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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center of
excellence in advanced technology applications that is dedicated to the reduction of earthquake losses
nationwide. Headquartered at the University at Buffalo, State University of New York, the Center
was originally established by the National Science Foundation in 1986, as the National Center for
Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions throughout the
United States, the Center’s mission is to reduce earthquake losses through research and the
application of advanced technologies that improve engineering, pre-earthquake planning and post-
earthquake recovery strategies. Toward this end, the Center coordinates a nationwide program of
multidisciplinary team research, education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies: the National
Science Foundation (NSF) and the Federal Highway Administration (FHWA), and the State of New
York. Significant support is derived from the Federal Emergency Management Agency (FEMA),
other state governments, academic institutions, foreign governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by developing
seismic evaluation and rehabilitation strategies for the post-disaster facilities and systems (hospitals,
electrical and water lifelines, and bridges and highways) that society expects to be operational
following an earthquake; and to further enhance resilience by developing improved emergency
management capabilities to ensure an effective response and recovery following the earthquake (see
the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and analytical
network to facilitate the exchange of  information between researchers located in various institutions
across the country. These are complemented by, and integrated with, other MCEER activities in
education, outreach, technology transfer, and industry partnerships.

This combined experimental and analytical study provides an assessment of the validity and
accuracy of analysis methods commonly used for seismically isolated structures, emphasizing
secondary system response, contemporary seismic isolation systems, and strong and/or near-fault
seismic excitation.   A six-story steel model was used in three configurations: flexible moment-frame,
asymmetrically braced-frame and stiff braced-frame. Eight isolation systems were studied, namely,
low damping elastomeric bearings with and without linear and nonlinear viscous dampers, Friction
Pendulum (FP) bearings with and without linear and nonlinear viscous dampers, low damping
elastomeric bearings with lead cores, and low damping elastomeric bearings in conjunction with flat
sliding bearings. Over 300 experiments were conducted.  The various experimental results were
compared with analytical results obtained using the SAP2000 and 3D-BASIS-ME computer
programs.  The vast database of experimental results on secondary system response provided the
opportunity to assess the performance of various seismic isolation systems.
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ABSTRACT 
 

This report consists of two main parts: an experimental study of seismic isolation systems 
with emphasis on secondary system response, and verification of the accuracy of 
dynamic response-history analysis programs. Tests were performed on a single bearing 
test machine to determine isolation system properties for analytical modeling. Earthquake 
simulator tests were performed on a quarter-scale, six story, building model. A total of 
eight different isolation systems were studied, namely, low damping elastomeric bearings 
with and without linear and nonlinear viscous dampers, Friction Pendulum (FP) bearings 
with and without linear and nonlinear viscous dampers, low damping elastomeric 
bearings with lead cores, and low damping elastomeric bearings in conjunction with flat 
sliding bearings. Each configuration was modeled in two dynamic analysis computer 
programs: SAP2000 and 3D-BASIS-ME. 
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SECTION 1 

INTRODUCTION 

1.1 Background 
Recent building codes accept that earthquake induced forces can be absorbed by the 

structural system through inelastic action which lengthens the period of the system and 
increases its energy dissipation capabilities (e.g., structural components are detailed for 
increased deformability and hysteretic damping). This action involves damage to the 
structural system; this damage is acceptable because it is not economically feasible with 
standard construction methods to construct a facility that will not sustain damage. 
However, earthquakes have other cost impacts such as repair and disruption costs after 
the earthquake, and emotional costs from personal losses and injuries. 

Seismic isolation is a design technique for reducing the effects of earthquakes on 
structures by using a mechanism that provides flexibility and energy absorption while 
simultaneously supporting the weight of the structure. This is achieved by building the 
structure on devices that serve to substantially decouple the structure from the damaging 
horizontal components of the earthquake motions. This not only prevents the structural 
system from experiencing the full effects of the earthquake, but also damage to contents 
and non-structural components is significantly reduced or eliminated. 

Currently more than 1000 structures worldwide have been constructed or are being 
constructed on seismic isolation. The first application of seismic isolation in the United 
States in a building structure was the use of high damping elastomeric bearings in the 
Foothill Communities Law and Justice Center in California in 1985. Since then there 
have been several more applications in new construction and retrofit of historic 
structures. The damage caused by the 1989 Loma Prieta and 1994 Northridge 
earthquakes greatly increased the demand for base isolated structures on the west coast of 
the United States. The number of new and retrofitted projects using seismic isolation 
demonstrates the increasing acceptance of this design technique and is also reflected in 
the new seismic isolation code provisions and specifications in the IBC 2000, FEMA 273 
& 274 and AASHTO 2000. 

The application of new technologies (specifically energy dissipation and seismic 
isolation systems) in important construction (particularly hospitals, emergency operation 
centers, buildings housing sensitive equipment and historic buildings with fragile 
ornaments) has very recently reached an interesting development. Guidelines for 
performance-based design now include statements on the performance of secondary 
systems. This performance is quantified in terms of a single parameter: the peak value of 
structural acceleration. However, it is well understood now that non-structural 
components and secondary systems are affected by several structural system response 
parameters, such as structural drift (e.g., piping systems, cladding, etc.), peak floor 
acceleration (e.g., rigidly attached equipment), spectral floor acceleration (e.g., flexibly 
attached equipment), and combination of response parameters (e.g., cabinets and 
equipment that are allowed to rock, and complex systems such as sprinkler systems, gas 
supply systems, etc.). Applied Technology Council – ATC (1998) has addressed many 
issues with non-structural components. While the ATC document identifies structural 
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response parameters that affect non-structural system response, it does not define 
response limits for specific performance objectives. 

Apart from the fact that peak acceleration cannot adequately describe the potential for 
damage to secondary systems, there are concerns that current methods of analysis, 
whether simplified or sophisticated response-history methods, are capable of providing 
accurate information for assessing the potential for damage to secondary systems. 
Particularly, there has been little work to date on assessing the validity and accuracy of 
methods of analysis of seismically isolated structures with emphasis on secondary system 
response. Apart from the study of Juhn et al. (1992), which was very limited in scope, 
there is no work done on the verification of accuracy of methods of dynamic analysis of 
secondary systems in seismically isolated structures by comparison with experimental 
data.  

Given the current emphasis on high performance structures and the interest in the 
behavior of non-structural components, there is a need to assess the validity and accuracy 
of methods of analysis of seismically isolated structures with emphasis on: 

(a) secondary system response, 
(b) contemporary seismic isolation systems, and 
(c) seismic excitation that is characteristic of strong seismicity and near-fault 

effects. 
A number of seismic isolation and energy dissipation systems in configurations not 

previously tested but which are now often envisioned for applications in areas of high 
seismicity and near-fault excitation were designed and manufactured for this purpose. 
They include highly flexible and highly damped systems. While such systems are 
effective in reducing the response of the structural system, they are likely less effective in 
the protection of secondary (non-structural) components and systems. 

The scope of this research is to acquire data on displacements, velocities and 
accelerations, as well as forces relevant to design of the structural system and utilize 
these data both to study the effectiveness of these systems and to investigate the accuracy 
of analytical prediction by the commonly utilized dynamic analysis programs. An 
existing six-story steel model was used in three configurations: flexible moment-frame, 
asymmetrically braced-frame and stiff braced-frame. 

1.2 Report Organization 
Section 2 provides current information on non-structural component response to 

seismic excitation and seismic isolation systems. Section 3 provides information on the 
isolator testing machine, isolation system properties, the six-story structural model, tested 
configurations, instrumentation, and the simulator used for earthquake testing. Section 4 
provides a summary of test results and interpretation of results. Analytical models of the 
isolation systems and the six-story structural system are developed and comparisons of 
response history analysis with experimental results are provided in Section 5. Section 6 
includes a summary of key findings and conclusions drawn from this research project. 
The full results of experimental testing are presented in Appendix A. Appendix B 
provides sample computer input files used in analytical modeling. Appendices C and D 
provide analytical vs. experimental response results for computer programs SAP2000 and 
3D-BASIS-ME, respectively. 
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SECTION 2 

NON-STRUCTURAL COMPONENT RESPONSE AND SEISMIC 

ISOLATION SYSTEMS 
Recent earthquakes, such as the 1989 Loma Prieta and 1994 Northridge earthquakes, 

have shown that code-designed buildings can suffer serious damage to their structural and 
non-structural systems when subjected to moderate and severe earthquake excitations. In 
particular, non-structural and secondary systems have sustained heavy damage, which 
some cases have rendered the structures unusable. Since 1994, particular attention has 
been focused on the economic consequences of damage to non-structural components and 
systems. ATC (1997a) presents a historical review of the seismic design and construction 
practices of non-structural components in the U.S. 

Recent seismic retrofit guidelines distinguish between non-structural components 
whose failure represents life hazard, those whose failure represents loss of building 
function, and those whose failure represents economic loss (ATC 33, 1997a,b). Building 
codes, seismic provisions and guidelines, such as the SEAOC (1999), IBC (2000), ATC 
(1997a,b) and FEMA (2001), contain some provisions for the seismic design of non-
structural components. Other equipment and components installed in the building after 
completion (i.e. computer systems, furniture and art) are excluded. The failure or damage 
of such equipment and components could have a significant impact on building safety or 
function. Moreover, apart from ATC (1997a,b), there is no attempt in any building code 
or seismic provision to relate the seismic design criteria to performance-based design and 
there is no information on the expected state of damage (Arnold, 1998). 

The ATC (1997a,b) has the first comprehensive guideline for performance-based 
seismic design. FEMA 273/274 provides design criteria for non-structural components to 
achieve the performance levels of Life Safety and Immediate Occupancy. No specific 
criteria are included for the performance levels of Operational. Moreover, no criteria are 
provided for complex non-structural systems, such as those that are essential for the 
operation of hospitals, or complex telecommunication systems that are essential for 
emergency, post-earthquake operations. 

Seismic protective systems and particularly seismic isolation systems are generally 
presented as the systems most likely to achieve Operational Performance Level and to be 
useful for application in hospitals, emergency centers, museums and structures of 
architectural significance where damage to non-structural components is unacceptable 
(ATC 33, 1997a). Actually, the vast majority of seismically isolated buildings in the U.S. 
and Japan are structures of architectural significance, hospitals, emergency operations 
centers and buildings containing sensitive equipment or artifacts. This is to a certain 
extent a paradox given that there are no established procedures for achieving Operational 
performance – the level of performance contemplated for the seismically isolated 
structures.  

Over the last decade a number of researchers have sought to identify what variables 
are important to the design of different types of non-structural components and systems. 
Some limit states have been established for various components, but to test all 
components in every type of structure in every orientation is impractical. It is possible to 
set criteria for some non-structural components that have a relatively small pool of 
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commercially available products, like architectural glass and windows, which seem to be 
controlled by drift, and possibly out-of-plane acceleration. For example, Behr and 
Worrell (1998) studied limit stages for architectural glass under simulated seismic 
loading. Many different types of glass with different types of laminates and prestressing 
were tested in plane. The glass did not start cracking until about 2% story drift in these 
tests.  

For other non-structural components, like suspended ceilings, is more difficult to 
choose a critical structural response parameter. If the ceiling is braced in plane, it could 
be considered rigid and thus the peak floor acceleration might be critical. On the other 
hand, if the ceiling system is flexible in plane, the response of the ceiling system might 
depend on how close the natural frequency of the ceiling is to the peaks in the floor 
acceleration spectrum. In addition to acceleration, drift and bay deformation due to 
torsion may necessitate a gap between the ceiling system and the walls. 

After the 1994 Northridge earthquake, the Olive View Medical Center was rendered 
unusable due to flooding from a failed fire sprinkler line that resulted from interaction 
between the ceiling system and the fire sprinkler heads (McGavin et al. 1998). These two 
non-structural systems had a joint boundary at the sprinkler head, and since their motions 
did not match, some heads were ruptured causing significant flooding. The hospital was 
then evacuated despite the complete lack of structural damage. 

Many components in a building structure are dependant upon a specific single 
criterion for proper design, and some, like block type elements subject to sliding and 
overturning, depend on a combination of many variables. Upon first glance, the aspect 
ratio would appear to vastly affect the probability of overturning a block type element 
(i.e. filling cabinet, computer server, printer, copy machine, etc.). However, recent work 
by Zhu and Soong (1998) has shown that aspect ratio has relatively little effect on 
overturning. Instead, the general size of the object, the duration of excitation, the peak 
floor acceleration (the combination of the latter two parameters denotes the significance 
of floor velocity), vertical acceleration, and the restitution coefficient matter most. The 
aspect ratio and coefficient of friction determine whether the object is subject to sliding 
or rocking possibly leading to overturning. However, the probability of overturning is 
markedly affected by the restitution coefficient, leading to the conclusion that simply 
softer floor tiles may reduce the overturning effects by 50 to 90 percent. On the other 
hand, research by Agbabian et al. (1990) for the J. Paul Getty Museum contains 
experimental data which portrays a vastly different view. Instead, their results reinforce 
the logical assumption that the aspect ratio of the object plays a dominant role in the 
prediction of overturning. These two differing conclusions point to the fact that 
secondary system response parameters require much more research. 

The plotting of probability of failure or damage to a non–structural system or 
component versus a particular input parameter is usually referred to as a fragility curve. 
Grigoriu and Waisman (1998), as well as Zhu and Soong (1998), have recently presented 
the idea of evaluation of system reliability using fragility data and a logic tree. Figures 2-
1 and 2-2 present sample logic trees for two non-structural systems. Note that each 
system is made up of components, which in turn could be made up of sub-systems of 
components, and the trees can quickly branch out to a substantial number of components 
and variables. Every component in Figures 2-1 and 2-2 have different response 
characteristics, which are dependent on different primary structural responses. Piping that 
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runs vertically is likely dependent on story drifts, while valves and piping running 
horizontally are likely more affected by acceleration, but probably the full floor 
acceleration spectrum is needed to characterize damage rather than the peak floor 
acceleration. Peak acceleration or peak displacement alone is not sufficient information to 
assess the performance of secondary components and systems. Rather, the components 
and systems should probably be broken down to components with known fragility curves 
and an overall system fragility created. One can optimize the overall structural system by 
concentrating design effort on the limiting the probability of failure of specific 
components or subsystems that are critical for the operation of the facility. 

