscillations due to the static 
and breakaway friction behavior that is observed in the physical EQS isolator. 

As shown in Figure 3.79, the simplified bearing model achieves an excellent match of the 
response spectra for the RCB; however, because the analytical model does not capture the shear-
force oscillations and spikes due to static and breakaway friction, spectral amplitudes of the PSW 
at higher frequencies were underpredicted. Overall the floor response spectra match better 
because good tracking performance was achieved in hybrid test Run 52. 

 

 
Figure 3.78 EQS bearing: comparison of hybrid simulation and analytical estimation 

responses (ground motion NRC2, 1D analysis). 
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Figure 3.79 EQS bearing: response spectra comparison of hybrid simulation and 

analytical estimation responses (ground motion NRC2, 1D analysis). 
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Figures 3.80 and 3.81 compare an analytical simulation (Run 18A) and a hybrid 
simulation (Run 18) for the model with one experimental bearing representing all the bearings. 
Both models were analyzed for the EUR5 ground motion applied in the two horizontal 
directions. The hybrid model was executed 25 times slower than real time. The analytical model 
utilized a bearing element based on the newly developed velocity-dependent OpenSees EQS 
bearing model (see Section 3.3.2) with the following parameters: k1 = 511 kN/mm, Fast = 0.10, 
Slow = 0.08, k2 = 4.4 kN/mm, k3 = 0 kN/mm,  = 3. As shown in Figure 3.81, the maximum 
longitudinal displacement demand from the analytical simulation is 40 mm, which is 
significantly smaller than the 53 mm demand obtained from the hybrid test. Comparing the two 
longitudinal hysteresis loops demonstrates that the analytical bearing model only captures the 
initial stiffness correctly. Because the hybrid simulation was executed 25 times slower than real 
time but the analytical isolator properties were calibrated based on Run 54, which was executed 
five times slower than real time, the width of the hysteresis loop (and hence the coefficient of 
friction) is greatly underestimated. In addition, the analytical bearing model is not able to capture 
the shear-force spikes due to the static and breakaway friction characteristics of the EQS 
bearing., which were very large in 25 times slower hybrid test. 

Figure 3.81 compares the floor response spectra, demonstrating that the, spectral 
accelerations for frequencies above 1 Hz are greatly underestimated by the analytical model. As 
stated earlier, the excessive shear-force oscillations and spikes that occurred in the hybrid 
simulation were due to the slow testing rate. It is expected that if it had been possible to execute 
the hybrid simulation in real-time, static and breakaway friction problems would have been 
greatly reduced, with the results that the floor response spectra from the hybrid simulation would 
have been lower, thus matching better with the analytically predicted ones. 
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Figure 3.80 EQS bearing: comparison of hybrid simulation and analytical estimation 

responses (ground motion EUR5, 2D analysis). 
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Figure 3.81 EQS bearing: response spectra comparison of hybrid simulation and 

analytical estimation responses (ground motion EUR5, 2D analysis). 
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Figures 3.82 and 3.83 compare an analytical simulation (Run 54A) and a hybrid 
simulation (Run 54) for the model with one experimental bearing representing all the bearings. 
Both models were analyzed for the NRC2 ground motion applied in the two horizontal 
directions. The hybrid model was executed five times slower than real time. The analytical 
model utilized a bearing element based on the newly developed velocity-dependent OpenSees 
EQS bearing model (see Section 3.3.2) with the following parameters: k1 = 511 kN/mm, Fast = 
0.10, Slow = 0.08, k2 = 5.1 kN/mm, k3 = 0 kN/mm,  = 3. As shown in Figure 3.82, the 
maximum longitudinal displacement demand from the analytical simulation is 120 mm, which is 
almost identical to the 114 mm demand obtained from the hybrid test. Comparing the two 
longitudinal hysteresis loops demonstrates that the analytical bearing model again captures quite 
well the initial stiffness, the dynamic friction yield strength, and the post-yield stiffness. 
However, as before, the analytical model was not able to capture the shear-force spikes and 
oscillations due to the static and breakaway friction behavior that is observed in the physical 
EQS isolator. Due to bidirectional excitation, more load reversals and therefore more shear-force 
oscillations and shear-force spikes occurred in the 2D test as compared to the 1D test described 
earlier. 

Figure 3.83 shows that floor spectral accelerations for frequencies above 3 Hz were 
underestimated by the analytical model. Because the analytical model does not capture the large 
shear-force oscillations and spikes due to static and breakaway friction, spectral amplitudes of 
the RCB and PSW at higher frequencies were underpredicted. Overall, the floor response spectra 
from bidirectional excitation do not match as well as in the case of longitudinal excitation only. 
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Figure 3.82 EQS bearing: comparison of hybrid simulation and analytical estimation 

responses (ground motion NRC2, 2D analysis). 
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Figure 3.83 EQS bearing: response spectra comparison of hybrid simulation and 

analytical estimation responses (ground motion NRC2, 2D analysis). 
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3.6 CHARACTERIZATION TESTS 

Characterization tests results are provided in Appendix B for the LPRB bearings and Appendix 
D for the EQS bearings. From the extensive set of tests conducted, two are highlighted because 
they induced bearing failure. While the LPRB failure test was intended in the loading protocol, 
the EQS bearing failed unexpectedly. 

3.6.1 Unison eTech (LPRB) Failure Test 

Test 66 was conducted in order to characterize the behavior of the LPRB for beyond-design-level 
response through an ellipse input motion for 500% shear strain in the bearing. The bearing failed 
at approximately 1092 mm longitudinal displacement. Therefore, the peak longitudinal shear 
strain was 488% at failure, which is 4.9 times the design shear strain. This failure was mainly 
due to bond failure between the rubber and steel shim (see Figure 3.84), as it was experiencing 
very large shear strain. Hysteretic response of the bearing is shown in Figure 3.85. 

 

Figure 3.84 Failure of the LPRB (UET-2). 
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Figure 3.85 Bearing response during failure test (UET-2): Run 66 with 8663 kN axial load. 

3.6.2 ESCO RTS (EQS) Failure Tests 

As part of characterization tests on the EQS bearing, square orbit input motions were applied at 
different axial loads; see Figure 3.86. For the low axial load case (178 kN), the interior block (to 
which all of the springs are attached) started to rotate around the vertical axis of the bearing. This 
occurred during the last cycle at a displacement of 120 mm corresponding to the design 
displacement. The rotation completely misaligned the MER springs, which changed the 
properties of the bearing. The only two mechanisms that prevent rotation of the interior block are 
the reaction forces in the MER springs and frictional torque reacting on the surfaces between the 
interior block and upper and lower plates. This failure was caused by low axial load on the 
bearing (providing lower than design frictional torque) and sliding along one sidewall (with 
MER springs on the opposite side disengaged). The sidewall friction produced a torque larger 
than the frictional resistance of the interior block. Figure 3.87 shows the rotated interior block 
after the test. after the test. 

The bearing was permanently damaged, which altered the response and caused 
disengagement of the MER springs. The permanent damage included permanent deformation in 
the MER springs, some residual bending in a spring, loss of a PTFE pad on one of the MER 
springs, and several nicks on the sliding surfaces of the sidewalls. The sidewall sliding surfaces 
were damaged by the tip of the MER springs; see the localized damage in Figure 3.88. 
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Figure 3.86 EQS-1 bearing response to square orbits. 

Figure 3.87 Failure of the EQS-1 bearing. 

Figure 3.88 Localized damages in the failed EQS-1 bearing. 
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3.6.2.1 Beyond Design-Level Response 

Another test that produced bearing failure was hybrid simulation Run 58, which was performed 
on bearing EQS-2 to evaluate beyond--design-level response. The NRC dispersion appropriate 
ground motion number 10 was used as it produced larger-than-design displacements in an 
analytical simulation. The input motion consisted of two horizontal components; the 
displacement demand was calculated to be around 190 mm, which is slightly larger than the 
manufacturer’s specified 180-mm-maximum allowable displacement. As the bearing 
experienced large displacements, the MER springs experienced nonlinear deformation, causing 
permanent axial deformations and bending in the springs. Moreover, a bonding mechanism was 
observed between the sliding surface and the sliding pad. A significant increase in initial friction 
can be observed by comparing Run 30 with Run 59 in Figure 3.89, which were the first and last 
tests on bearing EQS-2. Figure 3.90 clearly shows that bonding formed, which can cause very 
large breakaway friction and potentially high-frequency excitation within the system. This 
bonding could only be confirmed at the conclusion of testing after the failure test, when the 
bearing was removed from the test machine and inspected. 

 

 
Figure 3.89 EQS-2 bearing response to longitudinal characterization tests. 
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Figure 3.90 Bonding between sliding surface and sliding pad for EQS-2 bearing with a pry-

bar unable to separate the two. 
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4 Conclusions 

Conclusions and recommendations related to hybrid simulation as a viable testing method for 
determining the mechanical influence of seismic isolators in NPPs is reported. Observations and 
conclusions related to the assessed behavior of the tested isolation systems and the numerically 
modeled plant superstructure follow: 

With regards to the hybrid simulation testing method employed to experimentally test 
isolators in NPPs the following conclusions are drawn: 

 This research program confirmed that hybrid simulation is indeed a viable testing method 
to experimentally assess the behavior of large isolators at full-scale. 

 The SRMD bearing test machine was successfully converted to perform rapid (not real 
time) hybrid simulation tests for large hybrid models. 

 Despite the lack of a load cell to measure directly the experimental bearing forces, 
reliable results were obtained by measuring forces from actuator load cells and correcting 
them on-the-fly for machine friction and inertia force effects. 

 During the experimental test program the tracking performance (in terms of delays) was 
significantly improved by installing a feedforward-control software patch provided by 
MTS, which improved testing speeds from 25 times slower than real time to five times 
slower than real time. 

 It was demonstrated that it is possible to use a high-performance computing platform 
with parallel processing capabilities (OpenSeesSP) to perform hybrid simulations of large 
structures with many DOFs, such as NPPs. 

 The performance and accuracy of several different hybrid models of the NPP structure 
were assessed. It is concluded that the hybrid model that used one experimental bearing 
to represent all the bearings under the plant performed very well in terms of execution 
speed and accurate results were obtained from 1D and 2D tests. However, the model was 
not able to simulate overturning from the plant superstructure or capture the resulting 
axial load fluctuations in the bearings. 

 The hybrid model where one experimental bearing represents one of five bearing groups 
also performed very well in terms of execution speed. With this model it was possible to 
capture and study the effect of axial force fluctuations in the test bearing due to 
overturning. However, the accuracy of the response of this model is somewhat dependent 
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on the fidelity and accuracy of the analytical bearing elements used to represent the other 
four bearing groups. 

 The efficacy of the hybrid model where the experimental bearing represents one 
individual bearing out of all the bearings in the isolation system was limited. The 
response of the overall isolation system was entirely dictated by the behavior of the 
analytical bearing elements. The ability to accurately calibrate the analytical bearing 
behavior to match the experimental bearing behavior was heavily dependent on the 
fidelity of the numerical model; in addition it was time consuming to run. Despite 
employing a high-performance computing platform, the hybrid model could not be 
analyzed in real time. The analytical model presented herein was the current speed 
limitation for this hybrid simulation. Model simplification or computational speed 
increases are feasible enhancements, but solid state drive write-time hampered execution 
speed for the model investigated and must be addressed. 

 With respect to modeling for hybrid simulations where the experimental bearing 
represents only one bearing in the entire isolation system, improved analytical isolator 
models are necessary. Critical to this process is capturing the true behavior of the bearing 
under different loading conditions; time is required during testing to iteratively tune the 
parameters of such improved analytical isolator models. Furthermore, investigations are 
needed on developing strategies to increase computation speeds of such highly complex 
hybrid models in order to be able to perform near-real-time hybrid tests in the future. 
Improvements to the analytical model will foreseeably achieve faster execution time, so 
SRMD hardware limitations are likely to govern the speed of future tests. 

 It is recommended to improve the tracking performance of the SRMD test system for any 
future hybrid simulations performed on this testing system. Because it is apparent that 
real-time or near-real-time hybrid simulations of seismic isolation systems can more 
closely capture the true behavior of the isolators, it is recommended that strategies be 
developed to determine how to reduce overall delays currently present in the system to an 
absolute minimum. 

 

Conclusions regarding the behavior of the different isolation systems and the NPP 
superstructure response are as follows: 

 Overall, the seismically isolated plant facilities behaved as expected. Base shears and 
floor accelerations were generally reduced substantially compared to what might be 
expected for a fixed-base structure (here observed by comparison of floor spectra). 
However, the tests were able to identify specific differences associated with different 
bearings, loading conditions, and earthquake excitations. 

 Heat generation in the LPRB was larger during 2D testing than during 1D testing, 
causing the yield strength of the lead core to decrease faster, leading to larger 
displacement demands in the hybrid tests. At least 2D hybrid simulations should be 
performed to capture bearing demands accurately. Two-dimensional versus 1D testing 
also affected floor response spectra, with the 1D tests significantly overestimating 
spectral accelerations. 
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 The LPRB showed substantial verticalhorizontal coupling behavior. While this behavior 
did not affect bearing displacement demands, it had a major effect on floor response 
spectra. It is essential to include vertical ground motion input in hybrid testing to 
accurately predict floor response spectra. Neglecting vertical excitation can significantly 
underestimate horizontal spectral accelerations around the vertical frequency of the 
isolated plant. 

 Vertical force fluctuations due to overturning effects did not influence significantly the 
behavior of the LPRB. However, a small increase in floor spectral accelerations was 
observed, which was attributed to the verticalhorizontal coupling of the LPRBs. In 
terms of overturning effects, net tension was not recorded in any of the bearings for the 
two selected ground motions with the specific NPP structure, its specified bearing layout, 
and the type of LPRB used in these hybrid simulations. Note that this conclusion only 
applies to the LPRBs with these specifications under these loading protocols, and the 
superstructure in question. This conclusion could well be different under different 
circumstances. 