FIGURE 2-1 Logic Tree Diagram for Medical Gas Supply Equipment (Zhu, 
1998) 

It is thus indeed a severe problem that single-parameter statements on the performance 
of secondary components and systems in seismically isolated structures have been 
included in performance specifications, and oversimplification by some researchers has 
led to general conclusions that certain isolation systems may have significant and harmful 
impacts on the contents of isolated buildings. For example, Skinner et al. (1993) 
mistakenly conclude that isolation systems with high non-linearity are harmful to 
building contents. This observation is based entirely on analysis of a simple four-degree-
of-freedom system subjected to the 1940 El Centro NS input and by using the top floor 
acceleration response as the parameter for assessing the performance of secondary 
systems. This will be visited again in Section 4.5. 
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FIGURE 2-2 Logic Tree Diagram for San Francisco High Rise Fire Suppression 
System (Grigoriu, 1998) 

It should be noted that it is generally accepted that properly designed seismic isolation 
systems reduce demands on non-structural components and systems by comparison with 
conventional fixed base structures. This conclusion is based on limited analytical studies 
such as those reported in Fan and Ahmadi (1990) and Skinner et al. (1993), and the 
experimental studies of Kelly and Tsai (1985) and Juhn et al. (1992). 

The experimental studies of Kelly and Tsai (1985) and Juhn et al. (1992) concentrated 
on elastomeric and sliding isolation systems, respectively, both however of design and 
construction that do not correspond to those of isolation systems in use today. 
Nevertheless, both studies attempted analytical predictions of the response of secondary 
systems, with Kelly and Tsai (1985) presenting a simplified method applicable only to 
linear systems (such as low-damped elastomeric systems). While the studies correctly 
predicted trends in the response of secondary systems, peak values of interest in design 
could not be accurately predicted. 

Accurate prediction of the response of secondary systems in seismically isolated 
structures is important in performance-based design. The available tools for analysis of 
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seismically isolated structures have not been evaluated for accuracy in the prediction of 
the dynamic response of secondary systems. Moreover, the evaluation of accuracy of 
these tools in the prediction of the dynamic response of the primary system has been 
limited. The study reported herein presents such an evaluation by (a) generating 
experimental results on six contemporary seismic isolation systems, and (b) comparing 
the experimental responses to analytically obtained results using currently available 
computer software. 
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SECTION 3 

COMPONENT AND SYSTEM EVALUATION 

3.1 Introduction 
The building model used in the earthquake simulator test program is the one used in 

numerous experiments at the University at Buffalo over the last 15 years. The model was 
originally tested in its fixed base configuration by Reinhorn et al. (1989), and the 
properties of the model were identified at that time by dynamic testing. The properties of 
the model were then verified and presented later in this section. Moreover, all seismic 
isolation and energy dissipation hardware was tested and its characteristics and properties 
are reported herein. FP and lead-core bearings were chosen since these systems represent 
the types of isolation systems used in the United States. Furthermore, elastomeric 
bearings, and FP bearings combined with viscous damping devices were studied because 
of their perceived usefulness in near fault applications. The combined elastomeric and 
flat sliding bearing system was tested because it is viewed as a competitor to the FP 
system in applications of large displacement demand and low bearing loads where purely 
elastomeric systems are ineffective due to inability to be designed with low stiffness. 

3.2 Testing Machine Description 
The single bearing test machine at the University at Buffalo was used to test the seismic 
isolation bearings. A schematic and a photograph of the bearing testing machine are 
presented in Figures 3-1 and 3-2 respectively. It was designed by Kasalanati and 
Constantinou (1999) to be a versatile, small-scale bearing test machine. Its capabilities 
are listed in Table 3-1. These capabilities are currently limited by the available reaction 
load cell and neither the strength of the support framing nor the capacity of the hydraulic 
actuators 

The machine is capable of applying high-speed horizontal movement of the loading 
beam while controlling the axial load on the specimen to either a fixed value or to a 
prescribed history. A multi-component reaction load cell measures the forces in the 
isolator. The use of the reaction load cell and the overall construction of the machine 
greatly improve the accuracy of measurement since they eliminate the necessity for 
corrections due to dynamic and frictional losses that result from indirect measurement of 
forces.  
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FIGURE 3-1 Schematic of Machine Used to Test Individual Isolators 

FIGURE 3-2 Photograph of Machine Used to Test Individual Isolators 
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TABLE 3-1 Summary of Bearing Testing Machine Capabilities 
Vertical Load Capacity 220 kN 

Horizontal Load Capacity 90 kN 
Vertical Displacement Capacity ± 50 mm 

Horizontal Displacement Capacity ± 150 mm 
Specimen Plan Dimensions Within 300 mm x 300 mm square 

Specimen Height Adjustable from 6mm to 230 mm 

3.3 Viscous Damping Devices 
Damping devices were added between the earthquake simulator and the rigid base of 

the model for selected tests to increase the effective damping of the isolation system. 
Linear and nonlinear fluid viscous damping devices were used in conjunction with both 
the Friction Pendulum and low damping elastomeric isolation systems. The properties of 
the damping devices were determined previously by Kasalanati and Constantinou (1999). 
Sinusoidal tests of varying amplitude and frequency (up to 10 Hz) were imposed on the 
dampers using the MTS test machine, and the force in the load cell directly connected to 
each damper was recorded. Figures 3-3 and 3-4 present the force-displacement loops 
from the testing of one linear and one nonlinear damper, respectively. 

The dampers exhibited nearly pure viscous behavior. Figure 3-5 presents graphs of the 
peak damping force (at zero displacement) versus the peak velocity (amplitude times 
circular frequency). The force in the linear dampers can be described by 

DD UCF 0=  (3-1) 
where U D is the velocity of the piston in the damper and the damping constant C0 = 
0.0664 kN-s/mm, which was determined in previous testing. The force in the nonlinear 
dampers is given by 

)sgn( DDND UUCF •=
δ

 (3-2) 

where the damping constant CN = 2.226 kN (s/mm)0.397, the velocity exponent δ = 0.397, 
also determined by previous testing, and sgn(VD), the signum function, is the sign of the 
force is dependent on the direction of motion in the bearing (sign of relative velocityU ). 

3.4 Bearing Testing 
The isolation systems were designed to result in an effective period of about 1 second 

in the 233 kN weight of the model structure for a displacement of 50 mm. FP bearings 
were supplied with a radius of 762 mm and coefficient of friction of 0.077, resulting in an 
effective period of 1.19 seconds at the displacement of 50 mm. The low damping 
elastomeric bearings had an effective period of 0.87 seconds. The lead-core bearings 
were designed identical to the low damping elastomeric but with the addition of a 25 mm 
lead plug. The lead plug caused a marked increase in strength (approximately 0.17 of the 
model weight on each bearing). The resulting increase in the effective stiffness of these 
bearings resulted in an effective period of 0.68 seconds for the displacement of 50 mm 
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FIGURE 3-3 Recorded Force-Displacement Loops of Linear Viscous Damper 
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FIGURE 3-4 Recorded Force-Displacement Loops of Nonlinear Damper 
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FIGURE 3-5 Relationship Between Peak Damping Force and Peak Velocity for 

Two Dampers. (adapted from Kasalanati and Constantinou, 1999) 
 

. 
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3.4.1 Friction Pendulum (FP) Bearings 
The principles of operation of the FP bearing have been established by Zayas et al. 

(1987), Mokha et al. (1990), Constantinou et al. (1993) and Tsopelas at al. (1993). An 
exploded cross-section view of the FP bearings used in this research project is shown in 
Figure 3-6. The bearing consists of a spherical sliding surface and an articulated slider, 
which is faced with a PTFE-based composite identical to that described in Constantinou 
et al. (1999). The force-displacement relation of a FP bearing in any direction is given by 

)sgn(UNU
R
NF sµ+=  (3-3) 

where R is the radius of curvature of the sliding surface, N is the normal load, U is the 
displacement, U  is the velocity and µs is the coefficient of sliding friction as given by 
Mokha and Constantinou (1990) as 

)exp()( minmaxmax Ufff α−−−=µ  (3-4) 

where fmax and fmin are the maximum and minimum friction coefficients, respectively, α is 
a parameter which controls the variation of friction with velocity, and other terms have 
been defined previously.  
To identify the variables needed to properly model the FP bearings, several tests were 
conducted on a single FP bearing. All tests were conducted under constant normal load 
and three cycles of sinusoidal lateral displacement. Sample results are presented in Figure 
3-7. 
 

 (all units in mm) 
FIGURE 3-6 FP Bearing Section 
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FIGURE 3-7 Recorded Normalized Force-Displacement Loops of a FP Bearing 
The loops in Figure 3-7 reveal the dependency of the coefficient of friction on the 

velocity of sliding, which is depicted in Figure 3-8 together with predictions of the 
calibrated equation (3-4). Also, the loops of Figure 3-7 show waviness in the high 
velocity tests. This waviness is the result of fluctuating normal load due to inability of the 
test machine to accommodate the changes in the height of the bearing during high speed 
testing. For example, in the test at a peak velocity of 430 mm/sec, the normal load varied 
between 36 and 77 kN. The problem is more pronounced in the combined large 
amplitude-large velocity (144 mm/sec) test where the normal load varied between 22 and 
85 kN. 
 

3.4.2 Low Damping Elastomeric Bearings 
Figure 3-9 presents a schematic of the low damping rubber bearings used in this 

research project. The bearings were made of natural rubber of grade 5 and hardness 50. 
The shear modulus for this material is typically in the range of 0.6 to 0.7 MPa. Assuming 
a shear modulus, G, of 0.7 MPa, the effective stiffness of the bearings can be predicted by  
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FIGURE 3-8 Coefficient of Sliding Friction Versus Velocity for a FP Bearings 
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where Ar is the bonded rubber area, and Tr is the total rubber thickness. For Ar = 24280 
mm2 and Tr = 57 mm, Keff is 0.30 kN/mm. Thus for four bearings supporting a weight of 
233 kN, these bearing would provide a period of about 1.0 sec in the scale of the 
experiment and 2.0 sec in the prototype scale. 

After receiving the bearings, they were tested in the bearing test machine to determine 
their actual properties before being utilized for earthquake simulator testing. Figures 3-10 
and 3-11 present recorded lateral force-displacement loops of the four elastomeric 
bearings tested under a variety of conditions, including 

a) Axial loads of about 25% (13.3 kN) to about 235% (124.5 kN) of the gravity load 
on the bearings during the earthquake simulator testing, 

b) Rubber shear strain in the range of 50 to 150%, and 
c) Temperature in the range of 20 to 55 °C. 

The bearings exhibited stable properties, which for all practical purposes may be 
described by an effective stiffness of 0.32 kN/mm and an effective damping of 0.045. 
Thus, the effective shear modulus of the rubber is 0.75 MPa. However, it may be noted in 
the loops of Figures 3-10 and 3-11 that the bearings exhibit a reduced stiffness for 
displacements exceeding about 25 mm (which corresponds to a shear strain in the rubber 
of about 50%). The origin of this phenomenon is not known but appeared important for 
the analytical prediction of the response of the isolated model structure. 
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FIGURE 3-9 Schematic of Tested Low Damping Rubber Bearings 
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FIGURE 3-10 Recorded Lateral Force-Displacement Loops for Elastomeric 

Bearing Nos. 1,2 and 3 under Three Different Axial Loads 
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FIGURE 3-11 Recorded Lateral Force-Displacement Loops for Elastomeric 

Bearing Nos. 1 and 4 under Varying Shear Strain and 
Temperature Conditions 
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3.4.3 Lead-Core Bearings 

The lead-core bearing consists of an elastomeric bearing (in this case, identical to the 
low damping elastomeric bearings described in Section 3.4.2) with a lead plug fitted in a 
central hole. The addition of the lead core substantially increases the capability for energy 
absorption due to yielding of the lead core and provides a large horizontal stiffness at 
very low displacements, which may be advantageous for resisting service loads. Figure 3-
12 is a schematic of the lead-core (or lead-rubber) bearings used in this research project. 

The lateral force-displacement relation of the lead-core bearing is shown, in idealized 
form, in Figure 3-13. In this figure, Ke is the elastic stiffness, Kp is the post-elastic 
stiffness, Dy is the yield displacement, Fy is the yield force and Q is the characteristic 
strength (or zero-displacement intercept). 

After receiving the four lead-core bearings, they were all tested in the single bearing 
test machine to determine the actual properties before being utilized in earthquake 
simulator testing. Figure 3-14 presents lateral force-displacement loops for the four lead 
core bearings, recorded in tests under load of 62.3 kN, frequency of 1Hz and rubber shear 
strain of 100%. The loops in Figure 3-14 demonstrate minimal variability of properties 
among the four bearings and a small reduction of strength with increasing number of 
cycles. This is very good performance given the large energy dissipation capacity of the 
bearings, the high speed of testing (peak velocity of 358 mm/s) and the generated heat 
(see Constantinou et al., 1999 for discussion). The following average properties for the 
four bearings and over the three cycles of testing parameters were calculated from the 
loops of Figure 3-13: 

a) Characteristic strength Q = 9.75 kN, 
b) Post-elastic stiffness Kp = 0.37 kN/mm, 
c) Elastic stiffness Ke = 5.25 kN/mm, and 
d) Yield displacement Dy = 2.0 mm. 

Two characteristics of the lead core bearings were important to assess the performance 
of the isolation system in the earthquake simulator tests. The first is characteristic 
strength. At 9.75 kN, this value is 17% of the gravity load on the bearings (=58 kN) in the 
earthquake simulator testing, and uncharacteristically high for lead core bearings in actual 
applications. Given the very large strength of the bearings, the effective stiffness is high 
leading to low effective period of the isolated model. The lead-core bearings could not be 
designed for larger flexibility for reasons of isolator stability at the quarter length scale 
used for earthquake simulator testing. 
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FIGURE 3-12 Schematic of Tested Lead-Core Bearing 
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FIGURE 3-13  Force-Displacement Relation of Lead Core Bearing 

FIGURE 3-14 Recorded Force-Displacement Loops of Lead-Core Bearings 
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3.4.4 Flat Sliding Bearings 

In this research project, flat sliding bearings were used in combination with low 
damping elastomeric bearings to create an isolation system with low effective stiffness 
and moderate characteristic strength. Figure 3-15 presents a schematic of the sliding 
bearings utilized in the experiments described herein. The force-displacement 
relationship for flat sliding bearings is 

)U(NµF s sgn•=  (3-6) 
where F is the force, µs is the coefficient of sliding friction and given by equation (3-4), 
N is the normal force on the bearing, and sgn(U ) is the signum function. 
 

 
FIGURE 3-15 Schematic of Tested Flat Sliding Bearing 

 
Testing was performed on one flat sliding bearing. Sample results are shown in Figure 

3-16 in which four representative normalized force-displacement loops are presented. On 
the basis of these test results, the coefficient of friction was determined and plotted versus 
the velocity of sliding in Figure 3-17. Also plotted in the figure is the prediction of 
equation (3-4) following calibration and using the parameters shown in the figure. Of 
interest is to note in Figure 3-16 is the substantial breakaway friction in the test at 
velocity of 2.4 mm/sec. This was the first test to be conducted on the bearing. This 
behavior has been described in Constantinou et al. (1999), where physical explanations 
for this behavior are presented. The breakaway friction, approximately 0.06, is ignored in 
the analytical modeling because it is much less than the maximum friction of 0.11 that 
occurs at high velocities. 
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FIGURE 3-16 Recorded Normalized Force-Displacement Loops of a Flat Sliding 

Bearing 
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FIGURE 3-17 Coefficient of Sliding Friction Versus Velocity in a Flat Sliding 
Bearing 

 

3.5 Six-Story Model 
The six-story model used in the earthquake simulator testing is identical to that used in 

previous testing of energy dissipation and seismic isolation systems at the University at 
Buffalo (Reinhorn et al., 1989; Mokha et al., 1990; Constantinou et al., 1990).  It 
represents a section in the weak direction of a steel moment-resisting frame. 

The structure is shown in Figures 3-18 and 3-19.  All column and beam sections are 
S3x5.7, and all out-of-plane braces are L 1½x1½x¼ (37x37x6.25).  The structure is 
attached to a rigid base comprised of two AISC W14x90 sections, 5.2 m long with six 
transversely connected beams.  The model has six stories of 0.914 m height each, giving 
a total height of 5.486 m above the base.  The model is three bays by one bay in plan, 
each bay being 1.22 m wide, for total plan dimensions of 1.22 m by 3.66 m.  Concrete 
blocks were used to add mass to satisfy similitude requirements, bringing the total 
weight, including the base, to 233 kN. The structure was constructed to have a length 
scale of 4.  Other scale factors used in the testing are presented in Table 3-2. 
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(all units in mm) 
FIGURE 3-18 Schematic of Tested Six-Story Isolated Model Structure 
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FIGURE 3-19 Photograph of Tested Six-Story Isolated Model Structure on the 

University at Buffalo Earthquake Simulator 
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TABLE 3-2 Scale Factors Used in Model Structure 
 

QUANTITY DIMENSION1 SCALE FACTOR 

Linear Dimension L 4 

Displacement L 4 

Time T 2 

Velocity LT-1 2 

Acceleration LT-2 1 

Frequency T-1 ½ 

Stress / Pressure ML-1T-2 1 

Force MLT-2 16 

Strain - 1 

1. L = length, T = time, M = mass 
 
3.6 Tested Configurations 

A total of 27 configurations of the six-story model were tested as listed below. Figure 
3-20 presents a schematic description of these configurations. 
1. Non-isolated Six-story Moment Frame (FBMF): The six-story steel moment frame 

structure was tested with the bearings locked and additional L 6x6x½ (152x152x12) 
angle braces between the rigid base and the simulator platform to ensure fixed base 
conditions; fundamental period was 2.34 Hz. 

2. Non-isolated Six-story Asymmetrically Braced Frame (FBAB): The six-story FBMF 
steel moment frame structure was altered by adding L 1½x1½x¼ (37x37x6.25) 
braces on one side of the middle bay on each floor to induce torsion; fundamental 
period was 3.32 Hz. 

3. Non-isolated Six-story Symmetrically Braced Frame (FBSB): The six-story FBMF 
steel moment frame structure was altered by adding L 1½x1½x¼ (37x37x6.25) 
braces to both sides of the middle bay on each floor to create a fully braced structure; 
fundamental period was 4.0 Hz. 

4. FP-isolated Six-story Moment Frame (FPMF): The six-story moment frame of 
configuration 1 isolated from the earthquake simulator with four FP bearings. 

5. FP-isolated Six-story Asymmetrically Braced Frame (FPAB): The six-story 
asymmetrically braced frame of configuration 2 isolated from the earthquake 
simulator with four FP bearings. 

6. FP-isolated Six-story Symmetrically Braced Frame (FPSB): The six-story 
symmetrically braced frame of configuration 3 isolated from the earthquake simulator 
with four FP bearings. 
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FIGURE 3-20 Illustration of Tested Configurations 
 
 

Non Isolated 
FBMF FBAB FBSB 

FP Isolated no Dampers 
FPMF FPAB FPSB 

FP Isolated Linear Dampers 
FPML FPAL FPSL 

FP Isolated Non-Lin Damper 
FPMN FPAN FPSN 

Elastomeric no Dampers 
LDMF LDAB LDSB 

Elastomeric Linear Dampers 
LDML LDAL LDSL 

Elastomeric Non-Lin Dampers 
LDMN LDAN LDSN 

Lead Core no Dampers 
LCMF LCAB LCSB 

Elastomeric + Flat Sliding 
EFMF EFAB EFSB 
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FIGURE 3-21 Installation Geometry for Fluid Viscous Dampers 
 
7. FP-isolated Six-story Moment Frame with Linear Dampers (FPML): Linear viscous 

dampers were added between the rigid base and the simulation platform to the six-
story FP-isolated moment frame of configuration 4. The dampers were connected  

8. from the earthquake simulator to the center of the underside of the W14x90 beams as 
shown in Figure 3-21. The total length of the installed damper assemblage was 96.75 
cm, and the angle between the damper axis and the longitudinal base direction was 
40.4 degrees. However, since the dampers could move ± 5 cm along the axis of the 
damper (± 6.5 cm along the longitudinal axis of the base) the angle between the 
damper axis, and the direction of motion axis varied from 38 to 43 degrees. 

9. FP-isolated Six-story Asymmetrically Braced Frame with Linear Dampers (FPAL): 
Linear viscous dampers were added between the rigid base and the simulator platform 
to the six-story FP-isolated asymmetrically braced frame of configuration 5. 

10. FP-isolated Six-story Symmetrically Braced Frame with Linear Dampers (FPSL): 
Linear viscous dampers were added between the rigid base and the simulator platform 
to the six-story FP-isolated symmetrically braced frame of configuration 6. 

11. FP-isolated Six-story Moment Frame with Nonlinear Dampers (FPMN): Nonlinear 
viscous dampers were added between the rigid base and the simulator platform to the 
six-story FP-isolated moment frame of configuration 4. The nonlinear dampers were 
connected per configuration 7.  

12. FP-isolated Six-story Asymmetrically Braced Frame with Nonlinear Dampers 
(FPAN): Nonlinear viscous dampers were added between the rigid base and the 
simulator platform to the six-story FP-isolated asymmetrically braced frame of 
configuration 5. 
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13. FP-isolated Six-story Symmetrically Braced Frame with Nonlinear Dampers (FPSN): 
Nonlinear viscous dampers were added between the rigid base and the simulator 
platform to the six-story FP-isolated symmetrically braced frame of configuration 6. 

14. Low Damping Elastomeric Bearing isolated Six-story Moment Frame (LDMF): The 
six-story moment frame of configuration 1 isolated from the earthquake simulator 
with four low damping elastomeric bearings. 

15.  Low Damping Elastomeric Bearing isolated Six-story Asymmetrically Braced Frame 
(LDAB): The six-story asymmetrically braced frame of configuration 2 isolated from 
the earthquake simulator with four low damping elastomeric bearings. 

16. Low Damping Elastomeric Bearing isolated Six-story Symmetrically Braced Frame 
(LDSB): The six-story symmetrically braced frame of configuration 3 isolated from 
the earthquake simulator with four low damping elastomeric bearings. 

17. Low Damping Elastomeric Bearing isolated Six-story Moment Frame with Linear 
Dampers (LDML): Linear viscous dampers were added between the rigid base and 
the simulator platform to the six-story low damping elastomeric bearing isolated 
moment frame of configuration 13. The dampers were connected per configuration 7. 

18.  Low Damping Elastomeric Bearing isolated Six-story Asymmetrically Braced Frame 
with Linear Dampers (LDAL): Linear viscous dampers were added between the rigid 
base and the simulator platform to the six-story low damping elastomeric bearing 
isolated asymmetrically braced frame of configuration 14. 

19. Low Damping Elastomeric Bearing isolated Six-story Symmetrically Braced Frame 
with Linear Dampers (LDSL): Linear viscous dampers were added between the rigid 
base and the simulator platform to the six-story low damping elastomeric bearing 
isolated symmetrically braced frame of configuration 15. 

20. Low Damping Elastomeric Bearing isolated Six-story Moment Frame with Nonlinear 
Dampers (LDMN): Nonlinear viscous dampers were added between the rigid base 
and the simulator platform to the six-story low damping elastomeric bearing isolated 
moment frame of configuration 13. The dampers were connected per configuration 7. 

21.  Low Damping Elastomeric Bearing isolated Six-story Asymmetrically Braced Frame 
with Nonlinear Dampers (LDAN): Nonlinear viscous dampers were added between 
the rigid base and the simulator platform to the six-story low damping elastomeric 
bearing isolated asymmetrically braced frame of configuration 14. 

22. Low Damping Elastomeric Bearing isolated Six-story Symmetrically Braced Frame 
with Nonlinear Dampers (LDSN): Nonlinear viscous dampers were added between 
the rigid base and the simulator platform to the six-story low damping elastomeric 
bearing isolated symmetrically braced frame of configuration 15. 

23. Lead-core Bearing isolated Six-story Moment Frame (LCMF): The six-story moment 
frame of configuration 1 isolated from the simulator platform with four lead-core 
bearings. 

24.  Lead-core Bearing isolated Six-story Asymmetrically Braced Frame (LCAB): The 
six-story asymmetrically braced frame of configuration 2 isolated from the simulator 
platform with four lead-core bearings. 

25. Lead-core Bearing isolated Six-story Symmetrically Braced Frame (LCSB): The six-
story symmetrically braced frame of configuration 3 isolated from the simulator 
platform with four lead-core bearings. 
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26. Low Damping Elastomeric Bearing with Flat Slider isolated Six-story Moment Frame 
(EFMF): The six-story moment frame of configuration 1 isolated from the simulator 
platform with two low damping elastomeric and two flat sliding bearings. 

27.  Low Damping Elastomeric Bearing with Flat Slider isolated Six-story 
Asymmetrically Braced Frame (EFAB): The six-story asymmetrically braced frame 
of configuration 2 isolated from the simulator platform with two low damping 
elastomeric and two flat sliding bearings. 

28. Low Damping Elastomeric Bearing with Flat Slider isolated Six-story Symmetrically 
Braced Frame (EFSB): The six-story symmetrically braced frame of configuration 3 
isolated from the simulator platform with two low damping elastomeric and two flat 
sliding bearings. 

3.7 Identification of Properties of Tested Configurations 
Prior to testing the isolated six-story model structure, fixed base testing was performed 

to determine the characteristic modes and mode shapes of the six-story superstructure.  
The tests for each structure, moment frame, braced frame and asymmetrically braced 
frame, were conducted with a banded white noise (0 to 40 Hz) excitation with 
acceleration amplitude of 0.05 g. 

Transfer functions were obtained as the ratio of the Fourier transform of the horizontal 
acceleration of each floor (average of accelerations recorded on east and west sides of 
model) of the structure to the Fourier transform of the base horizontal acceleration 
(average of east and west sides, measured at the W14x90 sections) while the isolation 
system was fixed. These transfer functions were used to identify the frequencies, 
damping ratios and mode shapes of the model. The procedure followed in the 
identification of the model properties is described in Reinhorn et al. (1989). Table 3-3 
shows the results of this analysis for the first six significant modes of the moment frame. 

Identification of the asymmetrically braced frame presented difficulties in determining 
the correct damping ratio for the torsional mode. By following the same procedures as for 
the other two frames, information is lost by averaging the two, east and west, acceleration 
time histories. The damping ratio of the torsional mode was approximately determined by 
examination of free vibration records of the difference of the accelerations recorded on 
east and west sides of model. A damping ratio on the order of 0.02 was determined. This 
value was utilized in the analysis (described in Section 5.4), which resulted in predictions 
of dynamic response that were in good agreement with the experimental results. 

Tables 3-4 a and b present the results of this analysis for the first three modes of the 
asymmetrically braced and symmetrically braced frame configurations, respectively. The 
first and third modes of the asymmetrically braced frame structure are the first two modes 
that are predominantly in the direction of testing, correspondingly, the first two modes of 
the symmetrically braced structure. The second mode of the asymmetrically braced frame 
structure is a torsional mode. 