 For the modeling of the LPRB, a fairly simple analytical Bouc-Wen model captured floor 
response spectra quite accurately under 1D and 2D excitation. Softening of the lead core 
as heat was generated did not affect significantly floor response spectra, and a simple 
model that ignores this effect is sufficient. However, to accurately predict bearing 
displacement demands—especially for 2D and 3D excitation and to accurately predict 
floor response spectra for 3D excitation—it is important to develop an improved 
analytical model that more closely captures the true behavior of LPRBs. 

 For the hybrid simulations on the EQS bearings, the breakaway and static frictions were 
more pronounced in the 25 times slower tests as compared to the five times slower tests. 
It is important to perform rapid hybrid simulation tests on this type of isolator to capture 
accurately the bearing behavior; it is recommended that real-time hybrid testing be 
performed on these isolators. 

 The EQS bearings showed substantial verticalhorizontal coupling behavior. While this 
behavior did not affect bearing displacement demands, it had a major effect on floor 
response spectra. It is essential to include vertical ground motion input in hybrid testing 
to accurately predict floor response spectra. Neglecting vertical excitation can 
significantly underestimate horizontal spectral accelerations around the vertical frequency 
of the isolated plant. 

 Vertical force fluctuations due to overturning effects did not influence to any significant 
degree the behavior of the EQS bearings. However, a small increase in floor spectral 
accelerations was observed, which was attributed to the verticalhorizontal coupling of 
the EQS bearings. In terms of overturning effects, uplift of the friction surface was not 
recorded in any of the bearings when tested for the selected ground motions and for the 
specific NPP structure, its specific bearing layout, and the EQS bearing type used in these 
hybrid simulations. Note that this conclusion only applies to the EQS bearing with these 
specifications under these loading protocols and the superstructure in question. This 
conclusion could well be different under different circumstances. 
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 For the modeling of the EQS bearing, more complex modeling is required to be able to 
accurately capture floor response spectra under 1D and 2D excitation. The breakaway 
friction force in these bearings greatly affects the floor response spectra and a simple 
velocity dependent friction model is not sufficient. 
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 A.1 

Appendix A: Hybrid Simulation Tests 
Conducted on Lead Plug 
Rubber Bearings  

Hybrid tests listed in Table A.1 and Table A.2 were performed on the Unison eTech bearings 
UET-2 and UET-1, respectively. Detailed responses of these tests are shown in sections A.1 
through A.30. For select tests, a corresponding analytical estimation was performed and included 
in this appendix. These are indicated by the letter A appending the run number.  

Table A.1  Hybrid simulations and analyses conducted on lead plug rubber bearing UET-2 

Section	   Run	  
Ground	  
motion	   Model	   Components	  

Test	  
rate	  

A.1	   24	   EUR5	   Exp	  =	  All	   2D	   25	  
A.2	   25	   EUR5	   Exp	  =	  All	   2D	   25	  
A.3	   26	   EUR5	   Exp	  =	  All	   2D	   25	  
A.4	   37	   EUR5	   Exp	  =	  All	   Longitudinal	   25	  

A.5	   38	   Displacement	  
from	  #26	   Exp	  =	  All	   2D	   -‐	  

A.6	   42	   EUR5	   Exp	  =	  All	   Longitudinal	   25	  
A.7	   43	   EUR5	   Exp	  =	  All	   Longitudinal	   25	  
A.8	   44	   EUR5	   Exp	  =	  All	   Longitudinal	   25	  
A.9	   44A	   EUR5	   Exp	  =	  All	   Longitudinal	   -‐	  
A.9	   45	   EUR5	   Exp	  =	  All	   2D	   25	  
A.11	   45A	   EUR5	   Exp	  =	  All	   2D	   -‐	  
A.11	   46	   NRC15	   Exp	  =	  All	   2D	   25	  
A.13	   47	   NRC15	   Exp	  =	  All	   Longitudinal	   25	  
A.14	   47A	   NRC15	   Exp	  =	  All	   Longitudinal	   -‐	  
A.14	   55	   NRC15	   Exp	  =	  All	   2D	   25	  
A.16	   55A	   NRC15	   Exp	  =	  All	   2D	   -‐	  

A.16	   58	   EUR5	   Exp	  =	  1	  of	  527	   2D	   25	  with	  
4	  iterations	  

A.18	   60	   EUR5	   Exp	  =	  1	  of	  527	   2D	   30	  with	  
4	  iterations	  

A.19	   61	   NRC15	   Exp	  =	  1	  of	  527	   2D	   75	  with	  
4	  iterations	  

A.20	   63	   NRC15	  
5	  groups	  of	  bearings	  

(Exp	  =	  Center)	   2D	   25	  

  



 A.2 

Table A.2  Hybrid simulations and analyses conducted on lead plug rubber bearing UET-1 

Section	   Run	  
Ground	  
motion	   Model	   Components	  

Test	  
rate	  

A.21	   78	   EUR5	   Exp	  =	  All	   3D	   25	  

A.22	   79	   EUR5	  
5	  groups	  of	  bearings	  

(Exp	  =	  Center)	   3D	   25	  

A.23	   80	   EUR5	  
5	  groups	  of	  bearings	  

(Exp	  =	  Center)	   3D	   25	  

A.24	   82	   EUR5	  
5	  groups	  of	  bearings	  

(Exp	  =	  Center)	   3D	   25	  

A.25	   83	   EUR5	   5	  groups	  of	  bearings	  
(Exp	  =	  Corner	  No.	  3)	   3D	   25	  

A.26	   84	   NRC15	  
5	  groups	  of	  bearings	  

(Exp	  =	  Center)	   3D	   25	  

A.27	   85	   NRC15	   5	  groups	  of	  bearings	  
(Exp	  =	  Corner	  No.	  3)	   3D	   25	  

A.28	   86	   Displacement	  
from	  #84	   -‐	   3D	   -‐	  

A.29	   88	   NRC15	   5	  groups	  of	  bearings	  
(Exp	  =	  Corner	  No.	  3)	   3D	  +	  Vertical	   25	  

A.30	   89	   NRC15	   5	  groups	  of	  bearings	  
(Exp	  =	  Corner	  No.	  3)	   3D	  +	  Vertical	   25	  

 
  



 A.3 

A.1 DEVELOPMENT RUN 24 

Development run 24 was a hybrid test of the EUR dispersion appropriate ground motion number 
five. The model consisted of a single experimental bearing representing all 527 bearings. Input 
motions consisted of two horizontal components and a constant axial load specified as the design 
axial load of 8,663 kN. The test was executed at a rate 25 times slower than real time to 
compensate for machine delays. Bearing UET-2 was used in this test. Figure A.1-1 shows the 
fidelity achieved in the hybrid test. Figures A.1-2 and A.1-3 contain bearing responses, and 
Figure A.1-4 depicts the resulting floor response spectra for select locations in two of the isolated 
structures. 
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Figure A.1  Hybrid test performance metrics for run 24: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.2  Hybrid test bearing response for run 24: EUR5, 2D with experimental bearing 
representing all bearings. 
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Figure A.3  Hybrid test time history responses for run 24: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.4  Hybrid test floor spectra for run 24: EUR5, 2D with experimental bearing 
representing all bearings. 

  



 A.6 

A.2 DEVELOPMENT RUN 25 

Development run 25 was a hybrid test of the EUR dispersion appropriate ground motion number 
five. The model consisted of a single experimental bearing representing all 527 bearings. Input 
motions consisted of two horizontal components and a constant axial load specified as the design 
axial load of 8,663 kN. The test was executed at a rate 25 times slower than real time to 
compensate for machine delays. Bearing UET-2 was used in this test. Figure A.2-1 shows the 
fidelity achieved in the hybrid test. Figures A.2-2 and A.2-3 contain bearing responses, and 
Figure A.2-4 depicts the resulting floor response spectra for select locations in two of the isolated 
structures.  
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Figure A.2-1  Hybrid test performance metrics for run 25: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.2-2  Hybrid test bearing response for run 25: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.2-3  Hybrid test time history responses for run 25: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.2-4  Hybrid test floor spectra for run 25: EUR5, 2D with experimental bearing 
representing all bearings. 
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A.3 TEST RUN 26 

Test run 26 was a hybrid test of the EUR dispersion appropriate ground motion number five. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of two horizontal components and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing UET-2 was used in this test. Figure A.3-1 shows the fidelity 
achieved in the hybrid test. Figures A.3-2 and A.3-3 contain bearing responses, and Figure A.3-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.3-1  Hybrid test performance metrics for run 26: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.3-2  Hybrid test bearing response for run 26: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.3-3  Hybrid test time history responses for run 26: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.3-4  Hybrid test floor spectra for run 26: EUR5, 2D with experimental bearing 
representing all bearings. 
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A.4 TEST RUN 37 

Test run 37 was a hybrid test of the EUR dispersion appropriate ground motion number five. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of one horizontal component and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing UET-2 was used in this test. Figure A.4-1 shows the fidelity 
achieved in the hybrid test. Figures A.4-2 and A.4-3 contain bearing responses, and Figure A.4-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.4-1  Hybrid test performance metrics for run 37: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.4-2  Hybrid test structural response for run 37: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.4-3  Hybrid test bearing response for run 37: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.4-4  Hybrid test floor spectra for run 37: EUR5, 1D with experimental bearing 
representing all bearings. 
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A.5 DISPLACEMENT RUN 38 

Test run 38 was a real-time displacement history recorded from test run 26, which was a hybrid 
test of the EUR dispersion appropriate ground motion number five. Input motions consisted of 
two horizontal components and a constant axial load specified as the design axial load of 8,663 
kN. The test was executed at a rate real time to investigate loading rate effects. Bearing UET-2 
was used in this test. Figures A.5-1 and A.5-2 contain bearing responses. 
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Figure A.5-1  Bearing response for real-time reproduction of hybrid test run 26: EUR5, 2D 
with experimental bearing representing all bearings. 
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Figure A.5-2  Time history responses for real-time reproduction of hybrid test run 26: 
EUR5, 2D with experimental bearing representing all bearings. 
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A.6 DEVELOPMENT RUN 42 

Development run 42 was a hybrid test of the EUR dispersion appropriate ground motion number 
five. The model consisted of a single experimental bearing representing all 527 bearings. Input 
motions consisted of one horizontal component and a constant axial load specified as the design 
axial load of 8,663 kN. The test was executed at a rate 25 times slower than real time to 
compensate for machine delays. Bearing UET-2 was used in this test. Figure A.6-1 shows the 
fidelity achieved in the hybrid test. Figures A.6-2 and A.6-3 contain bearing responses, and 
Figure A.6-4 depicts the resulting floor response spectra for select locations in two of the isolated 
structures. 
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Figure A.6-1  Hybrid test performance metrics for run 42: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.6-2  Hybrid test bearing response for run 42: EUR5, 1D with experimental 
bearing representing all bearings. 

−1,000

  −500

     0

   500

 1,000

S
h
e
a
r

f
o
r
c
e

(
k
N
)

 

 
Long.

Lat.

     0

 5,000

10,000

A
x
i
a
l

f
o
r
c
e

(
k
N
)

 0  5 10 15 20 25 30
−100

 −50

   0

  50

 100

D
i
s
p
l
.

(
m
m
)

Analysis time (sec)
 

Figure A.6-3  Hybrid test time history responses for run 42: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.6-4  Hybrid test floor spectra for run 42: EUR5, 1D with experimental bearing 
representing all bearings. 

  



 A.20 

A.7 DEVELOPMENT RUN 43 

Development run 43 was a hybrid test of the EUR dispersion appropriate ground motion number 
five. The model consisted of a single experimental bearing representing all 527 bearings. Input 
motions consisted of one horizontal component and a constant axial load specified as the design 
axial load of 8,663 kN. The test was executed at a rate 25 times slower than real time to 
compensate for machine delays. Bearing UET-2 was used in this test. Figure A.7-1 shows the 
fidelity achieved in the hybrid test. A.7-2 and A.7-3 contain bearing responses, and Figure A.7-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.7-1  Hybrid test performance metrics for run 43: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.7-2  Hybrid test bearing response for run 43: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.7-3  Hybrid test time history responses for run 43: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.7-4  Hybrid test floor spectra for run 43: EUR5, 1D with experimental bearing 
representing all bearings. 
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A.8 TEST RUN 44 

Test run 44 was a hybrid test of the EUR dispersion appropriate ground motion number five. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of one horizontal component and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing UET-2 was used in this test. Figure A.8-1 shows the fidelity 
achieved in the hybrid test. Figures A.8-2 and A.8-3 contain bearing responses, and Figure A.8-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 

 0 10 20 30
−1,000

  −500

     0

   500

 1,000

Time (sec)

Sh
ea

r
fo
rc

e
(k
N)

−2

−1

0

1

2

No
rm
al
iz
ed

tr
ac
ki
ng

in
di
ca
to
r

−0.2

−0.1

0

0.1

0.2

Di
sp
la
ce
me
nt

er
ro
r

(%
)

 

 

Time Shift = −1 msec
Time Shift = 0 msec 

Long.
Lat.

0.1 1 10 50
0

20

40

60

80

100

120

Frequency (Hz)

Fo
ur

ie
r 
am
pl
it
ud
e

Shear force

0.1 1 10 50
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

Fo
ur
ie
r 
am
pl
it
ud
e

Displacement error

 

Figure A.8-1  Hybrid test performance metrics for run 44: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.8-2  Hybrid test bearing response for run 44: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.8-3  Hybrid test time history responses for run 44: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure A.8-4  Hybrid test floor spectra for run 44: EUR5, 1D with experimental bearing 
representing all bearings. 