Figures 3-22 thru 3-24 present the plots of transfer function amplitude versus 
frequency for the three different configurations. In some cases the true peak was likely 
missing, and had to be extrapolated from the slopes on either side of the peak to perform 
the identification. In all three figures, the frequency content is presented in the range of 0 
to 35 Hz. This range contains the first six modes for the moment frame, and the first three 
modes for the other two configurations. 
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TABLE 3-3 Characteristics of Fixed Base Moment Frame Structure 

 
TABLE 3-4  Characteristics of Asymmetrically and Symmetrically Braced Fixed 

Base Structure 

  
 

b. Symmetrically Braced Experimental
      Mode Shape

Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 6
1 4.00 0.040 0.17 0.34 0.49 0.67 0.87 1.00
2 17.09 0.017 -0.67 -1.16 -0.96 -0.43 0.38 1.00
3 30.70 0.009 1.00 1.06 -0.71 -1.38 -0.63 1.00

Mode Damping 
Ratio

Frequency 
(Hz)

Experimental
      Mode Shape

Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 6
1 2.34 0.048 0.22 0.43 0.60 0.77 0.94 1.00
2 7.90 0.019 -0.52 -1.05 -0.98 -0.41 0.40 1.00
3 13.65 0.011 0.98 1.02 -0.27 -1.27 -0.59 1.00
4 19.79 0.003 -2.21 0.48 1.99 -0.28 -1.67 1.00
5 25.45 0.014 2.51 -1.66 0.14 2.40 -2.86 1.00
6 29.54 0.018 -2.16 4.94 -4.96 4.22 -2.50 1.00

Mode Frequency 
(Hz)

Damping 
Ratio

a. Asymmetrically Braced Experimental
      Mode Shape

Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 6
1 3.32 0.042 0.20 0.39 0.55 0.73 0.91 1.00
2 5.32 0.020 1 0.26 0.38 0.50 0.63 0.86 1.00
3 12.80 0.016 -0.62 -1.11 -0.97 -0.41 0.38 1.00

1. See comments in text.

Damping 
Ratio

Frequency 
(Hz)Mode
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FIGURE 3-22 Transfer Function Amplitudes Obtained from White Noise 
Excitation of Moment Frame Structure  
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FIGURE 3-23 Transfer Function Amplitudes Obtained from White Noise 
Excitation of Asymmetrically Braced Frame Structure  
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FIGURE 3-24 Transfer Function Amplitudes Obtained from White Noise 
Excitation of Symmetrically Braced Frame Structure  
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3.8 Instrumentation 
The instrumentation of the six-story model structure consisted of load cells, 

accelerometers, and displacement transducers.  Accelerations and absolute displacements 
were recorded on the east and west side at each floor level, the base, and the simulator 
platform in the horizontal direction (see Figure 3-25).  In addition, the vertical 
acceleration above and below the southeast bearing and the vertical acceleration of two 
beams on the sixth floor were recorded. Four load cells at the base of the structure 
measured vertical and shear forces in the four bearings. Table 3-5 contains a list of 
channels for all the instruments. 

Important response quantities were measured by both direct and indirect means to 
provide redundancy for checking the accuracy of important measurements. To check 
accelerations, the absolute displacement at that location was double differentiated to 
obtain the history of acceleration. To check shear forces in the load cells, the base shear 
was calculated by summing up the inertial forces at each floor level.  Each floor’s inertial 
force was calculated by multiplying the recorded average acceleration (from the two 
instruments on the east and west sides of the floor) by the mass of that floor.  

3.9 Testing Program 
The six-story model structure was tested with several different earthquake motions.  

Table 3-6 lists the motions utilized in testing and their peak ground motion characteristics 
in prototype scale. Of the earthquakes listed, El Centro, Miyagiken and Taft, are 
generally considered “standard”, “high frequency-content”, benchmark motions, while 
most of the other motions were chosen for their near fault characteristics, such as the 
motions recorded in the 1994 Northridge earthquake, the 1999 Chi-Chi, the 1995 Kobe, 
and the 1971 Pacoima earthquakes. The 1985 Mexico City and 1968 Hachinohe 
earthquakes were chosen for their content in long period components. The 1999 Kocaeli 
earthquake was added because of its catastrophic nature and because data became 
available during testing. Each record was compressed in time by a factor of two to 
conform to similitude requirements.  

Table 3-7 lists the tests that were conducted on the six-story model. Each earthquake 
excitation was applied with an intensity identified in Table 3-7 with a percentage figure. 
For example, a figure of 200% denotes an excitation twice as strong as the actual record, 
but with the time scale compressed by a factor of 2 as noted above. Vertical excitation 
was attempted for one configuration (denoted in Table 3-7 as H+V), however, the 
earthquake simulator was unable to correctly simulate the vertical component of El 
Centro and the table hydraulics actually failed during the El Centro 200% H+V test. 
Furthermore, testing was cut short during the FP isolated symmetrically braced testing 
with linear dampers because one of the dampers failed during the Pacoima S16E test. A 
total of 304 tests were performed. 

Figures 3-26 to 3-39 present the recorded histories of the table motion in fourteen tests 
with these earthquake inputs.  The acceleration and displacements records were directly 
measured, whereas the velocity record was calculated by differentiating the displacement 
record.  The figures also show the 5-percent damped response spectra of the platform 
motion, which are plotted against the spectra of the target records.  It can be seen that the 
earthquake simulator produced motions that are in acceptable agreement with the spectra 
of the target motions in the period range of the isolated model structure. 
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A-  Acceleration D-  Absolute Displacement  DR-  Relative Displacement 
E-  East  W-  West    C-  Center 
 
FIGURE 3-25 Instrumentation Diagram 
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TABLE 3-5 List of Data Acquisition Channels  

 
 
 
 
 

Output 
Channel

Input 
Channel Notation Instrument1 Unit Response Quantity

1  Time CLOCK sec Time

2 8 LC1SY 20 kip LC kips Bearing Shear Force - Transverse - North East

3 9 LC1SX 20 kip LC kips Bearing Shear Force - Longitudinal - North East

4 10 LC1N 50 kip LC kips Bearing Axial Force - North East

5 11 LC2SY 20 kip LC kips Bearing Shear Force - Transverse - South West

6 12 LC2SX 20 kip LC kips Bearing Shear Force - Longitudinal - South West

7 13 LC2N 50 kip LC kips Bearing Axial Force - South West

8 14 LC3SY 20 kip LC kips Bearing Shear Force - Transverse - South East

9 15 LC3SX 20 kip LC kips Bearing Shear Force - Longitudinal - South East

10 16 LC3N 50 kip LC kips Bearing Axial Force - South East

11 17 LC4SY 20 kip LC kips Bearing Shear Force - Transverse - North West

12 18 LC4SX 20 kip LC kips Bearing Shear Force - Longitudinal - North West

13 19 LC4N 50 kip LC kips Bearing Axial Force - North West

14 Sum_Fn kips Sum of All Bearing Axial Forces

15 76 DHBE DT inch Base Displacement - South East Corner

16 77 DHBW DT inch Base Displacement - South West Corner

17 65 DH1E DT inch First Floor Displacement - South East Corner

18 66 DH1W DT inch First Floor Displacement - South West Corner

19 67 DH2E DT inch Second Floor Displacement - South East Corner

20 68 DH2W DT inch Second Floor Displacement - South West Corner

21 64 DH3E DT inch Third Floor Displacement - South East Corner

22 69 DH3W DT inch Third Floor Displacement - South West Corner

23 70 DH4E DT inch Fourth Floor Displacement - South East Corner

24 71 DH4W DT inch Fourth Floor Displacement - South West Corner

25 72 DH5E DT inch Fifth Floor Displacement - South East Corner

26 73 DH5W DT inch Fifth Floor Displacement - South West Corner

27 74 DH6E DT inch Sixth Floor Displacement - South East Corner

28 75 DH6W DT inch Sixth Floor Displacement - South West Corner

29 80 DHTC DT inch Table Displacement - Center

30 78 DRSE DT inch Relative Displacement in Bearing - South East
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TABLE 3-5    Continued  
 

 
 

Output 
Channel

Input 
Channel Notation Instrument1 Unit Response Quantity

31 79 DRSW DT inch Relative Displacement in Bearing - South West

32 20 AHTE ACCL g Table Horizontal Acceleration - South East

33 21 AHTW ACCL g Table Horizontal Acceleration - South West

34 22 AHBE ACCL g Base Horizontal Acceleration - South East

35 23 AHBW ACCL g Base Horizontal Acceleration - South West

36 24 AH1E ACCL g First Floor Horizontal Acceleration - South East

37 25 AH1W ACCL g First Floor Horizontal Acceleration - South West

38 26 AH2E ACCL g Second Floor Horizontal Acceleration - South East

39 27 AH2W ACCL g Second Floor Horizontal Acceleration - South West

40 28 AH3E ACCL g Third Floor Horizontal Acceleration - South East

41 29 AH3W ACCL g Third Floor Horizontal Acceleration - South West

42 30 AH4E ACCL g Fourth Floor Horizontal Acceleration - South East

43 31 AH4W ACCL g Fourth Floor Horizontal Acceleration - South West

44 32 AH5E ACCL g Fifth Floor Horizontal Acceleration - South East

45 33 AH5W ACCL g Fifth Floor Horizontal Acceleration - South West

46 34 AH6E ACCL g Sixth Floor Horizontal Acceleration - South East

47 35 AH6W ACCL g Sixth Floor Horizontal Acceleration - South West

48 36 AVFS ACCL g Table Vertical Acceleration - South East

49 38 AVBS ACCL g Base Vertical Acceleration - South East

50 40 AVTS ACCL g Sixth Floor Vertical Acceleration - South East

51 37 AVTM ACCL g Sixth Floor Vertical Acceleration - Middle East

52 6 WestDamp 10 kip LC kips Axial Force in West Damper

53 7 EastDamp 10 kip LC kips Axial Force in East Damper

54 85 DRDE DT inch Relative Displacement in East Damper

55 84 DRDW DT inch Relative Displacement in West Damper

56 0 P1 ACCL g Acceleration of Pendulum 1 (1.85 Hz)

57 1 P2 ACCL g Acceleration of Pendulum 2 (5.17 Hz)

58 2 P3 ACCL g Acceleration of Pendulum 3 (10.33 Hz)

59 3 P4 ACCL g Acceleration of Pendulum 4 (16.27 Hz)

60 DRFT_4_3 inch Fouth Floor Story Drift East Side

1. ACCL = Accelerometer; DT = Displacement Transducer; LC = Load Cell
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TABLE 3-6 List of Earthquake Motions and Characteristics in Prototype Scale 
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TABLE 3-7 List of Earthquake Simulation Tests Conducted on the Six-Story 
Model 

 

Elastomeric
Earthquake Intensity and Flat Sliding

FBMF FBAB FBSB LCMF LCAB LCSB EFMF EFAB EFSB

30% √ √ √ - - - - - -
50% - - - √ - - √ - -
100% - - - √ - - √ √ √
150% - - - √ - - √ - -
200% - - - √ √ √ √ √ √

100% H+V - - - - - - - - -
200% H+V - - - - - - - - -

50% √ √ √ - - - - - -
100% √ - - - - - - - -
200% - - - √ √ √ √ √ √
300% - - - - - - √ - -
400% - - - √ √ √ √ √ √
500% - - - - - - - - -
15% √ √ √ - - - - - -
75% - - - - - - √ √ √
100% - - - √ √ √ - - -
15% √ √ √ - - - - - -
50% - - - - - - √ √ √
75% - - - √ - - - - √
100% - - - √ √ √ - - -
50% - - - - - - √ √ √
100% - - - √ √ √ - √ √
15% √ √ √ - - - - - -

Kobe 50% - - - - - - √ √ √
100% - - - √ √ √ - - -
33% √ √ √ - - - - - -
100% - - - - - - - - -
33% √ √ √ - - - - - -
100% - - - - - - - - -

Mexico 100% - - - - - - - - -
Pacoima S74W 100% - - - - - - - - -

50% - - - - - - - - -
75% - - - - - - - - -
100% - - - - - - - - -

Chi-Chi 100% - - - - - - - - -
300% - - - - - - - - -
500% - - - - - - - - -
100% - - - - - - - - -
200% - - - - - - - - -
300% - - - - - - - - -

9 10

Fixed Base Lead Core

8 7 7 11 7 7

El Centro 
S00E

Taft N21E

Newhall 
360º

Newhall 90º

Sylmar 90º

YPT 330

YPT 060

Pacoima 
S16E

Total Number of 
Experiments

Miyagiken-
Oki

Hachinohe 
N-S

11
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TABLE 3-7    Continued  
 

 
 

Elastomeric
Earthquake Intensity No Dampers Linear Dampers Nonlinear Dampers

LDMF LDAB LDSB LDML LDAL LDSL LDMN LDAN LDSN

30% - - - - - - - - -
50% - - - - - - - - -
100% √ √ √ √ √ √ √ √ √
150% - - √ - - - - - -
200% √ √ √ √ √ √ √ √ √

100% H+V - - - - - - - - -
200% H+V - - - - - - - - -

50% - - - - - - - - -
100% - - - - - - - - -
200% √ √ √ √ √ √ √ √ √
300% - - - - - - - - -
400% √ √ √ √ √ √ √ √ √
500% - - - - - - - - -
15% - - - - - - - - -
75% √ √ √ √ √ √ √ √ √
100% - - - - - - - - -
15% - - - - - - - - -
50% √ √ √ √ √ √ √ √ √
75% - - - - - - - - -
100% - - - - - - - - -
50% √ √ √ √ √ √ √ √ √
100% √ √ √ √ √ √ √ √ √
15% - - - - - - - - -

Kobe 50% √ √ √ √ √ √ √ √ √
100% - - - - - - - - -
33% - - - - - - - - -
100% - - - - - - - - -
33% - - - - - - - - -
100% - - - - - - - - -

Mexico 100% - - - - - - - - -
Pacoima S74W 100% - - - - - - - - -

50% - - - - - - - - -
75% - - - - - - - - -
100% - - - - - - - - -

Chi-Chi 100% - - - - - - - - -
300% - - - - - - - - -
500% - - - - - - - - -
100% - - - - - - - - -
200% - - - - - - - - -
300% - - - - - - - - -

9 9 9 99 10 9 99

Sylmar 90º

YPT 330

YPT 060

Pacoima 
S16E

El Centro 
S00E

Taft N21E

Newhall 90º

Newhall 
360º

Miyagiken-
Oki

Hachinohe 
N-S

Total Number of 
Experiments
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TABLE 3-7    Continued  
 

 
 
 

FPS
Earthquake Intensity No Dampers Linear Dampers Nonlinear Dampers

FPMF FPAB FPSB FPML FPAL FPSL FPMN FPAN FPSN

30% - - - - - - - - -
50% - √ - - - - - - -
100% - √ √ - - √ - - -
150% - - - - - - - - -
200% √ √ √ √ √ √ √ √ √

100% H+V - - √ - - - - - -
200% H+V - - √ - - - - - -

50% - - - - - - - - -
100% - √ √ - - - - - -
200% - - √ - - - - - -
300% - √ √ - - - - - -
400% - - √ - - - - - -
500% √ √ √ √ √ √ √ √ √
15% - - - - - - - - -
75% - - - - - - - - -
100% √ √ √ √ √ - √ √ √
15% - - - - - - - - -
50% - - - - - - - - -
75% - - - - - - - - -
100% √ √ √ √ √ √ √ √ √
50% - - - - - - - - -
100% √ √ √ √ √ √ √ √ √
15% - - - - - - - - -

Kobe 50% - - - - - - - - -
100% √ √ √ √ √ √ √ √ √
33% - - - - - - - - -
100% √ √ √ √ √ - √ √ √
33% - - - - - - - - -
100% √ √ √ √ √ √ √ √ √

Mexico 100% √ √ √ √ √ - √ √ √
Pacoima S74W 100% √ √ √ √ √ √ √ √ √

50% - - - √ - - - - -
75% √ √ √ √ - - √ √ √
100% √ √ √ √ √ √ √ √ √

Chi-Chi 100% √ √ √ √ √ - √ √ √
300% - - √ - - - - - -
500% √ √ √ √ √ √ √ √ √
100% - √ √ - - - - - -
200% - - √ - - - - - -
300% √ √ √ √ √ - √ √ √

15 15 1525 16 14 1015 20

Sylmar 90º

YPT 330

YPT 060

Pacoima 
S16E

El Centro 
S00E

Taft N21E

Newhall 90º

Newhall 
360º

Total Number of 
Experiments

Miyagiken-
Oki

Hachinohe 
N-S
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FIGURE 3-26 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the El Centro S00E 200% Excitation 

El Centro S00E 200%
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FIGURE 3-27 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Taft N21E 500% Excitation 

 

Taft N21E 500%
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FIGURE 3-28 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Northridge-Newhall 90° 100% Excitation 

Northridge Newhall 90° 100%
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FIGURE 3-29 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Northridge-Newhall 360° 100% Excitation 

 

Northridge Newhall 360° 100%
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FIGURE 3-30 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Northridge-Sylmar 90° 100% Excitation 

Northridge Sylmar 90° 100%

0 5 10 15

A
cc

el
er

at
io

n 
(g

)

-0.8

-0.4

0.0

0.4

0.8

0 5 10 15

V
el

oc
ity

 (m
m

/se
c)

-200

200

-400

0

400

Time (sec)
0 5 10 15

D
isp

la
ce

m
en

t (
m

m
)

-50
-25

25
50

-75

0

75

Period (sec)

0 1 2 3 4 5

Sp
ec

tra
l A

cc
el

er
at

io
n 

(g
)

0.0

0.5

1.0

1.5

Actual
Target

Prototype Scale
5 % Damping

Model Scale

Model Scale

Model Scale



 51

FIGURE 3-31 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Kobe N-S 100% Excitation 

Kobe N-S 100%
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FIGURE 3-32 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the YPT 330 100% Excitation 

YPT 330 100%
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FIGURE 3-33 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the YPT 060 100% Excitation 
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FIGURE 3-34 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Mexico N90W 100% Excitation 
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FIGURE 3-35 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Pacoima S74W 100% Excitation 
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FIGURE 3-36 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Pacoima S16E 100% Excitation 

Pacoima S16E 100%
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FIGURE 3-37 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Chi-Chi TCU 129 E-W 100% Excitation 
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FIGURE 3-38 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Miyagiken Oki 500% Excitation 
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FIGURE 3-39 Histories of Displacement, Velocity and Acceleration and the 
Acceleration Response Spectrum of Earthquake Simulator Motion 
for the Hachinohe N-S 300% Excitation 
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SECTION 4 

RESULTS OF EARTHQUAKE SIMULATOR TESTING 

4.1  Introduction 
The results of the earthquake simulator tests are presented in this section, divided into 

subsections based on the structural system configuration. The summary results presented 
in the following sections contain selected peak values only. A more detailed presentation 
of results is included in Appendix A, where histories of response, bearing force-
displacement hysterisis loops and floor response spectra are presented for each test. 

4.2  Moment Frame Test Results 
The moment frame tests are divided into five sections based on the isolation system 

used. Tables 4-1 thru 4-5 present the results for the moment frame configuration of the 
tested structure for non-isolated conditions (fixed base), and for isolated conditions using 
lead-core, low damping elastomeric, Friction Pendulum and combined low damping 
elastomeric and flat sliding bearings, respectively.  
The response quantities for all tests are: 

1. The peak values of displacement (mm), velocity (mm/sec) and acceleration (g) of 
the earthquake simulator. Of these, the displacement and acceleration were directly 
measured, whereas the velocity was obtained by numerical differentiation of the 
displacement record. 

2. The initial isolation system displacement.  The initial displacement was measured 
just prior to conducting the test. 

3. The peak isolation system response. The isolation system displacement, base 
acceleration and residual displacement were measured directly. The residual 
displacement was measured at the conclusion of each test (residual displacements 
had the tendency to reduce over time due to micro-vibrations of the shake table). 
The absolute base velocity was obtained by numerical differentiation of the 
absolute base displacement record. The base shear was calculated as the sum of 
each average floor acceleration times the mass of that floor, and was compared with 
the sum of the shear forces in the four load cells divided by the total weight, see 
Figure 4-1 and Appendix A. The base shear is presented normalized by the total 
weight, W, which is equal to 233 kN. 

4. The peak superstructure response. The maximum story shear was calculated by the 
same means as the base shear, and is presented with the story at which it occurred. 
The maximum inter-story drift was calculated as the difference of measured 
horizontal displacement between the two floors divided by the story height, and is 
presented with the story at which it occurred. The sixth floor acceleration was 
directly measured. 

5. The peak force, displacement and velocity measured in the dampers. The force and 
displacement were directly measured by a load cell and an LVDT attached inline 
with the damper. The relative velocity along the damper was obtained by numerical 
differentiation of the relative displacement history. 
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TABLE 4-1 Peak Response of Non-isolated Moment Frame Structure (values are 
in units of g for acceleration, mm/s for velocity and mm for displacement) 

 
TABLE 4-2 Peak Response of Isolated Moment Frame Structure with Lead-Core 

Bearings (values are in units of g for acceleration, mm/s for velocity and 
mm for displacement) 

 
 
 

     Peak Table Motion  Peak Superstructure Response

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel.

FBMFE30.1 El Centro S00E 
30% 0.11 52.8 8.1 N/A N/A 0.15 0.13 56.4 N/A 0.13 1 0.25 2 0.31

FBMFK15.1 Kobe - Kobe 
15% 0.12 67.5 6.5 N/A N/A 0.15 0.16 57.5 N/A 0.16 2 0.34 2 0.31

FBMFN10.1 NR Newhall 
360º 15% 0.11 65.8 8.5 N/A N/A 0.11 0.13 55.8 N/A 0.13 2 0.25 2 0.24

FBMFNH1.1 NR Newhall 90º 
15% 0.09 41.1 6.8 N/A N/A 0.10 0.09 48.0 N/A 0.10 2 0.20 2 0.25

FBMFT50.1 Taft N21E 50% 0.07 37.1 6.6 N/A N/A 0.08 0.10 35.6 N/A 0.10 2 0.21 2 0.23

1. Residual Displacement
* The excitations were reduced for the non-isolated configuration to ensure the model remained elastic.

Drift / Height 
(%)

Story 
Shear/W

  Peak Base Response
Test Excitation*

 Peak Superstructure Response

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel.

LCMFE50.1 El Centro S00E 
50% 0.15 85 14 -1.5 -6 0.19 0.12 90 -1.8 0.12 2 0.27 2 0.26

LCMFE10.1 El Centro S00E 
100% 0.32 171 27 -1.8 -13 0.33 0.19 163 -2.3 0.17 1,2 0.37 2 0.38

LCMFE15.1 El Centro S00E 
150% 0.50 258 41 -2.3 -21 0.47 0.25 248 -2.5 0.23 1 0.43 2 0.51

LCMFE20.1 El Centro S00E 
200% 0.70 327 56 -2.5 -30 0.66 0.31 341 -2.5 0.28 1 0.54 2 0.71

LCMFT20.1 Taft N21E 200% 0.36 126 28 -2.5 -16 0.43 0.19 175 -2.3 0.17 1 0.34 2 0.37

LCMFT40.1 Taft N21E 400% 0.69 268 57 -2.3 -36 0.78 0.33 394 -1.8 0.31 1 0.65 2 0.71

LCMFK10.1 Kobe - Kobe 
100% 0.97 459 43 -1.8 -37 0.87 0.36 413 -2.5 0.36 2 0.89 2 1.11

LCMFS10.1 NR Sylmar 90º 
100% 0.66 348 51 -2.5 -40 0.60 0.35 417 -2.8 0.30 1 0.63 2 0.64

LCMFNH1.1 NR Newhall 90º 
100% 1.09 306 39 -2.8 -30 0.67 0.30 416 -3.0 0.26 1 0.57 2 0.66

LCMFN75.1 NR Newhall 
360º 75% 0.65 336 46 -3.0 35 0.58 0.37 290 -2.5 0.33 1 0.66 2 0.56

LCMFN10.1 NR Newhall 
360º 100% 0.91 463 61 -1.0 47 0.75 0.43 394 -0.8 0.38 1 0.78 2 0.66

1. Residual Displacement

Drift / Height 
(%)

Story 
Shear/W

Test Excitation
  Peak Isolation System ResponsePeak Table Motion
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TABLE 4-3 Peak Response of Isolated Moment Frame Structure with Low 
Damping Elastomeric Bearings (values are in units of g for acceleration, 
mm/s for velocity, mm for displacement and kN for force) 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel. Force Disp. Vel.

LDMFE10.1 El Centro S00E 
100% 0.35 166 27 -0.8 -29 0.29 0.17 221 -0.8 0.16 1 0.31 2 0.29 N/A N/A N/A

LDMFE20.1 El Centro S00E 
200% 0.71 319 60 -0.8 -60 0.54 0.32 409 -0.8 0.29 1 0.67 2 0.54 N/A N/A N/A

LDMFT20.1 Taft N21E 200% 0.35 124 28 -0.8 -27 0.21 0.17 217 -0.8 0.15 1 0.32 2 0.26 N/A N/A N/A

LDMFT40.1 Taft N21E 400% 0.75 253 56 -0.8 -55 0.38 0.30 434 -0.8 0.27 1 0.58 2 0.46 N/A N/A N/A

LDMFK50.1 Kobe - Kobe 
50% 0.37 220 21 -0.8 41 0.29 0.24 259 -0.8 0.21 1 0.44 2 0.38 N/A N/A N/A

LDMFS50.1 NR Sylmar 90º 
50% 0.32 177 25 -0.8 -34 0.22 0.20 263 -0.8 0.18 1 0.38 2 0.26 N/A N/A N/A

LDMFS10.1 NR Sylmar 90º 
100% 0.69 354 54 -0.8 65 0.48 0.36 473 -0.8 0.33 1 1.03 2 0.54 N/A N/A N/A

LDMFNH7.1 NR Newhall 90º 
75% 0.79 231 29 -0.8 36 0.38 0.21 308 -0.8 0.19 1 0.40 2 0.39 N/A N/A N/A

LDMFN50.1 NR Newhall 
360º 50% 0.41 218 29 -0.8 -40 0.32 0.23 247 -0.8 0.20 1 0.42 2 0.37 N/A N/A N/A

LDMLE10.1 El Centro S00E 
100% 0.31 165 27 -0.8 -18 0.25 0.14 165 -0.8 0.13 1 0.26 2 0.30 6.7 13 104

LDMLE20.1 El Centro S00E 
200% 0.68 318 59 -0.8 -36 0.45 0.26 312 -0.8 0.24 1 0.49 2 0.52 14.0 27 219

LDMLT20.1 Taft N21E 200% 0.34 122 28 -0.8 -20 0.22 0.15 165 -0.8 0.15 1 0.29 2 0.24 7.1 14 115

LDMLT40.1 Taft N21E 400% 0.75 252 56 -0.8 -41 0.41 0.28 338 -0.8 0.27 1 0.55 2 0.46 13.7 31 229

LDMLK50.1 Kobe - Kobe 
50% 0.36 211 21 -0.8 24 0.29 0.19 202 -0.8 0.18 1 0.41 2 0.43 11.0 18 186

LDMLS50.1 NR Sylmar 90º 
50% 0.32 174 25 -0.8 -20 0.25 0.16 171 -0.8 0.15 1 0.28 2 0.30 6.4 14 103

LDMLS10.1 NR Sylmar 90º 
100% 0.66 348 53 -0.8 -42 0.45 0.29 354 -0.8 0.27 1 0.55 2 0.54 14.3 31 209

LDMLNH7.1 NR Newhall 90º 
75% 0.78 228 29 -0.8 -24 0.32 0.18 249 -0.8 0.17 1 0.32 2 0.35 10.0 18 150

LDMLN50.1 NR Newhall 
360º 50% 0.40 214 29 -0.8 -25 0.29 0.20 220 -0.8 0.21 1 0.45 2 0.37 13.3 19 198

LDMNE10.1 El Centro S00E 
100% 0.29 161 27 -0.8 -10 0.38 0.17 154 -0.8 0.17 1 0.33 2 0.48 14.0 7 79

LDMNE20.1 El Centro S00E 
200% 0.72 318 59 -0.8 -25 0.66 0.26 296 -0.8 0.25 2 0.56 2 0.78 18.8 17 201

LDMNT20.1 Taft N21E 200% 0.36 126 28 -0.8 -13 0.43 0.17 147 -0.8 0.16 1 0.31 2 0.46 14.1 9 87

LDMNT40.1 Taft N21E 400% 0.77 265 56 -0.8 -31 0.73 0.29 285 -0.8 0.28 1 0.57 2 0.77 19.9 23 215

LDMNK50.1 Kobe - Kobe 
50% 0.38 212 21 -0.8 -16 0.45 0.21 185 -0.8 0.22 1 0.44 3 0.62 17.2 11 157

LDMNS50.1 NR Sylmar 90º 
50% 0.32 172 25 -0.8 -13 0.35 0.18 156 -0.8 0.18 1 0.34 2 0.45 13.2 9 79

LDMNS10.1 NR Sylmar 90º 
100% 0.69 346 53 -0.8 -32 0.61 0.31 315 -0.8 0.30 1 0.61 2 0.76 19.7 24 217

LDMNNH7.1 NR Newhall 90º 
75% 0.75 223 30 -0.8 14 0.55 0.21 275 -0.8 0.24 2 0.50 2 0.70 16.6 11 133

LDMNN50.1 NR Newhall 
360º 50% 0.42 211 30 -0.8 15 0.34 0.23 202 -0.8 0.22 1 0.45 2 0.47 16.7 11 157

1. Residual Displacement

Damper Response

Drift / Height 
(%)

Story 
Shear/W

Test Excitation
Peak Table Motion   Peak Isolation System Response Peak Superstructure Response
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Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel. Force Disp. Vel.