  



 A.26 

A.9 ANALYSIS RUN 44A 

Analysis run 44A was an analytical estimation of the EUR dispersion appropriate ground motion 
number five. The model consisted of a single analytical bearing representing all 527 bearings. 
Input motions consisted of one horizontal component and a constant axial load specified as the 
design axial load of 8,663 kN. Figures A.9-1 and A.9-2 contain bearing responses, and Figure 
A.9-3 depicts the resulting floor response spectra for select locations in two of the isolated 
structures. 
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Figure A.9-1  Analytical bearing response for run 44A: EUR5, 1D with a single analytical 
bearing. 
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Figure A.9-2  Analytical time history responses for run 44A: EUR5, 1D with a single 
analytical bearing. 



 A.28 

10−1 100 101 102
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Frequency (Hz)

Primary shield wall

Ps
eu
do

 a
cc
el
er
at
io
n 
(g
)

 

 
Ground
Elev 78.0 ft  .
Elev 156.0 ft
Elev 191.0 ft

10−1 100 101 102
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Frequency (Hz)

Reactor containment building
Ps
eu
do
 a
cc
el
er
at
io
n 
(g
)

 

 
Ground
Elev 78.0 ft  .
Elev 156.0 ft
Elev 331.3 ft

Damping ratio = 5%

Damping ratio = 5%

 

Figure A.9-3  Floor spectra for analytical run 44A: EUR5, 1D with a single analytical 
bearing. 
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A.10 TEST RUN 45 

Test run 45 was a hybrid test of the EUR dispersion appropriate ground motion number five. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of two horizontal components and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing UET-2 was used in this test. Figure A.9-1 shows the fidelity 
achieved in the hybrid test. Figures A.9-2 and A.9-3 contain bearing responses, and Figure A.9-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.10-1  Hybrid test performance metrics for run 45: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.10-2  Hybrid test bearing response for run 45: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.10-3  Hybrid test time history responses for run 45: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure A.10-4  Hybrid test floor spectra for run 45: EUR5, 2D with experimental bearing 
representing all bearings. 
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A.11 ANALYSIS RUN 45A 

Analysis run 45A was an analytical estimation of the EUR dispersion appropriate ground motion 
number five. The model consisted of a single analytical bearing representing all 527 bearings. 
Input motions consisted of two horizontal components and a constant axial load specified as the 
design axial load of 8,663 kN. Figures A.11-1 and A.11-2 contain bearing responses, and Figure 
A.11-3 depicts the resulting floor response spectra for select locations in two of the isolated 
structures. 
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Figure A.11-1  Analytical bearing response for run 45A: EUR5, 2D with a single analytical 
bearing. 
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Figure A.11-2  Analytical time history responses for run 45A: EUR5, 2D with a single 
analytical bearing. 



 A.34 

10−1 100 101 102
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Frequency (Hz)

Primary shield wall

Ps
eu
do

 a
cc
el
er
at
io
n 
(g
)

 

 
Ground
Elev 78.0 ft  .
Elev 156.0 ft
Elev 191.0 ft

10−1 100 101 102
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Frequency (Hz)

Reactor containment building
Ps
eu
do
 a
cc
el
er
at
io
n 
(g
)

 

 
Ground
Elev 78.0 ft  .
Elev 156.0 ft
Elev 331.3 ft

Damping ratio = 5%

Damping ratio = 5%

 

Figure A.11-3  Floor spectra for analytical run 45A: EUR5, 2D with a single analytical 
bearing. 
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A.12 DEVELOPMENT RUN 46 

Development run 46 was a hybrid test of the NRC dispersion appropriate ground motion number 
15. The model consisted of a single experimental bearing representing all 527 bearings. Input 
motions consisted of two horizontal components and a constant axial load specified as the design 
axial load of 8,663 kN. The test was executed at a rate 25 times slower than real time to 
compensate for machine delays. Bearing UET-2 was used in this test. Figure A.11-1 shows the 
fidelity achieved in the hybrid test. Figures A.11-2 and A.11-3 contain bearing responses, and 
Figure A.11-4 depicts the resulting floor response spectra for select locations in two of the 
isolated structures. 
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Figure A.12-1  Hybrid test performance metrics for run 46: NRC15, 2D with experimental 
bearing representing all bearings. 
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Figure A.12-2  Hybrid test bearing response for run 46: NRC15, 2D with experimental 
bearing representing all bearings. 
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Figure A.12-3  Hybrid test time history responses for run 46: NRC15, 2D with 
experimental bearing representing all bearings. 
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Figure A.12-4  Hybrid test floor spectra for run 46: NRC15, 2D with experimental bearing 
representing all bearings. 
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A.13 TEST RUN 47 

Test run 47 was a hybrid test of the NRC dispersion appropriate ground motion number 15. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of one horizontal component and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing UET-2 was used in this test. Figure A.13-1 shows the fidelity 
achieved in the hybrid test. Figures A.13-2 and A.13-3 contain bearing responses, and Figure 
A.13-4 depicts the resulting floor response spectra for select locations in two of the isolated 
structures. 
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Figure A.13-1  Hybrid test performance metrics for run 47: NRC15, 1D with experimental 
bearing representing all bearings. 
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Figure A.13-2  Hybrid test bearing response for run 47: NRC15, 1D with experimental 
bearing representing all bearings. 
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Figure A.13-3  Hybrid test time history responses for run 47: NRC15, 1D with 
experimental bearing representing all bearings. 
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Figure A.13-4  Hybrid test floor spectra for run 47: NRC15, 1D with experimental bearing 
representing all bearings. 
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A.14 ANALYSIS RUN 47A 

Analysis run 47A was an analytical estimation of the NRC dispersion appropriate ground motion 
number 15. The model consisted of a single analytical bearing representing all 527 bearings. 
Input motions consisted of a single horizontal component and a constant axial load specified as 
the design axial load of 8,663 kN. Figures A.14-1 and A.14-2 contain bearing responses, and 
Figure A.14-3 depicts the resulting floor response spectra for select locations in two of the 
isolated structures. 
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Figure A.14-1  Analytical bearing response for run 47A: NRC15, 1D with a single 
analytical bearing. 
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Figure A.14-2  Analytical time history responses for run 47A: NRC15, 1D with a single 
analytical bearing. 
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Figure A.14-3  Floor spectra for analytical run 47A: NRC15, 1D with a single analytical 
bearing. 
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A.15 TEST RUN 55 

Test run 55 was a hybrid test of the NRC dispersion appropriate ground motion number 15. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of two horizontal components and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing UET-2 was used in this test. Figure A.14-1 shows the fidelity 
achieved in the hybrid test. Figures A.14-2 and A.14-3 contains bearing responses, and Figure 
A.14-4 depicts the resulting floor response spectra for select locations in two of the isolated 
structures. 
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Figure A.15-1  Hybrid test performance metrics for run 55: NRC15, 2D with experimental 
bearing representing all bearings. 
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Figure A.15-2  Hybrid test bearing response for run 55: NRC15, 2D with experimental 
bearing representing all bearings. 
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Figure A.15-3  Hybrid test time history responses for run 55: NRC15, 2D with 
experimental bearing representing all bearings. 
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Figure A.15-4  Hybrid test floor spectra for run 55: NRC15, 2D with experimental bearing 
representing all bearings. 
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A.16 ANALYSIS RUN 55A 

Analysis run 55A was an analytical estimation of the NRC dispersion appropriate ground motion 
number 15. The model consisted of a single analytical bearing representing all 527 bearings. 
Input motions consisted of two horizontal components and a constant axial load specified as the 
design axial load of 8,663 kN. Figures A.16-1 and A.16-2 contain bearing responses, and Figure 
A.16-3 depicts the resulting floor response spectra for select locations in two of the isolated 
structures. 
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Figure A.16-1  Analytical bearing response for run 55A: NRC15, 2D with a single 
analytical bearing. 
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Figure A.16-2  Analytical time history responses for run 55A: NRC15, 2D with a single 
analytical bearing. 
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Figure A.16-3  Floor spectra for analytical run 55A: NRC15, 2D with a single analytical 
bearing. 
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A.17 DEVELOPMENT RUN 58 

Development run 58 was a hybrid test of the EUR dispersion appropriate ground motion number 
five. The model consisted of 526 analytical bearings and the experimental bearing centrally 
located in the layout. Input motions consisted of two horizontal components and a constant axial 
load specified as the design axial load of 8,663 kN. The test was executed at a rate 25 times 
slower than real time to compensate for machine delays and the analytical model iterations 
required for the complex model. Bearing UET-2 was used in this test. Figure A.16-1 shows the 
fidelity achieved in the hybrid test. Figures A.16-2 and A.16-3 contain bearing responses, and 
Figure A.16-4 depicts the resulting floor response spectra for select locations in two of the 
isolated structures. 
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Figure A.17-1  Hybrid test performance metrics for run 58: EUR5, 2D with experimental 
bearing representing one of 527 bearings. 
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Figure A.17-2  Hybrid test bearing response for run 58: EUR5, 2D with experimental 
bearing representing one of 527 bearings. 
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Figure A.17-3  Hybrid test time history responses for run 58: EUR5, 2D with experimental 
bearing representing one of 527 bearings. 
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Figure A.17-4  Hybrid test floor spectra for run 58: EUR5, 2D with experimental bearing 
representing one of 527 bearings. 

  



 A.53 

A.18 DEVELOPMENT RUN 60 

Development run 60 was a hybrid test of the EUR dispersion appropriate ground motion number 
five. The model consisted of 526 analytical bearings and the experimental bearing centrally 
located in the layout. Input motions consisted of two horizontal components and a constant axial 
load specified as the design axial load of 8,663 kN. The test was executed at a rate 30 times 
slower than real time to compensate for machine delays and the analytical model iterations 
required for the complex model. Bearing UET-2 was used in this test. Figure A.18-1 shows the 
fidelity achieved in the hybrid test. Figures A.18-2 and A.18-3 contain bearing responses, and 
Figure A.18-4 depicts the resulting floor response spectra for select locations in two of the 
isolated structures. 
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Figure A.18-1  Hybrid test performance metrics for run 60: EUR5, 2D with experimental 
bearing representing one of 527 bearings. 
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Figure A.18-2  Hybrid test bearing response for run 60: EUR5, 2D with experimental 
bearing representing one of 527 bearings. 
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Figure A.18-3  Hybrid test time history responses for run 60: EUR5, 2D with experimental 
bearing representing one of 527 bearings. 
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Figure A.18-4  Hybrid test floor spectra for run 60: EUR5, 2D with experimental bearing 
representing one of 527 bearings. 
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A.19 TEST RUN 61 

Test run 61 was a hybrid test of the NRC dispersion appropriate ground motion number 15. The 
model consisted of 526 analytical bearings and the experimental bearing centrally located in the 
layout. Input motions consisted of two horizontal components and a constant axial load specified 
as the design axial load of 8,663 kN. The test was executed at a rate 75 times slower than real 
time to compensate for machine delays and the analytical model iterations required for the 
complex model. Bearing UET-2 was used in this test. Figure A.19-1 shows the fidelity achieved 
in the hybrid test. Figures A.19-2 and A.19-3 contain bearing responses, and Figure A.19-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.19-1  Hybrid test performance metrics for run 61: NRC15, 2D with experimental 
bearing representing one of 527. 
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Figure A.19-2  Hybrid test bearing response for run 61: NRC15, 2D with experimental 
bearing representing one of 527. 
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Figure A.19-3  Hybrid test time history responses for run 61: NRC15, 2D with 
experimental bearing representing one of 527. 
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Figure A.19-4  Hybrid test floor spectra for run 61: NRC15, 2D with experimental bearing 
representing one of 527. 

  



 A.59 

A.20 TEST RUN 63 

Test run 63 was a hybrid test of the NRC dispersion appropriate ground motion number 15. The 
model consisted of five groups of bearings. The experimental bearing was centrally located in 
the layout. Input motions consisted of two horizontal components and a constant axial load 
specified as the design axial load of 8,663 kN. The test was executed at a rate 25 times slower 
than real time to compensate for machine delays. Bearing UET-2 was used in this test. Figure 
A.20-1 shows the fidelity achieved in the hybrid test. Figures A.20-2 and A.20-3 contain bearing 
responses, and Figure A.20-4 depicts the resulting floor response spectra for select locations in 
two of the isolated structures. 
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Figure A.20-1  Hybrid test performance metrics for run 63: NRC15, 2D with five groups of 
bearings. 
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Figure A.20-2  Hybrid test bearing response for run 63: NRC15, 2D with five groups of 
bearings. 
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Figure A.20-3  Hybrid test time history responses for run 63: NRC15, 2D with five groups 
of bearings. 
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Figure A.20-4  Hybrid test floor spectra for run 63: NRC15, 2D with five groups of 
bearings. 

  



 A.62 

A.21 TEST RUN 78 

Test run 78 was a hybrid test of the EUR dispersion appropriate ground motion number five. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of two horizontal components. The axial load was specified as the design axial load of 
8,663 kN. The test was executed at a rate 25 times slower than real time to compensate for 
machine delays. Bearing UET-1 was used in this test. Figure A.21-1 shows the fidelity achieved 
in the hybrid test. Figures A.21-2 and A.21-3 contain bearing responses, and Figure A.21-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.21-1  Hybrid test performance metrics for run 78: EUR5, 3D with experimental 
bearing representing all bearings. 
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Figure A.21-2  Hybrid test bearing response for run 78: EUR5, 3D with experimental 
bearing representing all bearings. 
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Figure A.21-3  Hybrid test time history responses for run 78: EUR5, 3D with experimental 
bearing representing all bearings. 
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Figure A.21-4  Hybrid test floor spectra for run 78: EUR5, 3D with experimental bearing 
representing all bearings. 

  



 A.65 

A.22 DEVELOPMENT RUN 79 

Development run 79 was a hybrid test of the EUR dispersion appropriate ground motion number 
five. The model consisted of five groups of bearings. The experimental bearing’s group was 
centrally located in the layout. Input motions consisted of two horizontal components. The axial 
load specified was the design axial load of 8,663 kN, but this dof command was included during 
the test. The test was executed at a rate 25 times slower than real time to compensate for machine 
delays. Bearing UET-1 was used in this test. Figure A.22-1 shows the fidelity achieved in the 
hybrid test. Figures A.22-2 and A.22-3 contain bearing responses, and Figure A.22-4 depicts the 
resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.22-1  Hybrid test performance metrics for run 79: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.22-2  Hybrid test bearing response for run 79: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.22-3  Hybrid test time history responses for run 79: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.22-4  Hybrid test floor spectra for run 79: EUR5, 3D with 5 groups of bearings 
and the experimental bearing representing the center group. 

  



 A.68 

A.23 DEVELOPMENT RUN 80 

Development run 80 was a hybrid test of the EUR dispersion appropriate ground motion number 
five. The model consisted of five groups of bearings. The experimental bearing’s group was 
centrally located in the layout. Input motions consisted of two horizontal components. The axial 
load specified was the design axial load of 8,663 kN, but this dof command was included during 
the test. The test was executed at a rate 25 times slower than real time to compensate for machine 
delays. Bearing UET-1 was used in this test. Figure A.23-1 shows the fidelity achieved in the 
hybrid test. Figures A.23-2 and A.23-3 contain bearing responses, and Figure A.23-4 depicts the 
resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.23-1  Hybrid test performance metrics for run 80: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 



 A.69 

−100  −50   0   50  100
−1,000

  −500

     0

   500

 1,000

Longitudinal displacement (mm)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

−100  −50   0   50  100
−1,000

  −500

     0

   500

 1,000

Lateral displacement (mm)

L
a
t
e
r
a
l
 
f
o
r
c
e
 
(
k
N
)

−100  −50  0   50 100
−100

 −50

   0

  50

 100

Lateral displacement (mm)

L
o
n
g
.
 
d
i
s
p
l
a
c
e
m
e
n
t

(
m
m
)

−1,000         0         1,000
−1,000

  −500

     0

   500

 1,000

Lateral force (kN)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

Peak displ. = 61−mm

Peak force = 885−kN

 

Figure A.23-2  Hybrid test bearing response for run 80: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.23-3  Hybrid test time history responses for run 80: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.23-4  Hybrid test floor spectra for run 80: EUR5, 3D with 5 groups of bearings 
and the experimental bearing representing the center group. 

  



 A.71 

A.24 TEST RUN 82 

Test run 82 was a hybrid test of the EUR dispersion appropriate ground motion number five. The 
model consisted of five groups of bearings. The experimental bearing’s group was centrally 
located in the layout. Input motions consisted of two horizontal components. The axial load was 
specified as the design axial load of 8,663 kN, but this dof command was included during the 
test. The test was executed at a rate 25 times slower than real time to compensate for machine 
delays. Bearing UET-1 was used in this test. Figure A.24-1 shows the fidelity achieved in the 
hybrid test. Figures A.24-2 and A.24-3 contain bearing responses, and Figure A.24-4 depicts the 
resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.24-1  Hybrid test performance metrics for run 82: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.24-2  Hybrid test bearing response for run 82: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.24-3  Hybrid test time history responses for run 82: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.24-4  Hybrid test floor spectra for run 82: EUR5, 3D with 5 groups of bearings 
and the experimental bearing representing the center group. 

  



 A.74 

A.25 TEST RUN 83 

Test run 83 was a hybrid test of the EUR dispersion appropriate ground motion number five. The 
model consisted of five groups of bearings. The experimental bearing’s group was located in 
corner number 3 of the layout. Input motions consisted of two horizontal components. The axial 
load was specified as the design axial load of 8,663 kN, but this dof command was included 
during the test. The test was executed at a rate 25 times slower than real time to compensate for 
machine delays. Bearing UET-1 was used in this test. Figure A.25-1 shows the fidelity achieved 
in the hybrid test. Figures A.25-2 and A.25-3 contain bearing responses, and Figure A.25-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.25-1  Hybrid test performance metrics for run 83: EUR5, 3D with 5 groups of 
bearings and the experimental bearing representing the no. 3 corner 

group. 
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Figure A.25-2  Hybrid test bearing response for run 83: EUR5, 3D with 5 groups and the 
experimental bearing representing the no. 3 corner group. 
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Figure A.25-3  Hybrid test time history responses for run 83: EUR5, 3D with 5 groups and 
the experimental bearing representing the no. 3 corner group. 
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Figure A.25-4  Hybrid test floor spectra for run 83: EUR5, 3D with 5 groups of bearings 
and the experimental bearing representing the no. 3 corner group. 

  



 A.77 

A.26 TEST RUN 84 

Test run 84 was a hybrid test of the NRC dispersion appropriate ground motion number 15. The 
model consisted of five groups of bearings. The experimental bearing’s group was centrally 
located in the layout. Input motions consisted of two horizontal components. The axial load was 
specified as the design axial load of 8,663 kN, but this dof command was included during the 
test. The test was executed at a rate 25 times slower than real time to compensate for machine 
delays. Bearing UET-1 was used in this test. Figure A.26-1 shows the fidelity achieved in the 
hybrid test. Figures A.26-2 and A.26-3 contain bearing responses, and Figure A.26-4 depicts the 
resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.26-1  Hybrid test performance metrics for run 84: NRC15, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.26-2  Hybrid test bearing response for run 84: NRC15, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.26-3  Hybrid test time history responses for run 84: NRC15, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure A.26-4  Hybrid test floor spectra for run 84: NRC15, 3D with 5 groups of bearings 
and the experimental bearing representing the center group. 

  



 A.80 

A.27 TEST RUN 85 

Test run 85 was a hybrid test of the NRC dispersion appropriate ground motion number 15. The 
model consisted of five groups of bearings. The experimental bearing’s group was located in 
corner number 3 of the layout. Input motions consisted of two horizontal components. The axial 
load was specified as the design axial load of 8,663 kN, but this dof command was included 
during the test. The test was executed at a rate 25 times slower than real time to compensate for 
machine delays. Bearing UET-1 was used in this test. Figure A.27-1 shows the fidelity achieved 
in the hybrid test. Figures A.27-2 and A.27-3 contain bearing responses, and Figure A.27-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure A.27-1  Hybrid test performance metrics for run 85: NRC15, 3D with 5 groups of 
bearings and the experimental bearing representing the no. 3 corner 

group. 
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Figure A.27-2  Hybrid test bearing response for run 85: NRC15, 3D with 5 groups and the 
experimental bearing representing the no. 3 corner group. 
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Figure A.27-3  Hybrid test time history responses for run 85: NRC15, 3D with 5 groups 
and the experimental bearing representing the no. 3 corner group. 
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Figure A.27-4  Hybrid test floor spectra for run 85: NRC15, 3D with 5 groups of bearings 
and the experimental bearing representing the no. 3 corner group. 

  



 A.83 

A.28 DISPLACEMENT RUN 86 

Test run 86 was a repeat of the displacement history resulting from run 84 executed at real time. 
Run 84 was a hybrid test of the NRC dispersion appropriate ground motion number 15. The 
model consisted of five groups of bearings. The experimental bearing’s group was located in the 
center of the layout. Input motions consisted of two horizontal components and a constant axial 
load specified as the design axial load of 8,663 kN. Bearing UET-1 was used in this test. Figures 
A.28-1 and A.28-2 contain bearing responses. 
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Figure A.28-1  Bearing response for real-time displacement history from hybrid test run 
84: NRC15, 3D with 5 groups of bearings and the experimental bearing 

representing the center group. 
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Figure A.28-2  Time history responses for real-time displacement history from hybrid test 
run 84: NRC15, 3D with 5 groups of bearings and the experimental 

bearing representing the center group. 

  



 A.85 

A.29 DEVELOPMENT RUN 88 

Development run 88 was a hybrid test of the NRC dispersion appropriate ground motion number 
15. The model consisted of five groups of bearings. The experimental bearing’s group was 
located in corner number 3 of the layout. Input motions consisted of three horizontal 
components. The initial axial load was solved for during the simulation. The test was executed at 
a rate 25 times slower than real time to compensate for machine delays. Bearing UET-1 was used 
in this test. Figure A.29-1 shows the fidelity achieved in the hybrid test. Figures A.29-2 and 
A.29-3 contain bearing responses, and Figure A.29-4 depicts the resulting floor response spectra 
for select locations in two of the isolated sructures. 
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Figure A.29-1  Hybrid test performance metrics for run 88: NRC15, 3D with 5 groups of 
bearings and the experimental bearing representing the no. 3 corner 

group. 
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Figure A.29-2  Hybrid test bearing response for run 88: NRC15, 3D with 5 groups and the 
experimental bearing representing the no. 3 corner group. 
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Figure A.29-3  Hybrid test time history responses for run 88: NRC15, 3D with 5 groups 
and the experimental bearing representing the no. 3 corner group. 
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Figure A.29-4  Hybrid test floor spectra for run 88: NRC15, 3D with 5 groups of bearings 
and the experimental bearing representing the no. 3 corner group. 

  



 A.88 

A.30 TEST RUN 89 

Test run 89 was a hybrid test of the NRC dispersion appropriate ground motion number 15. The 
model consisted of five groups of bearings. The experimental bearing’s group was located in 
corner number 3 of the layout. Input motions consisted of three horizontal components. The 
initial axial load was solved for during the simulation. The test was executed at a rate 25 times 
slower than real time to compensate for machine delays. Bearing UET-1 was used in this test. 
Figure A.30-1 shows the fidelity achieved in the hybrid test. Figures A.30-2 and A.30-3 contain 
bearing responses, and Figure A.30-4 depicts the resulting floor response spectra for select 
locations in two of the isolated structures. 

 0 10 20 30
−2,000

−1,000

     0

 1,000

 2,000

Time (sec)

Sh
ea
r

fo
rc
e

(k
N)

−566

−283

0

283

566

No
rm
al
iz
ed

tr
ac
ki
ng

in
di
ca
to
r

−7.8

−3.9

0

3.9

7.8

Di
sp
la
ce
me
nt

er
ro
r

(%
)

 

 

Time Shift = 2 msec 
Time Shift = 2 msec 
Time Shift = −1 msec

Long.
Lat.
Vert.

0.1 1 10 50
0

50

100

150

200

250

300

350

400

Frequency (Hz)

Fo
ur
ie
r 
am
pl
it
ud
e

Shear force

0.1 1 10 50
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Fo
ur
ie
r 
am
pl
it
ud
e

Displacement error

 

Figure A.30-1  Hybrid test performance metrics for run 89: NRC15, 3D with 5 groups of 
bearings and the experimental bearing representing the no. 3 corner 

group. 
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Figure A.30-2  Hybrid test bearing response for run 89: NRC15, 3D with 5 groups and the 
experimental bearing representing the no. 3 corner group. 
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Figure A.30-3  Hybrid test time history responses for run 89: NRC15, 3D with 5 groups 
and the experimental bearing representing the no. 3 corner group. 
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Figure A.30-4  Hybrid test floor spectra for run 89: NRC15, 3D with 5 groups of bearings 
and the experimental bearing representing the no. 3 corner group. 



 B.1 

Appendix B: Characterization Tests 
Conducted on Lead Plug 
Rubber Bearings  

Characterization tests listed in Table B.1 and Table B.2 were performed on the Unison eTech 
bearings UET-2 and UET-1, respectively. 

Table B.1  Characterization tests conducted on lead plug rubber bearing UET-2. 

Section	   Run	   Components	  

Number	  
of	  

cycles	  

Displ.	  
amplitude*	  

(mm)	  

Axial	  
load*	  

(kN)	  
Velocity*	  

(mm/s)	  
Wave	  
form	  

B.1	   8	   Axial	   9	   0	   Varies	   -‐	   Ramp	  and	  sine	  
B.2	   9	   Longitudinal	   3	   224	   8,663	   586	   Sine	  
B.3	   12	   Longitudinal	   3	   224	   21,927	   7	   Sine	  
B.4	   13	   Axial	   3	   0	   Varies	   -‐	   Ramp	  and	  sine	  
B.5	   14	   Axial	   9	   0	   Tension	   -‐	   Ramp	  and	  sine	  
B.6	   15	   Axial	   9	   56	   Varies	   -‐	   Ramp	  and	  sine	  
B.7	   16	   Axial	   9	   112	   Varies	   -‐	   Ramp	  and	  sine	  
B.8	   17	   Axial	   9	   224	   Varies	   -‐	   Ramp	  and	  sine	  
B.9	   18	   Axial	   9	   336	   Varies	   -‐	   Ramp	  and	  sine	  
B.10	   23	   Transverse	   3	   224	   8,663	   586	   Sine	  
B.11	   35	   Longitudinal	   3	   224	   8,663	   586	   Sine	  
B.12	   41	   Longitudinal	   3	   224	   8,663	   7	   Sine	  
B.13	   51	   Trans.	  Rot.	   2	   0	   8,663	   -‐	   Sine	  
B.14	   52	   Long.	  Rot.	   2	   0	   8,663	   -‐	   Sine	  
B.15	   53	   Twist	   9	   0	   8,663	   -‐	   Sine	  
B.16	   54	   Longitudinal	   3	   224	   8,663	   586	   Sine	  
B.17	   56	   Longitudinal	   3	   224	   8,663	   7	   Sine	  
B.18	   57	   Bidirectional	   2	   224	   8,663	   Varies	   Sines	  
B.19	   59	   Longitudinal	   3	   224	   8,663	   586	   Sine	  

*  Target values 
  



 B.2 

Table B.1 (Continued) Characterization tests conducted on lead plug rubber bearing UET-2. 