FPMFE20.1 El Centro S00E 
200% 0.67 300 54 -0.8 40 0.55 0.14 237 0.3 0.20 3,4 0.42 4 0.80 N/A N/A N/A

FPMFT50.1 Taft N21E 500% 0.80 335 70 0.3 -54 0.61 0.15 284 -1.3 0.19 2 0.40 2 0.75 N/A N/A N/A

FPMFK10.1 Kobe - Kobe 
100% 0.92 445 41 -1.3 37 0.66 0.14 201 0.0 0.21 3,4 0.43 4 0.81 N/A N/A N/A

FPMFH30.1 Hachinohe NS 
300% 0.83 410 94 0.0 -72 0.63 0.19 370 -10.2 0.22 2 0.48 2 0.70 N/A N/A N/A

FPMFM50.1 Miyagiken-Oki 
EW 500% 0.87 398 60 -10.2 -32 0.69 0.13 343 0.5 0.22 2 0.45 2 0.79 N/A N/A N/A

FPMFN10.1 NR Newhall 
360º 100% 0.90 463 59 0.5 -54 0.44 0.16 288 0.3 0.17 1,2 0.35 2 0.60 N/A N/A N/A

FPMFNH1.1 NR Newhall 90º 
100% 0.96 304 43 0.3 33 0.55 0.14 215 -1.0 0.17 2 0.32 2 0.72 N/A N/A N/A

FPMFS10.1 NR Sylmar 90º 
100% 0.65 352 50 -1.0 -61 0.65 0.17 286 -0.3 0.24 3 0.48 3 0.84 N/A N/A N/A

FPMFPS1.1 Pacoima S74W 
100% 0.75 259 28 -0.3 28 0.70 0.12 210 1.5 0.23 3 0.44 3 0.72 N/A N/A N/A

FPMFPE7.1 Pacoima  S16E 
75% 0.61 356 59 1.0 -42 0.52 0.14 297 -2.0 0.19 3 0.41 2 0.68 N/A N/A N/A

FPMFPE1.1 Pacoima  S16E 
100% 0.73 471 78 -2.0 -59 0.65 0.16 392 -2.5 0.24 3 0.49 2,3 0.76 N/A N/A N/A

FPMFYN1.1 Marmara YPT 
NS 100% 0.33 287 90 -2.0 -33 0.31 0.12 283 0.0 0.14 2 0.30 2 0.39 N/A N/A N/A

FPMFYE1.1 Marmara YPT 
EW 100% 0.27 306 103 0.0 -24 0.23 0.11 303 -0.3 0.11 1 0.25 2 0.32 N/A N/A N/A

FPMFM10.1 Mexico N90W 
100% 0.20 302 51 -0.3 71 0.36 0.17 338 0.8 0.16 1 0.34 2 0.37 N/A N/A N/A

FPMFTW1.1 Taiwan TCU 129 
EW 100% 1.06 373 86 0.8 19 0.89 0.12 292 -0.5 0.21 5 0.46 5 0.96 N/A N/A N/A

FPMNE20.1 El Centro S00E 
200% 0.65 307 54 -0.8 23 0.56 0.26 240 -0.5 0.31 3 0.66 3 0.95 20 18 183

FPMNT50.1 Taft N21E 500% 0.86 344 70 -0.5 -41 0.70 0.28 275 0.0 0.28 1 0.55 2,3 0.97 22 30 296

FPMNK10.1 Kobe - Kobe 
100% 0.98 455 42 0.0 -31 0.77 0.29 241 -1.8 0.34 3 0.77 2,3 0.89 22 22 311

FPMNH30.1 Hachinohe NS 
300% 0.88 412 94 -1.8 -59 0.73 0.30 384 -4.3 0.33 1 0.67 2 0.77 25 42 432

FPMNM50.1 Miyagiken-Oki 
EW 500% 0.98 406 60 -4.3 -24 0.86 0.25 384 -0.8 0.29 1 0.61 2 1.05 19 14 240

FPMNN10.1 NR Newhall 
360º 100% 0.98 456 59 -0.8 -30 0.52 0.28 327 0.0 0.31 1,2 0.69 2 0.90 22 21 357

FPMNNH1.1 NR Newhall 90º 
100% 0.99 300 44 0.0 -19 0.90 0.24 263 -0.5 0.33 2 0.74 2 1.13 18 14 171

FPMNS10.1 NR Sylmar 90º 
100% 0.65 346 50 -0.5 -37 0.65 0.26 287 -8.9 0.29 2 0.68 2 0.86 22 27 314

FPMNPS1.1 Pacoima S74W 
100% 0.78 274 28 -8.6 -29 0.83 0.26 276 -2.3 0.27 2 0.60 2 0.93 20 14 217

FPMNPE7.1 Pacoima  S16E 
75% 0.65 366 60 -2.3 -41 0.82 0.28 343 -5.1 0.29 1,2 0.66 2 0.89 23 28 368

FPMNYN1.1 Marmara YPT 
NS 100% 0.33 283 90 -5.1 -13 0.33 0.22 279 0.0 0.22 1 0.44 2 0.47 15 10 119

FPMNYE1.1 Marmara YPT 
EW 100% 0.28 311 103 0.0 -12 0.27 0.20 317 -2.3 0.20 1 0.37 2 0.51 13 10 84

FPMNM10.1 Mexico N90W 
100% 0.19 305 51 -2.3 -17 0.27 0.19 304 -2.3 0.17 1 0.34 2 0.29 14 11 88

FPMNTW1.1 Taiwan TCU 129 
EW 100% 1.06 370 86 -2.3 -14 1.06 0.27 309 -0.5 0.35 2 0.67 2 1.22 19 8 191

FPMNPE1.1 Pacoima  S16E 
100% 0.86 487 79 -0.5 -60 0.82 0.32 442 -5.8 0.29 1,2 0.74 2 0.96 26 44 465

1. Residual Displacement

Peak Superstructure Response Damper Response
Test Excitation

Peak Table Motion   Peak Isolation System Response

Drift / Height 
(%)

Story 
Shear/W

TABLE 4-4 Peak Response of Isolated Moment Frame Structure with Friction 
Pendulum Bearings (values are in units of g for acceleration, mm/s for 
velocity, mm for displacement, and kN for force) 
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TABLE 4-4    Continued 

TABLE 4-5 Peak Response of Isolated Moment Frame Structure with Combined 
Low Damping Elastomeric and Flat Sliding Bearings (values are in 
units of g for acceleration, mm/s for velocity and mm for displacement) 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel. Force Disp. Vel.

FPMLE20.1 El Centro S00E 
200% 0.65 307 54 -0.8 29 0.56 0.12 241 0.5 0.25 2 0.53 2 0.81 10 22 174

FPMLT50.1 Taft N21E 500% 0.84 339 70 0.5 -42 0.69 0.26 261 -0.3 0.24 1 0.44 2 0.88 20 32 305

FPMLK10.1 Kobe - Kobe 
100% 0.94 447 41 -0.3 28 0.69 0.25 231 -0.3 0.29 3 0.61 2 0.87 21 20 311

FPMLH30.1 Hachinohe NS 
300% 0.84 407 94 -0.3 -55 0.57 0.30 356 -6.4 0.30 1 0.53 2 0.64 27 41 369

FPMLM50.1 Miyagiken-Oki 
EW 500% 0.94 399 60 -6.4 -26 0.78 0.22 355 0.0 0.24 2 0.49 2 0.91 16 14 244

FPMLN10.1 NR Newhall 
360º 100% 0.90 458 41 0.0 -36 0.58 0.26 303 0.0 0.29 1 0.58 2 0.81 21 27 299

FPMLNH1.1 NR Newhall 90º 
100% 0.97 303 59 0.0 -18 0.68 0.19 255 -0.5 0.28 2 0.57 2 0.96 11 14 178

FPMLS10.1 NR Sylmar 90º 
100% 0.64 349 44 -0.5 -41 0.60 0.26 286 -4.1 0.26 3 0.55 2,3 0.87 20 31 306

FPMLPS1.1 Pacoima S74W 
100% 0.76 264 28 -4.1 -23 0.75 0.21 246 0.0 0.25 3 0.49 3 0.84 14 17 218

FPMLPE5.1 Pacoima  S16E 
50% 0.45 241 39 0.0 -23 0.39 0.21 226 -2.8 0.21 1 0.44 2 0.65 13 18 221

FPMLPE7.1 Pacoima  S16E 
75% 0.64 364 59 -2.8 -37 0.49 0.26 312 -2.5 0.26 1 0.53 2 0.78 22 25 323

FPMLYN1.1 Marmara YPT 
NS 100% 0.34 283 90 -2.5 19 0.32 0.17 263 0.0 0.16 1 0.33 2 0.38 8 17 138

FPMLYE1.1 Marmara YPT 
EW 100% 0.27 309 103 0.0 -17 0.27 0.15 309 -0.5 0.14 1 0.34 2 0.41 6 13 96

FPMLM10.1 Mexico N90W 
100% 0.18 304 52 -0.5 -35 0.23 0.17 291 0.8 0.15 1 0.33 2 0.26 11 26 174

FPMLTW1.1 Taiwan TCU 129 
EW 100% 1.08 373 86 0.8 -13 1.00 0.23 294 -0.5 0.29 2 0.58 2 1.15 13 10 221

FPMLPE1.1 Pacoima  S16E 
100% 0.81 487 79 -4.8 -52 0.61 0.34 385 -2.5 0.33 1 0.63 2 0.86 33 34 401

1. Residual Displacement

Test Excitation
Peak Table Motion   Peak Isolation System Response Peak Superstructure Response Damper Response

Story 
Shear/W

Drift / Height 
(%)

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel.

EFMFE50.1 El Centro S00E 
50% 0.17 88 14 0.5 -6 0.20 0.06 68 -1.3 0.07 2 0.14 2,3 0.27

EFMFE10.1 El Centro S00E 
100% 0.35 167 27 -1.3 14 0.26 0.09 147 -1.8 0.11 2 0.22 2 0.37

EFMFE15.1 El Centro S00E 
150% 0.55 263 42 -1.8 33 0.43 0.15 245 -1.8 0.14 2 0.28 2 0.53

EFMFT20.1 Taft N21E 200% 0.33 126 27 -1.8 -19 0.35 0.11 161 -1.8 0.10 1 0.20 2 0.43

EFMFT30.1 Taft N21E 300% 0.52 192 42 -1.8 -33 0.47 0.15 279 -1.5 0.15 1,2 0.31 2 0.53

EFMFK50.1 Kobe - Kobe 
50% 0.39 219 21 -1.5 18 0.37 0.11 136 -1.8 0.13 3 0.28 4 0.43

EFMFS50.1 NR Sylmar 90º 
50% 0.32 172 25 -1.8 -24 0.38 0.12 158 -2.5 0.13 3 0.27 2 0.46

EFMFNH7.1 NR Newhall 90º 
75% 0.75 231 29 -1.5 -25 0.43 0.13 211 -1.3 0.13 1,2 0.24 2 0.47

EFMFN50.1 NR Newhall 
360º 50% 0.40 212 29 -1.3 -26 0.35 0.14 167 -0.5 0.12 1 0.22 2 0.38

EFMFE20.1 El Centro S00E 
200% 0.78 315 54 -0.5 57 0.55 0.21 344 -1.0 0.17 1 0.36 2 0.64

EFMFT40.1 Taft N21E 400% 0.70 249 56 -1.0 -46 0.56 0.19 353 -0.5 0.20 1 0.40 2 0.64

1. Residual Displacement

Drift / Height 
(%)

Story 
Shear/W

Test Excitation
Peak Table Motion   Peak Isolation System Response Peak Superstructure Response
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FIGURE 4-1 Comparison of Load Cell Readings with Processed Acceleration 
Records for El Centro S00E 200% 

4.3 Braced Frame Test Results 
The braced frame tests are divided into five sections based on the isolation system 

used. Tables 4-6 thru 4-10 present the results for the braced frame configuration of the 
tested structure for the non-isolated condition (fixed base), and for isolated conditions 
using lead-core, low damping elastomeric, Friction Pendulum and combined low 
damping elastomeric and flat sliding bearings, respectively. The response quantities for 
all tests are the same as those presented for the moment frame test results. 