Section	   Run	   Components	  

Number	  
of	  

cycles	  

Displ.	  
amplitude*	  

(mm)	  

Axial	  
load*	  

(kN)	  
Velocity*	  

(mm/s)	   Wave	  form	  
B.20	   62	   Bidirectional	   3	   224	   8,663	   28	   Sine	  
B.21	   64	   Longitudinal	   3	   448	   8,663	   28	   Sine	  
B.22	   65	   Longitudinal	   3	   896	   8,663	   56	   Sine	  
B.23	   66	   Bidirectional	   -‐	   To	  failure	   8,663	   -‐	   Elipse	  

*  Target values 

 

Table B.2  Characterization tests conducted on lead plug rubber bearing UET-1 

Section	   Run	   Components	  

Number	  
of	  

cycles	  

Displ.	  
amplitude*	  

(mm)	  

Axial	  
load*	  

(kN)	  
Velocity*	  

(mm/s)	   Wave	  form	  
B.24	   67	   Longitudinal	   3	   224	   8,663	   586	   Sine	  
B.25	   68	   Axial	   3	   0	   Varies	   -‐	   Ramp	  and	  sine	  
B.26	   69	   Longitudinal	   3	   224	   21,927	   7	   Sine	  
B.27	   70	   Transverse	   3	   224	   8,663	   586	   Sine	  
B.28	   71	   Longitudinal	   5	   224	   8,663	   373	   Triangle	  
B.29	   72	   Longitudinal	   4	   224	   8,663	   9	   Triangle	  
B.30	   73	   Longitudinal	   4	   224	   8,663	   1,173	   Sine	  
B.31	   74	   Longitudinal	   3	   224	   21,927	   7	   Sine	  
B.32	   75	   Longitudinal	   4	   224	   25,002	   373	   Triangle	  
B.33	   76	   Longitudinal	   4	   224	   2,807	   373	   Triangle	  
B.34	   81	   Longitudinal	   20	   13	   8,663	   4	   Sine	  
B.35	   87	   Longitudinal	   5	   444	   8,663	   485	   Sine	  
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B.1 TEST RUN 8 
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Figure B.1-1  Test run no. 8 time history: Axial compression (0 mm amplitude and varying 
axial load). 
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Figure B.1-2  Test run no. 8 hysteresis: Axial compression (0 mm amplitude and varying 
axial load).  
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B.2 TEST RUN 9 
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Figure B.2-1  Test run no. 9 time history: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 586 mm/s velocity). 
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Figure B.2-2  Test run no. 9 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 586 mm/s velocity).  
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B.3 TEST RUN 12 
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Figure B.3-1  Test run no. 12 time history: Longitudinal (224 mm amplitude, 21,927 kN 
axial load, and 7 mm/s velocity). 
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Figure B.3-2  Test run no. 12 hysteresis: Longitudinal (224 mm amplitude, 21,927 kN axial 
load, and 7 mm/s velocity).  
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B.4 TEST RUN 13 

−1,000

  −500

     0

   500

 1,000
S
h
e
a
r

f
o
r
c
e

(
k
N
)

 

 
Long.

Lat.

     0
 5,000
10,000
15,000
20,000
25,000
30,000

A
x
i
a
l

f
o
r
c
e

(
k
N
)

   0   500 1,000 1,500
−50

−25

  0

 25

 50

D
i
s
p
l
.

(
m
m
)

Analysis time (sec)
Friction correction: "Processed data"  

Figure B.4-1  Test run no. 13 time history: Axial (0 mm amplitude and varying axial load). 
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Figure B.4-2  Test run no. 13 hysteresis: Axial (0 mm amplitude and varying axial load).  
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B.5 TEST RUN 14 
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Figure B.5-1  Test run no. 14 time history: Axial (0mm amplitude and tensile axial load). 
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Figure B.5-2  Test run no. 14 hysteresis: Axial (0mm amplitude and tensile axial load).  
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B.6 TEST RUN 15 
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Figure B.6-1  Test run no. 15 time history: Axial (56 mm amplitude and varying axial 
load). 
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Figure B.6-2  Test run no. 15 hysteresis: Axial (56 mm amplitude and varying axial load).  
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B.7 TEST RUN 16 
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Figure B.7-1  Test run no. 16 time history: Axial (112 mm amplitude and varying axial 
load). 
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Figure B.7-2  Test run no. 16 hysteresis: Axial (112 mm amplitude and varying axial load).  
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B.8 TEST RUN 17 
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Figure B.8-1  Test run no. 17 time history: Axial (224 mm amplitude and varying axial 
load). 
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Figure B.8-2  Test run no. 17 hysteresis: Axial (224 mm amplitude and varying axial load).  
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B.9 TEST RUN 18 
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Figure B.9-1  Test run no. 18 time history: Axial (336 mm amplitude and varying axial 
load). 
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Figure B.9-2  Test run no. 18 hysteresis: Axial (336 mm amplitude and varying axial load).  
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B.10 TEST RUN 23 
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Figure B.10-1  Test run no. 23 time history: Transverse (224 mm amplitude, 8,663 kN axial 
load, and 586 mm/s velocity). 
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Figure B.10-2  Test run no. 23 hysteresis: Transverse (224 mm amplitude, 8,663 kN axial 
load, and 586 mm/s velocity).  
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B.11 TEST RUN 35 
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Figure B.11-1  Test run no. 35 time history: Longitudinal (224 mm amplitude, 8,663 kN 
axial load, and 586 mm/s velocity). 
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Figure B.11-2  Test run no. 35 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 586 mm/s velocity).  
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B.12 TEST RUN 41 
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Figure B.12-1  Test run no. 41 time history: Longitudinal (224 mm amplitude, 8,663 kN 
axial load, and 7 mm/s velocity). 
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Figure B.12-2  Test run no. 41 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 7 mm/s velocity).  
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B.13 TEST RUN 51 
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Figure B.13-1  Test run no. 51 time history: Transverse rotation (0 mm amplitude and 8,66 
kN axial load). 
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Figure B.13-2  Test run no. 51 hysteresis: Transverse rotation (0 mm amplitude and 8,66 
kN axial load).  
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B.14 TEST RUN 52 
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Figure B.14-1  Test run no. 52 time history: Longitudinal rotation (0 mm amplitude and 
8,663 kN axial load). 
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Figure B.14-2  Test run no. 52 hysteresis: Longitudinal rotation (0 mm amplitude and 
8,663 kN axial load).  
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B.15 TEST RUN 53 
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Figure B.15-1  Test run no. 53 time history: Twist (0 mm amplitude and 8,663 kN axial 
load). 
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Figure B.15-2  Test run no. 53 hysteresis: Twist (0 mm amplitude and 8,663 kN axial load).  
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B.16 TEST RUN 54 
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Figure B.16-1  Test run no. 54 time history: Longitudinal (224 mm amplitude, 8,663 kN 
axial load, and 586 mm/s velocity). 
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Figure B.16-2  Test run no. 54 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 586 mm/s velocity).  
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Figure B.17-1  Test run no. 56 time history: Longitudinal (224 mm amplitude, 8,663 kN 
axial load, and 7 mm/s velocity). 
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Figure B.17-2  Test run no. 56 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 7 mm/s velocity).  
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Figure B.18-1  Test run no. 57 time history: Clover leaf orbit (224 mm amplitude, 8,664 kN 
axial load, and varying velocity). 
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Figure B.18-2  Test run no. 57 hysteresis: Clover leaf orbit (224 mm amplitude, 8,664 kN 
axial load, and varying velocity).  



 B.21 
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Figure B.19-1  Test run no. 59 time history: Longitudinal (224 mm amplitude, 8,663 kN 
axial load, and 586 mm/s velocity). 
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Figure B.19-2  Test run no. 59 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 586 mm/s velocity).  
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Figure B.20-1  Test run no. 62 time history: Bidirectional (224 mm amplitude, 8,663 kN kN 
axial load, and 28 mm/s velocity). 
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Figure B.20-2  Test run no. 62 hysteresis: Bidirectional (224 mm amplitude, 8,663 kN kN 
axial load, and 28 mm/s velocity).  
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Figure B.21-1  Test run no. 64 time history: Longitudinal (448 mm amplitude, 8,663 kN 
axial load, and 28 mm/s velocity). 
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Figure B.21-2  Test run no. 64 hysteresis: Longitudinal (448 mm amplitude, 8,663 kN axial 
load, and 28 mm/s velocity).  
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Figure B.22-1  Test run no. 65 time history: Longitudinal (896 mm amplitude, 8,663 kN 
axial load, and 56 mm/s velocity). 
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Figure B.22-2  Test run no. 65 hysteresis: Longitudinal (896 mm amplitude, 8,663 kN axial 
load, and 56 mm/s velocity).  
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Figure B.23-1  Test run no. 66 time history: Bearing response during failure test (varying 
amplitude and 8,663 kN axial load). 
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Figure B.23-2  Test run no. 66 hysteresis: Bearing response during failure test (varying 
amplitude and 8,663 kN axial load).  
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Figure B.24-1  Test run no. 67 time history: Longitudinal (224 mm amplitude, 8,663 kN kN 
axial load, 586 mm/s velocity). 
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Figure B.24-2  Test run no. 67 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN kN 
axial load, 586 mm/s velocity).  
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Figure B.25-1  Test run no. 68 time history: Axial (0 mm amplitude, varying axial load). 
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Figure B.25-2  Test run no. 68 hysteresis: Axial (0 mm amplitude, varying axial load).  
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Figure B.26-1  Test run no. 69 time history: Longitudinal (224 mm amplitude, 21,927 kN 
axial load, and 7 mm/s velocity). 
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Figure B.26-2  Test run no. 69 hysteresis: Longitudinal (224 mm amplitude, 21,927 kN 
axial load, and 7 mm/s velocity).  
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Figure B.27-1  Test run no. 70 time history: Transverse (224 mm amplitude, 8,663 kN axial 
load, and 586 mm/s velocity). 
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Figure B.27-2  Test run no. 70 hysteresis: Transverse (224 mm amplitude, 8,663 kN axial 
load, and 586 mm/s velocity).  
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Figure B.28-1  Test run no. 71 time history: Longitudinal (224 mm amplitude, 8,663 kN 
axial load, and 373 mm/s velocity). 
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Figure B.28-2  Test run no. 71 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 373 mm/s velocity).  
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Figure B.29-1  Test run no. 72 time history: Longitudinal (224 mm amplitude, 8,663 kN 
axial load, and 9 mm/s velocity). 
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Figure B.29-2  Test run no. 72 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 9 mm/s velocity).  
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B.30 TEST RUN 73 
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Figure B.30-1  Test run no. 73 time history: Longitudinal (224 mm amplitude, 8,663 kN 
axial load, and 1,173 mm/s velocity). 
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Figure B.30-2  Test run no. 73 hysteresis: Longitudinal (224 mm amplitude, 8,663 kN axial 
load, and 1,173 mm/s velocity).  



 B.33 

B.31 TEST RUN 74 
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Figure B.31-1  Test run no. 74 time history: Longitudinal (224 mm amplitude, 21,927 kN 
axial load, and 7 mm/s velocity). 
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Figure B.31-2  Test run no. 74 hysteresis: Longitudinal (224 mm amplitude, 21,927 kN 
axial load, and 7 mm/s velocity).  
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B.32 TEST RUN 75 

−2,000

−1,000

     0

 1,000

 2,000
S
h
e
a
r

f
o
r
c
e

(
k
N
)

 

 
Long.

Lat.

     0
 5,000
10,000
15,000
20,000
25,000
30,000

A
x
i
a
l

f
o
r
c
e

(
k
N
)

 0  5 10 15
−250

−125

   0

 125

 250

D
i
s
p
l
.

(
m
m
)

Analysis time (sec)
Friction correction: "Processed data"  

Figure B.32-1  Test run no. 75 time history: Longitudinal (224 mm amplitude, 25,002 kN 
axial load, and 373 mm/s velocity). 
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Figure B.32-2  Test run no. 75 hysteresis: Longitudinal (224 mm amplitude, 25,002 kN 
axial load, and 373 mm/s velocity).  
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B.33 TEST RUN 76 
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Figure B.33-1  Test run no. 76 time history: Longitudinal (224 mm amplitude, 2,807 kN 
axial load, and 373 mm/s velocity). 
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Figure B.33-2  Test run no. 76 hysteresis: Longitudinal (224 mm amplitude, 2,807 kN axial 
load, and 373 mm/s velocity).  
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B.34 TEST RUN 81 
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Figure B.34-1  Test run no. 81 time history: Longitudinal (13 mm amplitude, 8,663 kN axial 
load, and 4 mm/s velocity). 
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Figure B.34-2  Test run no. 81 hysteresis: Longitudinal (13 mm amplitude, 8,663 kN axial 
load, and 4 mm/s velocity).  
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B.35 TEST RUN 87 
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Figure B.35-1  Test run no. 87 time history: Longitudinal (444 mm amplitude, 8,663 kN 
axial load, and 485 mm/s velocity). 

−550 −275   0  275  550
−3,000

−1,500

     0

 1,500

 3,000

Longitudinal displacement (mm)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

−550 −275   0  275  550
−3,000

−1,500

     0

 1,500

 3,000

Lateral displacement (mm)

L
a
t
e
r
a
l
 
f
o
r
c
e
 
(
k
N
)

−550−275   0  275 550
−550

−275

   0

 275

 550

Lateral displacement (mm)

L
o
n
g
.
 
d
i
s
p
l
a
c
e
m
e
n
t

(
m
m
)

−3,000         0         3,000
−3,000

−1,500

     0

 1,500

 3,000

Lateral force (kN)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

Peak displ. = 568−mm

Peak force = 2285−kN

Friction correction: "Processed data"  

Figure B.35-2  Test run no. 87 hysteresis: Longitudinal (444 mm amplitude, 8,663 kN axial 
load, and 485 mm/s velocity). 



 



 C.1 

Appendix C: Hybrid Simulation Tests 
Conducted on Friction Sliding 
Bearings 

Hybrid tests listed in Table C.1 and Table C.2 were performed on the ESCO-RTS friction 
bearings EQS-1 and EQS-2, respectively. Detailed responses of these tests are shown in sections 
C.1 through C.24. For select tests, a corresponding analytical estimation was performed and 
included in this appendix. These are indicated by the letter A appending the run number. 

Table C.1  Hybrid simulations and analyses conducted on a friction sliding bearing (EQS-1) 

Section	   Run	  
Ground	  
motion	   Model	   Components	  

Test	  
rate	  

C.1	   17	   EUR5	   Exp	  =	  All	   1D	   25	  
C.2	   18	   EUR5	   Exp	  =	  All	   2D	   25	  
C.3	   18A	   EUR5	   Exp	  =	  All	   2D	   -‐	  

C.4	   19	   Displacement	  
from	  #18	   Exp	  =	  All	   2D	   -‐	  

C.5	   21	   NRC2	   Exp	  =	  All	   2D	   25	  
C.6	   22	   NRC2	   Exp	  =	  All	   1D	   25	  

C.7	   23	   Displacement	  
from	  #22	   Exp	  =	  All	   1D	   -‐	  

 

Table C.2  Hybrid simulations and analyses conducted on a friction sliding bearing (EQS-2) 

Section	   Run 
Ground	  
motion	   Model	   Components 

Test	  
rate 

C.8	   43	   NRC2	  
5	  groups	  of	  bearings	  

(Exp	  =	  Center)	   2D	   5	  

C.9	   44	   NRC2	  
5	  groups	  of	  bearings	  

(Exp	  =	  Center)	   3D	   15	  

C.10	   46	   NRC2	  
5	  groups	  of	  bearings	  

(Exp	  =	  Center)	   3D	   18	  

C.11	   47	   NRC2	  
5	  groups	  of	  bearings	  

(Exp	  =	  Center)	   3D	   20	  

C.12	   48	   NRC2	   5	  groups	  of	  bearings	  
(Exp	  =	  Corner)	   3D	   20	  

 
  



 C.2 

Table C.2 (Continued)  Hybrid simulations and analyses conducted on a friction sliding bearing 
(EQS-2) 

Section	   Run 
Ground	  
motion Model	   Components 

Test	  
rate 

C.13	   49	   NRC2	   5	  groups	  of	  bearings	  
(Exp	  =	  Corner)	   3D	   20	  

C.14	   50	   NRC2	   5	  groups	  of	  bearings	  
(Exp	  =	  Corner)	   3D	   20	  

C.15	   51	   NRC2	   5	  groups	  of	  bearings	  
(Exp	  =	  Corner)	   3D	   20	  

C.16	   52	   NRC2	   Exp	  =	  All	   1D	   5	  
C.17	   52A	   NRC2	   Exp	  =	  All	   1D	   -‐	  
C.17	   53	   EUR5	   Exp	  =	  All	   1D	   5	  
C.19	   53A	   EUR5	   Exp	  =	  All	   1D	   -‐	  
C.19	   54	   NRC2	   Exp	  =	  All	   2D	   5	  
C.21	   54A	   NRC2	   Exp	  =	  All	   2D	   -‐	  

C.21	   55	   Displacement	  
from	  #53	   Exp	  =	  All	   1D	   -‐	  

C.23	   57	   Displacement	  
from	  #54	   Exp	  =	  All	   2D	   -‐	  

C.21	   58	   NRC10	   Exp	  =	  All	   2D	  	   5	  
 
  



 C.3 

C.1 TEST RUN 17 

Test run 17 was a hybrid test of the EUR dispersion appropriate ground motion number 5. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of a single horizontal component and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing EQS-1 was used in this test. Figure C.1-1 shows the fidelity 
achieved in the hybrid test. Figures C.1-2 and C.1-3 contain bearing responses, and Figure C.1-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure C.1-1  Hybrid test performance metrics for run 17: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure C.1-2  Hybrid test bearing response for run 17: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure C.1-3  Hybrid test time history responses metrics for run 17: EUR5, 1D with 
experimental bearing representing all bearings. 
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Figure C.1-4  Hybrid test floor spectra for run 17: EUR5, 1D with experimental bearing 
representing all bearings. 

  



 C.6 

C.2 TEST RUN 18 

Test run 18 was a hybrid test of the EUR dispersion appropriate ground motion number 5. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of two horizontal components and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing EQS-1 was used in this test.	   Figure C.2-1 shows the fidelity 
achieved in the hybrid test. Figures C.2-2 and C.2-3 contain bearing responses, and Figure C.2-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure C.2-1  Hybrid test performance metrics for run 18: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure C.2-2  Hybrid test bearing response for run 18: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure C.2-3  Hybrid test time history responses for run 18: EUR5, 2D with experimental 
bearing representing all bearings. 
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Figure C.2-4  Hybrid test floor spectra for run 18: EUR5, 2D with experimental bearing 
representing all bearings. 



 C.9 

C.3 ANALYSIS RUN 18A 

Analysis run 18A was an analytical estimation of the EUR dispersion appropriate ground motion 
number 5. The model consisted of a single analytical bearing representing all 527 bearings. Input 
motions consisted of two horizontal components and a constant axial load was specified as the 
design axial load of 8,663 kN. Bearing EQS-1 was used in this test.	  Figures C.3-1 and C.3-2 
contain analytical bearing responses, and Figure C.3-3 depicts the resulting floor response 
spectra for select locations in two of the isolated structures. 
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Figure C.3-1  Analytical bearing response for run 18A: EUR5, 2D with a single analytical 
bearing. 
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Figure C.3-2  Analytical time history responses for run 18A: EUR5, 2D with a single 
analytical bearing. 
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Figure C.3-3  Floor spectra for analytical run 18A: EUR5, 2D with a single analytical 
bearing. 
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C.4 DISPLACEMENT RUN 19 

Test run 19 was a real-time displacement history recorded from test run 18, which was a hybrid 
test of the EUR dispersion appropriate ground motion number five. Input motions consisted of 
two horizontal components and a constant axial load specified as the design axial load of 8,663 
kN. The test was executed at a rate real time to investigate loading rate effects. Bearing EQS-1 
was used in this test. Figures C.4-1 and C.4-2 contain bearing responses. 
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Figure C.4-1  Bearing response for real-time reproduction of hybrid test run 18: EUR5, 2D 
with experimental bearing representing all bearings. 
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Figure C.4-2  Time history responses for real-time reproduction of hybrid test run 18: 
EUR5, 2D with experimental bearing representing all bearings. 
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C.5 TEST RUN 21 

Test run 21 was a hybrid test of the NRC dispersion appropriate ground motion number 2. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of two horizontal components and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing EQS-1 was used in this test. Figure C.5-1 shows the fidelity 
achieved in the hybrid test. Figures C.5-2 and C.5-3 contain bearing responses, and Figure C.5-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure C.5-1  Hybrid test performance metrics for run 21: NRC2, 2D with experimental 
bearing representing all bearings. 
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Figure C.5-2  Hybrid test bearing response for run 21: NRC2, 2D with experimental 
bearing representing all bearings. 
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Figure C.5-3  Hybrid test time history responses for run 21 NRC2, 2D with experimental 
bearing representing all bearings. 
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Figure C.5-4  Hybrid test floor spectra for run 21 NRC2, 2D with experimental bearing 
representing all bearings. 
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C.6 TEST RUN 22 

Test run 22 was a hybrid test of the NRC dispersion appropriate ground motion number 2. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of a single horizontal component and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 25 times slower than real time to compensate 
for machine delays. Bearing EQS-1 was used in this test.	   Figure C.6-1 shows the fidelity 
achieved in the hybrid test. Figures C.6-2 and C.6-3 contain bearing responses, and Figure C.6-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure C.6-1  Hybrid test performance metrics for run 22: NRC2, 1D with experimental 
bearing representing all bearings. 



 C.18 

−150  −75   0   75  150
−2,000

−1,000

     0

 1,000

 2,000

Longitudinal displacement (mm)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

−150  −75   0   75  150
−2,000

−1,000

     0

 1,000

 2,000

Lateral displacement (mm)

L
a
t
e
r
a
l
 
f
o
r
c
e
 
(
k
N
)

−150  −75  0   75 150
−150

 −75

   0

  75

 150

Lateral displacement (mm)

L
o
n
g
.
 
d
i
s
p
l
a
c
e
m
e
n
t

(
m
m
)

−2,000         0         2,000
−2,000

−1,000

     0

 1,000

 2,000

Lateral force (kN)

L
o
n
g
.
 
f
o
r
c
e
 
(
k
N
)

Peak displ. = 100−mm

Peak force = 1618−kN

 

Figure C.6-2  Hybrid test bearing response for run 22: NRC2, 1D with experimental 
bearing representing all bearings. 
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Figure C.6-3  Hybrid test time history responses for run 22: NRC2, 1D with experimental 
bearing representing all bearings. 
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Figure C.6-4  Hybrid test floor spectra for run 22: NRC2, 1D with experimental bearing 
representing all bearings. 
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C.7 DISPLACEMENT RUN 23 

Test run 23 was a real-time displacement history recorded from test run 22, which was a hybrid 
test of the NRC dispersion appropriate ground motion number 2. Input motions consisted of a 
single horizontal component and a constant axial load specified as the design axial load of 8,663 
kN. The test was executed at a rate real time to investigate loading rate effects. Bearing EQS-1 
was used in this test. Figures C.7-1 and C.7-2 contain bearing responses. 
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Figure C.7-1  Bearing response for real-time reproduction of hybrid test run 22: NRC2, 1D 
with experimental bearing representing all bearings. 
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Figure C.7-2  Time history responses for real-time reproduction of hybrid test run 22: 
NRC2, 1D with experimental bearing representing all bearings. 
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C.8 TEST RUN 43 

Test run 43 was a hybrid test of the NRC dispersion appropriate ground motion number 2. The 
model consisted of a five groups of bearings. The experimental bearing’s group was located in 
the center of the layout. Input motions consisted of two horizontal components. The vertical 
component was not applied, but the effects of overturning were included. The initial axial load 
specified as the design axial load of 8,663 kN. The test was executed at a rate 5 times slower 
than real time to compensate for machine delays. Bearing EQS-2 was used in this test. Figure 
C.8-1 shows the fidelity achieved in the hybrid test. Figures C.8-2 and C.8-3 contain bearing 
responses, and Figure C.8-4 depicts the resulting floor response spectra for select locations in 
two of the isolated structures. 
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Figure C.8-1  Hybrid test performance metrics for run 43: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.8-2  Hybrid test bearing response for run 43: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.8-3  Hybrid test time history responses for run 43: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.8-4  Hybrid test floor spectra for run 43: NRC2, 3D with 5 groups of bearings and 
the experimental bearing representing the center group. 
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C.9 DEVELOPMENT RUN 44 

Development run 44 was a hybrid test of the NRC dispersion appropriate ground motion number 
2. The model consisted of a five groups of bearings. The experimental bearing’s group was 
located in the center of the layout. Input motions consisted of two horizontal components. The 
vertical component was not applied, but the effects of overturning were included. The initial 
axial load specified as the design axial load of 8,663 kN. The test was executed at a rate 15 times 
slower than real time to compensate for machine delays. Bearing EQS-2 was used in this test. 
Figure C.9-1 shows the fidelity achieved in the hybrid test. Figures C.9-2 and C.9-3 contain 
bearing responses, and Figure C.9-4 depicts the resulting floor response spectra for select 
locations in two of the isolated structures. 
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Figure C.9-1  Hybrid test performance metrics for run 44: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.9-2  Hybrid test bearing response for run 44: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.9-3  Hybrid test time history responses for run 44: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.9-4  Hybrid test floor spectra for run 44: NRC2, 3D with 5 groups of bearings and 
the experimental bearing representing the center group. 
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C.10 DEVELOPMENT RUN 46 

Development run 46 was a hybrid test of the NRC dispersion appropriate ground motion number 
2. The model consisted of a five groups of bearings. The experimental bearing’s group was 
located in the center of the layout. Input motions consisted of two horizontal components. The 
vertical component was not applied, but the effects of overturning were included. The initial 
axial load specified as the design axial load of 8,663 kN. The test was executed at a rate 18 times 
slower than real time to compensate for machine delays. Bearing EQS-2 was used in this test. 
Figure C.10-1 shows the fidelity achieved in the hybrid test. Figures C.10-2 and C.10-3 contain 
bearing responses, and Figure C.10-4 depicts the resulting floor response spectra for select 
locations in two of the isolated structures. 
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Figure C.10-1  Hybrid test performance metrics for run 46: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.10-2  Hybrid test bearing response for run 46: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.10-3  Hybrid test time history responses for run 46: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.10-4  Hybrid test floor spectra for run 46: NRC2, 3D with 5 groups of bearings 
and the experimental bearing representing the center group. 
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C.11 TEST RUN 47 