 
TABLE 4-6 Peak Response of Non-isolated Braced Frame Structure (values are in 

units of g for acceleration, mm/s for velocity and mm for displacement) 

 
 
 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel.

FBSBE30.1 El Centro S00E 
30% 0.12 51.2 8.7 N/A N/A 0.20 0.22 57.7 N/A 0.21 1 0.16 4 0.41

FBSBT50.1 Taft N21E 50% 0.09 38.4 6.8 N/A N/A 0.11 0.13 39.1 N/A 0.12 1 0.08 3 0.21

FBSBK15.1 Kobe - Kobe 
15% 0.14 68.6 6.4 N/A N/A 0.14 0.19 76.2 N/A 0.19 1 0.14 4 0.36

FBSBN15.1 NR Newhall 
360º 15% 0.12 79.5 8.6 N/A N/A 0.16 0.23 93.1 N/A 0.22 1 0.17 3 0.36

1. Residual Displacement
* The excitations were reduced for the non-isolated configuration to ensure the model remained elastic.

Drift / Height 
(%)

Story 
Shear/W

Test Excitation*
  Peak Base ResponsePeak Table Motion Peak Superstructure Response

Test FPMFE20.1, El Centro S00E 200%, MF/FPS
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TABLE 4-7 Peak Response of Isolated Braced Frame Structure with Low 
Damping Elastomeric Bearings (values are in units of g for acceleration, 
mm/s for velocity, mm for displacement and kN for force) 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel. Force Disp. Vel.

LDSBE10.1 El Centro S00E 
100% 0.34 165 27 -0.8 -28 0.21 0.18 240 -0.8 0.16 1 0.12 5 0.21 N/A N/A N/A

LDSBE15.1 El Centro S00E 
150% 0.52 243 41 -0.8 -46 0.28 0.26 358 -0.8 0.24 1 0.20 5 0.34 N/A N/A N/A

LDSBE20.1 El Centro S00E 
200% 0.68 324 53 -0.8 -60 0.38 0.33 445 -0.8 0.30 1 0.35 2,5 0.38 N/A N/A N/A

LDSBT20.1 Taft N21E 200% 0.33 128 28 -0.8 -29 0.19 0.18 252 -0.8 0.16 1 0.13 2,5 0.22 N/A N/A N/A

LDSBT40.1 Taft N21E 400% 0.73 247 56 -0.8 -60 0.21 0.31 466 -0.8 0.29 1 0.29 2,5 0.41 N/A N/A N/A

LDSBK50.1 Kobe - Kobe 
50% 0.36 226 21 -0.8 45 0.30 0.26 304 -0.8 0.23 1 0.24 2 0.36 N/A N/A N/A

LDSBS10.1 NR Sylmar 90º 
50% 0.31 173 25 -0.8 -32 0.18 0.19 250 -0.8 0.17 1 0.14 2,5 0.21 N/A N/A N/A

LDSBS90.1 NR Sylmar 90º 
90% 0.60 318 45 -0.8 -61 0.34 0.33 436 -0.8 0.29 1 0.34 2,5 0.38 N/A N/A N/A

LDSBS10.2 NR Sylmar 90º 
100% 0.68 354 51 -0.8 -67 0.41 0.36 481 -0.8 0.31 1 0.48 5 0.43 N/A N/A N/A

LDSBNH7.1 NR Newhall 90º 
75% 0.76 227 32 -0.8 -42 0.22 0.23 338 -0.8 0.21 1 0.19 2 0.27 N/A N/A N/A

LDSBN50.1 NR Newhall 
360º 50% 0.40 233 29 -0.8 -41 0.26 0.24 328 -0.8 0.21 1 0.19 2,5 0.29 N/A N/A N/A

LDSLE10.1 El Centro S00E 
100% 0.31 161 25 -0.8 -17 0.21 0.13 175 -0.8 0.12 1 0.10 2 0.23 8.2 13 128

LDSLE20.1 El Centro S00E 
200% 0.68 316 53 -0.8 -35 0.39 0.24 349 -0.8 0.21 1 0.18 2 0.41 17.0 26 257

LDSLT20.1 Taft N21E 200% 0.34 129 28 -0.8 -21 0.18 0.16 176 -0.8 0.14 1 0.10 2,5 0.23 8.0 15 132

LDSLT40.1 Taft N21E 400% 0.71 240 55 -0.8 -42 0.32 0.28 333 -0.8 0.27 1 0.22 2,5 0.44 15.7 33 237

LDSLK50.1 Kobe - Kobe 
50% 0.35 221 20 -0.8 22 0.26 0.20 197 -0.8 0.19 1 0.17 2 0.33 12.9 17 208

LDSLS50.1 NR Sylmar 90º 
50% 0.33 182 26 -0.8 -21 0.16 0.17 189 -0.8 0.15 1 0.11 5 0.21 7.4 15 123

LDSLS10.1 NR Sylmar 90º 
100% 0.69 354 50 -0.8 -43 0.33 0.29 362 -0.8 0.27 1 0.25 2 0.37 14.6 32 242

LDSLNH7.1 NR Newhall 90º 
75% 0.76 228 32 -0.8 -23 0.35 0.18 264 -0.8 0.17 1 0.15 5 0.38 12.3 17 205

LDSLN50.1 NR Newhall 
360º 50% 0.40 234 30 -0.8 -23 0.25 0.22 223 -0.8 0.21 1 0.18 2,5 0.34 15.0 17 228

LDSNE10.1 El Centro S00E 
100% 0.31 160 25 -0.8 -10 0.32 0.17 166 -0.8 0.16 2 0.13 5 0.41 15.3 7 109

LDSNE20.1 El Centro S00E 
200% 0.69 317 54 -0.8 -25 0.51 0.26 319 -0.8 0.23 1 0.20 2 0.54 19.2 19 238

LDSNT20.1 Taft N21E 200% 0.33 129 27 -0.8 -13 0.24 0.17 175 -0.8 0.16 1 0.14 5 0.34 14.3 9 99

LDSNT40.1 Taft N21E 400% 0.70 241 55 -0.8 -32 0.44 0.29 305 -0.8 0.28 1 0.23 5 0.52 19.4 24 232

LDSNK50.1 Kobe - Kobe 
50% 0.36 222 21 -0.8 -17 0.24 0.23 167 -0.8 0.21 1 0.16 2 0.34 18.9 12 222

LDSNS50.1 NR Sylmar 90º 
50% 0.34 182 27 -0.8 -16 0.23 0.21 166 -0.8 0.19 1 0.12 5 0.33 15.5 12 115

LDSNS10.1 NR Sylmar 90º 
100% 0.71 355 51 -0.8 -36 0.47 0.32 331 -0.8 0.30 1 0.33 5 0.52 20.3 27 258

LDSNNH7.1 NR Newhall 90º 
75% 0.76 227 31 -0.8 -17 0.46 0.24 236 -0.8 0.20 1 0.18 2 0.53 18.9 12 204

LDSNN50.1 NR Newhall 
360º 50% 0.39 233 29 -0.8 16 0.28 0.23 215 -0.8 0.21 1 0.18 5 0.37 18.4 12 212

1. Residual Displacement

Damper Response

Drift / Height 
(%)

Story 
Shear/W

Test Excitation
Peak Table Motion   Peak Isolation System Response Peak Superstructure Response
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TABLE 4-8 Peak Response of Isolated Braced Frame Structure with Friction 
Pendulum Bearings (values are in units of g for acceleration, mm/s for 
velocity, mm for displacement and kN for force) 

 
 
 
 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel. Force Disp. Vel.

FPSBE10.1 El Centro S00E 
100% 0.38 161 27 N/A -15 0.24 0.07 97 -4.0 0.08 2 0.10 2 0.27 N/A N/A N/A

FPSBE20.1 El Centro S00E 
200% 0.79 317 54 N/A 49 0.50 0.12 194 0.0 0.12 1,2 0.11 4 0.45 N/A N/A N/A

FPSBE20.2 El Centro S00E 
200% 0.80 316 54 N/A 47 0.53 0.12 197 0.0 0.13 1,2 0.11 4 0.48 N/A N/A N/A

FPSBT10.1 Taft N21E 100% 0.17 72 14 N/A -6 0.14 0.07 61 -2.0 0.07 2 0.08 4,5 0.20 N/A N/A N/A

FPSBT20.1 Taft N21E 200% 0.38 127 28 N/A -18 0.26 0.08 112 0.0 0.11 3 0.09 4 0.31 N/A N/A N/A

FPSBT30.1 Taft N21E 300% 0.58 186 42 N/A -34 0.35 0.10 149 0.5 0.13 3 0.11 4 0.37 N/A N/A N/A

FPSBT40.1 Taft N21E 400% 0.80 247 56 N/A -49 0.39 0.12 184 0.3 0.13 3 0.10 4 0.42 N/A N/A N/A

FPSBT50.1 Taft N21E 500% 1.03 318 70 N/A -63 0.41 0.14 210 0.0 0.14 1 0.12 4 0.45 N/A N/A N/A

FPSBH10.1 Hachinohe NS 
100% 0.27 137 31 N/A -11 0.21 0.08 102 -0.3 0.08 1,2 0.07 3 0.21 N/A N/A N/A

FPSBH20.1 Hachinohe NS 
200% 0.58 287 62 N/A -41 0.28 0.12 183 -4.3 0.12 3 0.12 6 0.34 N/A N/A N/A

FPSBM30.1 Miyagiken-Oki 
EW 300% 0.62 246 36 N/A 20 0.37 0.09 150 7.3 0.13 3 0.09 4 0.38 N/A N/A N/A

FPSBH30.1 Hachinohe NS 
300% 0.92 422 93 N/A -85 0.40 0.19 298 -11.8 0.18 1,2 0.16 3 0.40 N/A N/A N/A

FPSBM50.1 Miyagiken-Oki 
EW 500% 1.03 398 60 N/A 48 0.55 0.12 253 10.7 0.16 3 0.13 4 0.57 N/A N/A N/A

FPSBN10.1 NR Newhall 
360º 100% 1.01 469 58 N/A -62 0.38 0.15 316 -0.7 0.16 1 0.15 2 0.51 N/A N/A N/A

FPSBK10.1 Kobe - Kobe 
100% 0.89 458 41 N/A -39 0.33 0.12 212 -0.3 0.13 2 0.11 4 0.39 N/A N/A N/A

FPSBYN1.1 Marmara YPT 
NS 100% 0.34 280 90 N/A -39 0.27 0.11 278 -0.3 0.12 2 0.11 4 0.30 N/A N/A N/A

FPSBYE1.1 Marmara YPT 
EW 100% 0.35 307 103 N/A -31 0.27 0.10 304 0.6 0.10 2,3 0.10 4 0.25 N/A N/A N/A

FPSBNH1.1 NR Newhall 90º 
100% 1.14 302 42 N/A 33 0.44 0.11 205 0.3 0.16 3 0.13 4 0.51 N/A N/A N/A

FPSBS10.1 NR Sylmar 90º 
100% 0.68 346 50 N/A -65 0.35 0.15 290 -0.3 0.15 1 0.13 5 0.33 N/A N/A N/A

FPSBPS1.1 Pacoima S74W 
100% 0.91 255 28 N/A 32 0.49 0.11 131 1.8 0.19 3 0.15 3 0.48 N/A N/A N/A

FPSBPE1.1 Pacoima  S16E 
75% 0.91 373 59 N/A -53 0.40 0.13 265 -4.3 0.14 3 0.11 5 0.39 N/A N/A N/A

FPSBPE2.1 Pacoima  S16E 
100% 1.00 479 78 N/A 70 0.37 0.16 328 0.8 0.16 1 0.13 4,5 0.47 N/A N/A N/A

FPSBM10.1 Mexico N90W 
100% 0.19 295 51 N/A 85 0.23 0.17 298 4.2 0.16 1 0.14 2 0.22 N/A N/A N/A

FPSBTW1.1 Taiwan TCU 129 
EW 100% 1.21 380 86 N/A 30 0.59 0.12 201 -0.5 0.15 4 0.14 4 0.53 N/A N/A N/A

1. Residual Displacement

Peak Superstructure Response Damper Response
Test Excitation

Peak Table Motion   Peak Isolation System Response

Drift / Height 
(%)

Story 
Shear/W
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TABLE 4-8    Continued  

 
 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel. Force Disp. Vel.