Test run 47 was a hybrid test of the NRC dispersion appropriate ground motion number 2. The 
model consisted of a five groups of bearings. The experimental bearing’s group was located in 
center of the layout. Input motions consisted of two horizontal components. The vertical 
component was not applied, but the effects of overturning were included. The initial axial load 
specified as the design axial load of 8,663 kN. The test was executed at a rate 20 times slower 
than real time to compensate for machine delays. Bearing EQS-2 was used in this test. Figure 
C.11-1 shows the fidelity achieved in the hybrid test. Figures C.11-2 and C.11-3 contain bearing 
responses, and Figure C.11-4 depicts the resulting floor response spectra for select locations in 
two of the isolated structures. 
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Figure C.11-1  Hybrid test performance metrics for run 47: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.11-2  Hybrid test bearing response for run 47: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.11-3  Hybrid test time history responses for run 47: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the center group. 
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Figure C.11-4  Hybrid test floor spectra for run 47: NRC2, 3D with 5 groups of bearings 
and the experimental bearing representing the center group. 
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C.12 DEVELOPMENT RUN 48 

Development run 48 was a hybrid test of the NRC dispersion appropriate ground motion number 
2. The model consisted of a five groups of bearings. The experimental bearing’s group was 
located in corner number 3 of the layout. Input motions consisted of two horizontal components. 
The vertical component was not applied, but the effects of overturning were included. The initial 
axial load specified as the design axial load of 8,663 kN. The test was executed at a rate 20 times 
slower than real time to compensate for machine delays. Bearing EQS-2 was used in this test. 
Figure C.12-1 shows the fidelity achieved in the hybrid test. Figures C.12-2 and C.12-3 contain 
bearing responses, and Figure C.12-4 depicts the resulting floor response spectra for select 
locations in two of the isolated structures. 
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Figure C.12-1  Hybrid test performance metrics for run 48: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the no. 3 corner 

group. 
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Figure C.12-2  Hybrid test bearing response for run 48: NRC2, 3D with 5 groups and the 
experimental bearing representing the no. 3 corner group. 
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Figure C.12-3  Hybrid test time history responses for run 48: NRC2, 3D with 5 groups and 
the experimental bearing representing the no. 3 corner group. 
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Figure C.12-4  Hybrid test floor spectra for run 48: NRC2, 3D with 5 groups of bearings 
and the experimental bearing representing the no. 3 corner group. 
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C.13 DEVELOPMENT RUN 49 

Development run 49 was a hybrid test of the NRC dispersion appropriate ground motion number 
2. The model consisted of a five groups of bearings. The experimental bearing’s group was 
located in corner number 3 of the layout. Input motions consisted of two horizontal components. 
The vertical component was not applied, but the effects of overturning were included. The initial 
axial load specified as the design axial load of 8,663 kN. The test was executed at a rate 20 times 
slower than real time to compensate for machine delays. Bearing EQS-2 was used in this test. 
Figure C.13-1 shows the fidelity achieved in the hybrid test. Figures C.13-2 and C.13-3 contain 
bearing responses, and Figure C.13-4 depicts the resulting floor response spectra for select 
locations in two of the isolated structures. 
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Figure C.13-1  Hybrid test performance metrics for run 49: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the no. 3 corner 

group. 
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Figure C.13-2  Hybrid test bearing response for run 49: NRC2, 3D with 5 groups and the 
experimental bearing representing the no. 3 corner group. 
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Figure C.13-3  Hybrid test time history responses for run 49: NRC2, 3D with 5 groups and 
the experimental bearing representing the no. 3 corner group. 
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Figure C.13-4  Hybrid test floor spectra for run 49: NRC2, 3D with 5 groups of bearings 
and the experimental bearing representing the no. 3 corner group. 

  



 C.40 

C.14 TEST RUN 50 

Test run 50 was a hybrid test of the NRC dispersion appropriate ground motion number 2. The 
model consisted of a five groups of bearings. The experimental bearing’s group was located in 
corner number 3 of the layout. Input motions consisted of two horizontal components. The 
vertical component was not applied, but the effects of overturning were included. The initial 
axial load specified as the design axial load of 8,663 kN. The test was executed at a rate 20 times 
slower than real time to compensate for machine delays. Bearing EQS-2 was used in this test. 
Figure C.14-1 shows the fidelity achieved in the hybrid test. Figures C.14-2 and C.14-3 contain 
bearing responses, and Figure C.14-4 depicts the resulting floor response spectra for select 
locations in two of the isolated structures. 
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Figure C.14-1  Hybrid test performance metrics for run 50: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the no. 3 corner 

group. 
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Figure C.14-2  Hybrid test bearing response for run 50: NRC2, 3D with 5 groups and the 
experimental bearing representing the no. 3 corner group. 
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Figure C.14-3  Hybrid test time history responses for run 50: NRC2, 3D with 5 groups and 
the experimental bearing representing the no. 3 corner group. 
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Figure C.14-4  Hybrid test floor spectra for run 50: NRC2, 3D with 5 groups of bearings 
and the experimental bearing representing the no. 3 corner group. 
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C.15 TEST RUN 51 

Test run 51 was a hybrid test of the NRC dispersion appropriate ground motion number 2. The 
model consisted of a five groups of bearings. The experimental bearing’s group was located in 
corner number 3 of the layout. Input motions consisted of two horizontal components. The 
vertical component was not applied, but the effects of overturning were included. The initial 
axial load specified as the design axial load of 8,663 kN. The test was executed at a rate 20 times 
slower than real time to compensate for machine delays. Bearing EQS-2 was used in this test. 
Figure C.15-1 shows the fidelity achieved in the hybrid test. Figures C.15-2 and C.15-3 contain 
bearing responses, and Figure C.15-4 depicts the resulting floor response spectra for select 
locations in two of the isolated structures. 
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Figure C.15-1  Hybrid test performance metrics for run 51: NRC2, 3D with 5 groups of 
bearings and the experimental bearing representing the no. 3 corner 

group. 
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Figure C.15-2  Hybrid test bearing response for run 51: NRC2, 3D with 5 groups and the 
experimental bearing representing the no. 3 corner group. 
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Figure C.15-3  Hybrid test time history responses for run 51: NRC2, 3D with 5 groups and 
the experimental bearing representing the no. 3 corner group. 
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Figure C.15-4  Hybrid test floor spectra for run 51: NRC2, 3D with 5 groups of bearings 
and the experimental bearing representing the no. 3 corner group. 
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C.16 TEST RUN 52 

Test run 52 was a hybrid test of the NRC dispersion appropriate ground motion number 2. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of a single horizontal component and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 5 times slower than real time to compensate for 
machine delays. Bearing EQS-2 was used in this test. Figure C.16-1 shows the fidelity achieved 
in the hybrid test. Figures C.16-2 and C.16-3 contain bearing responses, and Figure C.16-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure C.16-1  Hybrid test performance metrics for run 52: NRC2, 1D with experimental 
bearing representing all bearings. 
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Figure C.16-2  Hybrid test bearing response for run 52: NRC2, 1D with experimental 
bearing representing all bearings. 
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Figure C.16-3  Hybrid test time history responses for run 52: NRC2, 1D with experimental 
bearing representing all bearings. 
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Figure C.16-4  Hybrid test floor spectra for run 52: NRC2, 1D with experimental bearing 
representing all bearings. 
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C.17 ANALYSIS RUN 52A 

Analysis run 52A was an analytical estimation of the NRC dispersion appropriate ground motion 
number 2. The model consisted of a single analytical bearing representing all 527 bearings. Input 
motions consisted of a single horizontal component and a constant axial load was specified as the 
design axial load of 8,663 kN. Bearing EQS-2 was used in this test.	  Figures C.17-1 and C.17-2 
contain analytical bearing responses, and Figure C.17-3 depicts the resulting floor response 
spectra for select locations in two of the isolated structures. 
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Figure C.17-1  Analytical bearing response for run 52A: NRC2, 1D with a single analytical 
bearing. 
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Figure C.17-2  Analytical time history responses for run 52A: NRC2, 1D with a single 
analytical bearing. 
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Figure C.17-3  Floor spectra for analytical run 52A: NRC2, 1D with a single analytical 
bearing. 

  



 C.52 

C.18 TEST RUN 53 

Test run 53 was a hybrid test of the EUR dispersion appropriate ground motion number 5. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of a single horizontal component and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 5 times slower than real time to compensate for 
machine delays. Bearing EQS-2 was used in this test. Figure C.17-1 shows the fidelity achieved 
in the hybrid test. Figures C.17-2 and C.17-3 contain bearing responses, and Figure C.17-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure C.18-1  Hybrid test performance metrics for run 53: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure C.18-2  Hybrid test bearing response for run 53: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure C.18-3  Hybrid test time history responses for run 53: EUR5, 1D with experimental 
bearing representing all bearings. 
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Figure C.18-4  Hybrid test floor spectra for run 53: EUR5, 1D with experimental bearing 
representing all bearings. 
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C.19 ANALYSIS RUN 53A 

Analysis run 53A was an analytical estimation of the EUR dispersion appropriate ground motion 
number 5. The model consisted of a single analytical bearing representing all 527 bearings. Input 
motions consisted of a single horizontal component and a constant axial load was specified as the 
design axial load of 8,663 kN. Bearing EQS-2 was used in this test.	  Figures C.19-1 and C.19-2 
contain analytical bearing responses, and Figure C.19-3 depicts the resulting floor response 
spectra for select locations in two of the isolated structures. 
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Figure C.19-1  Analytical bearing response for run 53A: EUR5, 1D with a single analytical 
bearing. 
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Figure C.19-2  Analytical time history responses for run 53A: EUR5, 1D with a single 
analytical bearing. 
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Figure C.19-3  Floor spectra for analytical run 53A: EUR5, 1D with a single analytical 
bearing. 
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C.20 TEST RUN 54 

Test run 54 was a hybrid test of the NRC dispersion appropriate ground motion number 2. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of two horizontal components and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 5 times slower than real time to compensate for 
machine delays. Bearing EQS-2 was used in this test. Figure C.19-1 shows the fidelity achieved 
in the hybrid test. Figures C.19-2 and C.19-3 contain bearing responses, and Figure C.19-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure C.20-1  Hybrid test performance metrics for run 54: NRC2, 2D with experimental 
bearing representing all bearings. 
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Figure C.20-2  Hybrid test bearing response for run 54: NRC2, 2D with experimental 
bearing representing all bearings. 
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Figure C.20-3  Hybrid test time history responses for run 54: NRC2, 2D with experimental 
bearing representing all bearings. 
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Figure C.20-4  Hybrid test floor spectra for run 54: NRC2, 2D with experimental bearing 
representing all bearings. 
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C.21 ANALYSIS RUN 54A 

Analysis run 54A was an analytical estimation of the NRC dispersion appropriate ground motion 
number 2. The model consisted of a single analytical bearing representing all 527 bearings. Input 
motions consisted of two horizontal components and a constant axial load was specified as the 
design axial load of 8,663 kN. Bearing EQS-2 was used in this test.	  Figures -1 and C.2-2 contain 
analytical bearing responses, and Figure C.2-3 depicts the resulting floor response spectra for 
select locations in two of the isolated structures. 
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Figure C.21-1  Analytical bearing response for run 54A: NRC2, 2D with a single analytical 
bearing. 
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Figure C.21-2  Analytical time history responses for run 54A: NRC2, 2D with a single 
analytical bearing. 
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Figure C.21-3  Floor spectra for analytical run 54A: NRC2, 2D with a single analytical 
bearing. 
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C.22 DEVELOPMENT RUN 55 

Development run 55 was a real-time displacement history recorded from test run 53, which was a 
hybrid test of the EUR dispersion appropriate ground motion number 5. Input motions consisted 
of a single horizontal component and a constant axial load specified as the design axial load of 
8,663 kN. The test was executed at a rate real time to investigate loading rate effects. Bearing 
EQS-1 was used in this test. Figures C.21-1 and C.21-2 contain bearing responses. 
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Figure C.22-1  Bearing response for real-time reproduction of hybrid test run 53: EUR5, 
1D with experimental bearing representing all bearings. 
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Figure C.22-2  Time history responses for real-time reproduction of hybrid test run 53: 
EUR5, 1D with experimental bearing representing all bearings. 
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C.23 DISPLACEMENT RUN 57 

Test run 57 was a real-time displacement history recorded from test run 54, which was a hybrid 
test of the NRC dispersion appropriate ground motion number 2. Input motions consisted of two 
horizontal components and a constant axial load specified as the design axial load of 8,663 kN. 
The test was executed at a rate real time to investigate loading rate effects. Bearing EQS-1 was 
used in this test. Figures C.23-1 and C.23-2 contain bearing responses. 
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Figure C.23-1  Bearing response for real-time reproduction of hybrid test run 54: NRC2, 
2D with experimental bearing representing all bearings. 
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Figure C.23-2  Time history responses for real-time reproduction of hybrid test run 54: 
NRC2, 2D with experimental bearing representing all bearings. 
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C.24 TEST RUN 58 

Test run 58 was a hybrid test of the NRC dispersion appropriate ground motion number 10. The 
model consisted of a single experimental bearing representing all 527 bearings. Input motions 
consisted of two horizontal components and a constant axial load specified as the design axial 
load of 8,663 kN. The test was executed at a rate 5 times slower than real time to compensate for 
machine delays. Bearing EQS-2 was used in this test. Figure C.24-1 shows the fidelity achieved 
in the hybrid test. Figures C.24-2 and C.24-3 contain bearing responses, and Figure C.24-4 
depicts the resulting floor response spectra for select locations in two of the isolated structures. 
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Figure C.24-1  Hybrid test performance metrics for run 58: NRC10, 2D with experimental 
bearing representing all bearings. 
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Figure C.24-2  Hybrid test bearing response for run 58: NRC10, 2D with experimental 
bearing representing all bearings. 
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Figure C.24-3  Hybrid test time history responses for run 58: NRC10, 2D with 
experimental bearing representing all bearings. 
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Figure C.24-4  Hybrid test floor spectra for run 58: NRC10, 2D with experimental bearing 
representing all bearings. 



 D.1 

Appendix D: Characterization Tests 
Conducted on Friction Sliding 
Bearings  

Characterization tests listed in Table D.1 and Table D.2 were performed on the ESCO-
RTS bearings EQS-1 and EQS-2, respectively. 

Table D.1  Characterization tests conducted on friction slider bearing EQS-1. 

Section	   Run	   Components	  

Number	  
of	  

cycles	  

Displ.	  
amplitude*	  

(mm)	  

Axial	  
load*	  

(kN)	  
Velocity*	  

(mm/s)	   Wave	  form	  
D.1	   1	   Longitudinal	   3	   120	   8,663	   410	   Sine	  
D.2	   2	   Axial	   9	   0	   Varies	   -‐	   Ramp	  &	  Sine	  
D.3	   3	   Axial	   9	   120	   Varies	   -‐	   Ramp	  &	  Sine	  
D.4	   4	   Axial	   3	   0	   Varies	   -‐	   Ramp	  &	  Sine	  
D.5	   5	   Axial	   3	   0	   Varies	   -‐	   Ramp	  &	  Sine	  
D.6	   6	   Trans.	  Rot.	   2	   0	   8,663	   -‐	   Sine	  
D.7	   7	   Long.	  Rot.	   2	   0	   8,663	   -‐	   Sine	  
D.8	   8	   Twist	   9	   0	   8,663	   -‐	   Sine	  
D.9	   9	   Longitudinal	   6	   120	   10,000	   410	   Triangle	  
D.10	   10	   Transverse	   3	   120	   8,663	   410	   Sine	  
D.11	   11	   Longitudinal	   3	   120	   0	   410	   Sine	  
D.12	   12	   Longitudinal	   6	   120	   2,500	   410	   Sine	  
D.13	   13	   Longitudinal	   6	   120	   5,000	   410	   Sine	  
D.14	   14	   Longitudinal	   6	   120	   15,000	   410	   Sine	  
D.15	   15	   Longitudinal	   6	   120	   8,663	   41	   Sine	  
D.16	   16	   Longitudinal	   6	   180	   8,663	   409	   Sine	  
D.17	   20	   Longitudinal	   3	   120	   8,663	   410	   Sine	  
D.18	   24	   Longitudinal	   6	   120	   8,663	   410	   Sine	  
D.19	   25	   Longitudinal	   3	   120	   8,663	   820	   Sine	  
D.20	   26	   Longitudinal	   6	   120	   8,663	   410	   Sine	  
D.21	   27	   Longitudinal	   3	   120	   Varies	   410	   Sine	  
D.22	   28	   Bidirectional	   4	   Varies	   8,663	   Varies	   Time	  History	  
D.23	   29	   Bidirectional	   4	   Varies	   178	   Varies	   Time	  History	  

*  Target values 



 D.2 

Table D.2  Characterization tests conducted on friction slider bearing EQS-2. 

Section	   Run	   Components	  

Number	  
of	  

cycles	  

Displ.	  
amplitude*	  

(mm)	  

Axial	  
load*	  

(kN)	  
Velocity*	  

(mm/s)	   Wave	  form	  
D.24	   30	   Longitudinal	   3	   120	   8,663	   410	   Sine	  
D.25	   31	   Axial	   3	   0	   Varies	   -‐	   Ramp	  &	  Sine	  
D.26	   32	   Transverse	   3	   120	   8,663	   410	   Sine	  
D.28	   33	   Bidirectional	   2	   120	   8,663	   Varies	   Sine	  
D.28	   34	   Longitudinal	   -‐	   120	   8,663	   Varies	   Sine	  
D.29	   35	   Longitudinal	   24.5	   Varies	   8,663	   Varies	   Sine	  
D.30	   36	   Longitudinal	   20	   13	   8,663	   4	   Sine	  
D.31	   59	   Longitudinal	   3	   120	   8,663	   410	   Sine	  
D.32	   60	   Transverse	   3	   120	   8,663	   410	   Sine	  

*  Target values 
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D.1 TEST RUN 1 
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Figure D.1-1  Test run no. 1 time history: Longitudinal (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity). 
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Figure D.1-2  Test run no. 1 hysteresis: Longitudinal (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity).  
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D.2 TEST RUN 2 

−2,000

−1,000

     0

 1,000

 2,000
S
h
e
a
r

f
o
r
c
e

(
k
N
)

 

 
Long.

Lat.

     0

 5,000

10,000

15,000

20,000

25,000

A
x
i
a
l

f
o
r
c
e

(
k
N
)

 0 100 200 300 400 500
−50

−25

  0

 25

 50

D
i
s
p
l
.

(
m
m
)

Analysis time (sec)
Friction correction: "Processed data"  

Figure D.2-1  Test run no. 2 time history: Axial (0 mm displacement and varying axial 
load). 
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Figure D.2-2  Test run no. 2 hysteresis: Axial (0 mm displacement and varying axial load).  
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D.3 TEST RUN 3 
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Figure D.3-1  Test run no. 3 time history: Axial (120 mm displacement and varying axial 
load). 
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Figure D.3-2  Test run no. 3 hysteresis: Axial (120 mm displacement and varying axial 
load).  
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D.4 TEST RUN 4 
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Figure D.4-1  Test run no. 4 time history: Axial (0 mm displacement and varying axial 
load). 
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Figure D.4-2  Test run no. 4 hysteresis: Axial (0 mm displacement and varying axial load).  
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D.5 TEST RUN 5 
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Figure D.5-1  Test run no. 5 time history: Axial (0 mm displacement and varying axial 
load). 
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Figure D.5-2  Test run no. 5 hysteresis: Axial (0 mm displacement and varying axial load).  
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D.6 TEST RUN 6 
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Figure D.6-1  Test run no. 6 time history: Transverse rotation (0 mm displacement and 
8,663 kN axial load). 
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Figure D.6-2  Test run no. 6 hysteresis: Transverse rotation (0 mm displacement and 
8,663 kN axial load).  



 D.9 

D.7 TEST RUN 7 
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Figure D.7-1  Test run no. 7 time history: Longitudinal rotation (0 mm displacement and 
8,663 kN axial load). 
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Figure D.7-2  Test run no. 7 hysteresis: Longitudinal rotation (0 mm displacement and 
8,663 kN axial load).  
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D.8 TEST RUN 8 
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Figure D.8-1  Test run no. 8 time history: Twist (0 mm displacement and 8,663 kN axial 
load). 
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Figure D.8-2  Test run no. 8 hysteresis: Twist (0 mm displacement and 8,663 kN axial 
load).  
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D.9 TEST RUN 9 
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Figure D.9-1  Test run no. 9 time history: Longitudinal (120 mm amplitude, 10,000 kN kN 
axial load, and 410 mm/s velocity). 
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Figure D.9-2  Test run no. 9 hysteresis: Longitudinal (120 mm amplitude, 10,000 kN kN 
axial load, and 410 mm/s velocity).  
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D.10 TEST RUN 10 

−2,000

−1,000

     0

 1,000

 2,000
S
h
e
a
r

f
o
r
c
e

(
k
N
)

 

 
Long.

Lat.

     0

 5,000

10,000

A
x
i
a
l

f
o
r
c
e

(
k
N
)

 0  2  4  6  8 10
−150

 −75

   0

  75

 150

D
i
s
p
l
.

(
m
m
)

Analysis time (sec)
Friction correction: "Processed data"  

Figure D.10-1  Test run no. 10 time history: Transverse (120 mm amplitude, 8,663 kN kN 
axial load, and 410 mm/s velocity). 
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Figure D.10-2  Test run no. 10 hysteresis: Transverse (120 mm amplitude, 8,663 kN kN 
axial load, and 410 mm/s velocity).  
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D.11 TEST RUN 11 
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Figure D.11-1  Test run no. 11 time history: Longitudinal (120 mm amplitude, 0 kN axial 
load, and 410 mm/s velocity). 
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Figure D.11-2  Test run no. 11 hysteresis: Longitudinal (120 mm amplitude, 0 kN axial 
load, and 410 mm/s velocity).  
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Figure D.12-1  Test run no. 12 time history: Longitudinal (120 mm amplitude, 2,500 kN 
axial load, and 410 mm/s velocity). 
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Figure D.12-2  Test run no. 12 hysteresis: Longitudinal (120 mm amplitude, 2,500 kN axial 
load, and 410 mm/s velocity).  
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Figure D.13-1  Test run no. 13 time history: Longitudinal (120 mm amplitude, 5,000 kN 
axial load, and 410 mm/s velocity). 
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Figure D.13-2  Test run no. 13 hysteresis: Longitudinal (120 mm amplitude, 5,000 kN axial 
load, and 410 mm/s velocity).  
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Figure D.14-1  Test run no. 14 time history: Longitudinal (120 mm amplitude, 15,000 kN 
axial load, and 410 mm/s velocity). 
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Figure D.14-2  Test run no. 14 hysteresis: Longitudinal (120 mm amplitude, 15,000 kN 
axial load, and 410 mm/s velocity).  
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Figure D.15-1  Test run no. 15 time history: Longitudinal (120 mm amplitude, 8,663 kN 
axial load, and 41 mm/s velocity). 
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Figure D.15-2  Test run no. 15 hysteresis: Longitudinal (120 mm amplitude, 8,663 kN axial 
load, and 41 mm/s velocity).  
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Figure D.16-1  Test run no. 16 time history: Longitudinal (180 mm amplitude, 8,663 kN 
axial load, and 409 mm/s velocity). 
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Figure D.16-2  Test run no. 16 hysteresis: Longitudinal (180 mm amplitude, 8,663 kN axial 
load, and 409 mm/s velocity).  
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Figure D.17-1  Test run no. 20 time history: Longitudinal (120 mm amplitude, 8,663 kN 
axial load, and 410 mm/s velocity). 
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Figure D.17-2  Test run no. 20 hysteresis: Longitudinal (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity).  
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Figure D.18-1  Test run no. 24 time history: Longitudinal (120 mm amplitude, 8,663 kN 
axial load, and 410 mm/s velocity). 
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Figure D.18-2  Test run no. 24 hysteresis: Longitudinal (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity).  
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Figure D.19-1  Test run no. 25 time history: Longitudinal (120 mm amplitude, 8,663 kN 
axial load, and 820 mm/s velocity). 
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Figure D.19-2  Test run no. 25 hysteresis: Longitudinal (120 mm amplitude, 8,663 kN axial 
load, and 820 mm/s velocity).  
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Figure D.20-1  Test run no. 26 time history: Longitudinal (120 mm amplitude, 8,663 kN 
axial load, and 410 mm/s velocity). 
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Figure D.20-2  Test run no. 26 hysteresis: Longitudinal (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity).  
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Figure D.21-1  Test run no. 27 time history: Longitudinal (120 mm amplitude, varying 
axial load, and 410 mm/s velocity). 
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Figure D.21-2  Test run no. 27 hysteresis: Longitudinal (120 mm amplitude, varying axial 
load, and 410 mm/s velocity).  
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Figure D.22-1  Test run no. 28 time history: Square orbit (Varying amplitude, 8,663 kN 
axial load, and varying velocity). 
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Figure D.22-2  Test run no. 28 hysteresis: Square orbit (Varying amplitude, 8,663 kN axial 
load, and varying velocity).  
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Figure D.23-1  Test run no. 29 time history: Square orbit (Varying amplitude, 178 kN axial 
load, and varying velocity). 
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Figure D.23-2  Test run no. 29 hysteresis: Square orbit (Varying amplitude, 178 kN axial 
load, and varying velocity).  
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Figure D.24-1  Test run no. 30 time history: Longitudinal (120 mm amplitude, 8,663 kN 
axial load, and 410 mm/s velocity). 
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Figure D.24-2  Test run no. 30 hysteresis: Longitudinal (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity).  
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Figure D.25-1  Test run no. 31 time history: Axial (0 mm amplitude and varying axial 
load). 
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Figure D.25-2  Test run no. 31 hysteresis: Axial (0 mm amplitude and varying axial load).  
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Figure D.26-1  Test run no. 32 time history: Transverse (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity). 
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Figure D.26-2  Test run no. 32 hysteresis: Transverse (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity).  
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Figure D.27-1  Test run no. 33 time history: Clover leaf orbit (120 mm amplitude, 8,663 kN 
axial load, and varying velocity). 
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Figure D.27-2  Test run no. 33 hysteresis: Clover leaf orbit (120 mm amplitude, 8,663 kN 
axial load, and varying velocity).  
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Figure D.28-1  Test run no. 34 time history: Longitudinal (120 mm amplitude, 8,663 kN 
axial load). 
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Figure D.28-2  Test run no. 34 hysteresis: Longitudinal (120 mm amplitude, 8,663 kN axial 
load).  
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Figure D.29-1  Test run no. 35 time history: Longitudinal (varying amplitude, 8,663 kN 
axial load, and varying frequency). 
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Figure D.29-2  Test run no. 35 hysteresis: Longitudinal (varying amplitude, 8,663 kN axial 
load, and varying frequency).  
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Figure D.30-1  Test run no. 36 time history: Longitudinal (13 mm amplitude, 8,663 kN axial 
load, and 4 mm/s velocity). 
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Figure D.30-2  Test run no. 36 hysteresis: Longitudinal (13 mm amplitude, 8,663 kN axial 
load, and 4 mm/s velocity).  
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Figure D.31-1  Test run no. 59 time history: Longitudinal (120 mm amplitude, 8,663 kN 
axial load, and 410 mm/s velocity). 
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Figure D.31-2  Test run no. 59 hysteresis: Longitudinal (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity).  
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Figure D.32-1  Test run no. 60 time history: Transverse (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity). 
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Figure D.32-2  Test run no. 60 hysteresis: Transverse (120 mm amplitude, 8,663 kN axial 
load, and 410 mm/s velocity). 
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