FPSLE10.1 El Centro S00E 
100% 0.33 162 27 N/A 14 0.21 0.13 119 2.8 0.13 2 0.12 2 0.34 6.9 N/A2 N/A2

FPSLE10.2 El Centro S00E 
100% 0.33 164 27 N/A 11 0.21 0.14 121 0.0 0.14 2 0.11 2 0.36 6.6 N/A2 N/A2

FPSLE20.1 El Centro S00E 
200% 0.67 305 54 N/A 27 0.53 0.18 199 -0.8 0.18 2 0.15 2 0.49 12.5 N/A2 N/A2

FPSLE10.3 El Centro S00E 
100% 0.32 161 27 -0.01 12 0.21 0.13 122 1.5 0.14 2 0.13 2 0.36 6.9 9 107

FPSLE20.2 El Centro S00E 
200% 0.67 306 54 0.06 29 0.46 0.19 200 1.0 0.17 2 0.16 2 0.48 12.9 21 206

FPSLT50.1 Taft N21E 500% 0.85 324 70 0.04 -46 0.48 0.22 247 -0.3 0.22 3 0.20 4 0.54 17.7 34 249

FPSLH30.1 Hachinohe NS 
300% 0.80 412 93 -0.01 -44 0.45 0.25 320 -9.7 0.24 1 0.19 4 0.47 18.8 32 294

FPSLN31.1 NR Newhall 
360º 100% 1.06 464 58 -0.38 -35 0.44 0.23 298 -1.0 0.20 1 0.15 4 0.51 23.3 26 347

FPSLM50.1 Miyagiken-Oki 
EW 500% 0.90 394 60 -0.04 -23 0.57 0.16 243 0.8 0.20 2,3 0.20 4 0.53 12.3 17 193

FPSLK10.1 Kobe - Kobe 
100% 0.93 446 42 0.03 31 0.46 0.28 199 -1.5 0.25 1 0.20 4 0.56 24.3 23 335

FPSLS10.1 NR Sylmar 90º 
100% 0.67 351 50 -0.06 -41 0.39 0.21 267 -2.5 0.19 2 0.15 2 0.45 16.9 29 273

FPSLPS1.1 Pacoima S74W 
100% 0.85 259 28 -0.10 -24 0.46 0.18 186 1.0 0.23 3 0.20 4 0.62 14.4 18 234

FPSLPE1.1 Pacoima  S16E 
100% 1.00 477 78 0.04 -59 0.50 0.23 392 -2.3 0.21 1 0.18 2 0.45 22.7 47 457

FPSNE20.1 El Centro S00E 
200% 0.65 301 54 -0.12 24 0.57 0.24 242 1.3 0.25 2 0.21 4 0.64 18.7 21 210

FPSNE20.2 El Centro S00E 
200% 0.69 305 54 -0.05 26 0.60 0.24 237 1.3 0.25 2 0.22 5 0.64 18.6 21 211

FPSNT50.1 Taft N21E 500% 0.87 328 70 0.05 -38 0.58 0.25 275 -0.5 0.25 1,2 0.22 2 0.68 19.6 29 268

FPSNH30.1 Hachinohe NS 
300% 0.76 409 94 -0.02 -40 0.57 0.27 345 -7.6 0.26 2 0.21 3 0.58 19.8 29 265

FPSNN10.1 NR Newhall 
360º 100% 1.04 480 59 -0.30 34 0.55 0.27 339 1.3 0.25 1,2 0.23 4 0.67 20.7 31 351

FPSNNH1.1 NR Newhall 90º 
100% 0.95 297 44 0.05 -25 0.51 0.26 237 -0.8 0.27 3 0.23 2 0.73 20.4 19 261

FPSNM50.1 Miyagiken-Oki 
EW 500% 0.84 388 60 -0.03 -17 0.68 0.23 291 1.0 0.28 2 0.22 4 0.71 19.3 13 228

FPSNK10.1 Kobe - Kobe 
100% 0.90 453 42 0.04 40 0.54 0.29 241 -2.3 0.28 2 0.28 4 0.68 21.0 28 378

FPSNS10.1 NR Sylmar 90º 
100% 0.66 353 50 -0.09 -41 0.51 0.25 289 -5.8 0.24 1 0.21 2 0.61 20.1 29 267

FPSNPS1.1 Pacoima S74W 
100% 0.78 253 28 -0.23 -24 0.49 0.23 229 -2.3 0.28 2 0.22 2 0.70 19.7 14 237

FPSNPE7.1 Pacoima  S16E 
75% 0.78 373 59 -0.08 -39 0.49 0.25 364 -6.4 0.23 1 0.19 2 0.59 20.5 26 270

FPSNPE1.1 Pacoima  S16E 
100% 0.97 487 78 -0.25 -61 0.58 0.28 450 -5.6 0.26 1 0.24 2 0.73 22.0 39 401

FPSNYN1.1 Marmara YPT 
NS 100% 0.32 285 90 -0.24 -15 0.26 0.18 282 -0.5 0.17 1 0.17 2 0.34 15.1 10 109

FPSNYE1.1 Marmara YPT 
EW 100% 0.33 308 103 -0.02 -11 0.23 0.19 299 -1.8 0.18 1 0.14 4 0.34 14.9 8 103

FPSNM10.1 Mexico N90W 
100% 0.19 305 51 -0.07 13 0.20 0.17 307 -2.0 0.15 1 0.14 2 0.20 12.7 12 66

FPSNTW.1 Taiwan TCU 129 
EW 100% 1.09 377 86 -0.08 14 0.56 0.23 247 -0.8 0.28 3 0.22 4 0.73 20.1 12 219

1. Residual Displacement
2. The displacement transducer (LVDT) was not functioning.

Test Excitation
Peak Table Motion   Peak Isolation System Response Peak Superstructure Response Damper Response

Story 
Shear/W

Drift / Height 
(%)
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TABLE 4-9 Peak Response of Isolated Braced Frame Structure with Lead-Core 
Bearings (values are in units of g for acceleration, mm/s for velocity and 
mm for displacement) 

TABLE 4-10 Peak Response of Isolated Braced Frame Structure with Combined 
Low Damping Elastomeric and Flat Sliding Bearings (values are in 
units of g for acceleration, mm/s for velocity and mm for displacement) 

4.4  Asymmetrically Braced Frame Test Results 
The asymmetrically braced frame tests are divided into five sections based on the 

isolation system used. Tables 4-11 thru 4-15 present the results for the moment frame 
configuration of the tested structure for non-isolated conditions (fixed base), and for 
isolated conditions using lead-core, combined low damping elastomeric and flat sliding 
bearings, low damping elastomeric and Friction Pendulum bearings respectively. The 
response quantities for all tests are the same as those presented for the moment frame test 
results, with the exception that split cells present the individual results of the east and 
west (braced and unbraced moment) frames separately whereas previously these values 
were averaged together as both frames were either braced or unbraced. 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel.

EFSBE10.1 El Centro S00E 
100% 0.34 163 27 -0.8 14 0.27 0.10 161 -0.3 0.10 1 0.08 2 0.31

EFSBE20.1 El Centro S00E 
200% 0.72 311 53 -0.3 55 0.47 0.20 330 -0.8 0.18 1 0.15 2 0.43

EFSBT20.1 Taft N21E 200% 0.34 126 28 -0.8 -18 0.28 0.11 135 -1.3 0.11 3 0.08 5 0.29

EFSBT40.1 Taft N21E 400% 0.74 254 56 -1.3 -50 0.38 0.20 280 -0.5 0.18 1 0.12 4 0.36

EFSBK50.1 Kobe - Kobe 
50% 0.39 220 21 -0.5 17 0.31 0.11 123 -1.3 0.12 2 0.10 4 0.31

EFSBS50.1 NR Sylmar 90º 
50% 0.29 166 24 -1.3 -26 0.26 0.13 146 -1.0 0.12 1 0.09 2 0.24

EFSBS10.1 NR Sylmar 90º 
100% 0.67 355 51 -1.0 -72 0.44 0.26 381 -1.0 0.23 1 0.22 5 0.38

EFSBNH7.1 NR Newhall 90º 
75% 0.71 230 29 -1.0 -25 0.32 0.12 230 -0.3 0.12 3 0.10 5 0.41

EFSBN50.1 NR Newhall 
360º 50% 0.39 210 29 -0.3 -24 0.31 0.13 187 -0.8 0.12 2 0.10 5 0.31

EFSBN75.1 NR Newhall 
360º 75% 0.64 333 44 -0.8 -49 0.34 0.20 262 -1.0 0.18 1 0.12 4 0.30

1. Residual Displacement

Drift / Height 
(%)

Story 
Shear/W

Test Excitation
Peak Table Motion   Peak Isolation System Response Peak Superstructure Response

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel.

LCSBE20.1 El Centro S00E 
200% 0.69 360 52 -0.5 -30 0.54 0.30 374 -0.3 0.28 1 0.23 5 0.61

LCSBT40.1 Taft N21E 400% 0.68 283 59 -0.3 -36 0.49 0.33 387 -0.8 0.31 1 0.24 5 0.50

LCSBK10.1 Kobe - Kobe 
100% 0.94 460 43 -0.8 -38 0.62 0.36 378 -1.3 0.34 1 0.31 5 0.66

LCSBS10.1 NR Sylmar 90º 
100% 0.68 351 50 -1.3 -42 0.50 0.37 373 -1.0 0.35 1 0.32 5 0.55

LCSBNH1.1 NR Newhall 90º 
100% 1.04 301 43 -1.0 27 0.55 0.29 364 -0.3 0.26 1 0.25 3 0.58

LCSBN10.1 NR Newhall 
360º 100% 1.01 464 59 -0.3 51 0.55 0.44 445 0.5 0.40 1 0.45 5 0.76

1. Residual Displacement

Drift / Height 
(%)

Story 
Shear/W

Test Excitation
Peak Table Motion   Peak Isolation System Response Peak Superstructure Response
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TABLE 4-11 Peak Response of Non-isolated Asymmetrically Braced Frame 
Structure (values are in units of g for acceleration, mm/s for velocity and 
mm for displacement) 

TABLE 4-12 Peak Response of Isolated Asymmetrically Braced Frame Structure 
with Friction Pendulum Bearings (values are in units of g for 
acceleration, mm/s for velocity, mm for displacement and kN for force) 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel.

N/A N/A 0.13 N/A 0.26 3 0.28
N/A N/A 0.14 N/A 0.28 4 0.39
N/A N/A 0.09 N/A 0.23 2 0.26
N/A N/A 0.09 N/A 0.27 3 0.30
N/A N/A 0.15 N/A 0.35 3 0.33
N/A N/A 0.15 N/A 0.42 4 0.41
N/A N/A 0.14 N/A 0.38 2 0.35
N/A N/A 0.14 N/A 0.50 3 0.44

1. Residual Displacement
* The excitations were reduced for the non-isolated configuration to ensure the model remained elastic.

Peak Superstructure Response
Test Excitation*

  Peak Base ResponsePeak Table Motion

0.13 67.8 8.5

0.14 70.1 6.6

FBABN15.1 NR Newhall 
360º 15%

FBABK15.1 Kobe - Kobe 
15%

6.738.90.09FBABT50.1 Taft N21E 50%

49.0

28.70.15

0.22 82.3

0.26 1

1

1

Drift / Height 
(%)

Story 
Shear/W

0.14

0.14

0.21

0.25

FBABE30.1 El Centro S00E 
30% 0.11 50.0 8.4 0.13 59.1 3

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel. Force Disp. Vel.

-9.9 -10 0.14 -2.8 0.11 3,4 0.26
-7.9 -8 0.19 1.8 0.12 2 0.30
-2.8 11 0.25 0.5 0.12 3 0.31
1.8 16 0.33 3.3 0.19 2 0.40
0.5 38 0.44 4.1 0.16 3,4 0.50
3.3 42 0.48 3.6 0.28 2 0.57
4.1 5 0.09 -1.3 0.13 4 0.25
3.6 5 0.17 -1.5 0.15 5 0.28
-1.3 -29 0.28 -3.3 0.16 4 0.42
-1.5 -30 0.46 -1.3 0.18 2 0.50
-3.3 -64 0.43 -1.3 0.20 3 0.47
-1.3 -64 0.64 -0.8 0.25 2 0.55
-1.3 -11 0.17 -3.0 0.12 3 0.35
-0.8 -12 0.27 -3.0 0.15 4,5 0.36
-3.0 -69 0.37 -11.9 0.25 3 0.50
-3.0 -71 0.55 -9.7 0.26 2 0.58

-11.9 29 0.49 -1.0 0.17 3,4 0.58
-9.7 37 0.59 0.3 0.27 4 0.74
-1.0 -57 0.40 -2.8 0.19 3 0.38
0.3 -58 0.57 0.5 0.24 2 0.48
-2.8 28 0.46 -1.8 0.17 3,4 0.52
0.5 33 0.69 0.0 0.27 2 0.55
-1.8 -68 0.37 -3.8 0.26 3 0.48
0.0 -66 0.48 -0.3 0.28 2 0.56
-3.8 -30 0.54 2.0 0.18 3,4 0.49
-0.3 -30 0.64 2.0 0.26 2 0.59
1.8 -56 0.37 -5.6 0.21 3 0.46
1.8 -55 0.47 -4.3 0.29 2 0.55
-5.6 -68 0.44 -6.4 0.22 3 0.52
-4.1 -66 0.61 -4.1 0.32 2 0.64
-5.8 38 0.42 -5.8 0.20 3 0.50
-3.8 38 0.63 -0.8 0.27 2 0.61
-5.8 -30 0.23 -3.3 0.18 3 0.27
-0.8 -30 0.29 1.0 0.19 2 0.33
-3.3 -21 0.25 -2.5 0.15 3,4 0.30
1.0 -18 0.28 0.3 0.20 2 0.40
-2.5 -70 0.25 0.0 0.20 3 0.25
0.3 -70 0.28 1.3 0.22 2 0.31
0.0 22 0.44 -0.8 0.18 3,4 0.61
1.3 23 0.57 -0.3 0.24 2,4 0.76

1. Residual Displacement

Peak Superstructure Response Damper Response
Test Excitation

Peak Table Motion   Peak Isolation System Response

0.20 304 51

1.14 380 86

0.34 282 91

0.30 304 103

0.89 483 78

0.88 459 42

0.79 264 28

0.68 369 59

0.98 300 44

0.62 353 51

0.87 398 60

0.91 464 59

0.28 134 31

0.84 421 94

0.49 192 42

0.87 332 70

0.72 312 55

0.15 70 14

FPABM10.1 Mexico N90W 
100%

FPABTW1.1 Taiwan TCU 129 
EW 100%

FPABYN1.1 Marmara YPT 
NS 100%

FPABYE1.1 Marmara YPT 
EW 100%

FPABPE1.1 Pacoima  S16E 
100%

FPABK10.1 Kobe - Kobe 
100%

FPABPS1.1 Pacoima S74W 
100%

FPABPE7.1 Pacoima  S16E 
75%

FPABNH1.1 NR Newhall 90º 
100%

FPABS10.1 NR Sylmar 90º 
100%

FPABM50.1 Miyagiken-Oki 
EW 500%

FPABN10.1 NR Newhall 
360º 100%

FPABH10.1 Hachinohe NS 
100%

FPABH30.1 Hachinohe NS 
300%

FPABT30.1 Taft N21E 300%

FPABT50.1 Taft N21E 500%

FPABE20.1 El Centro S00E 
200%

FPABT10.1 Taft N21E 100%

271670.36FPABE10.1 El Centro S00E 
100%

0.16 303

0.13 217

0.12 259

0.11 304

0.17 311

0.14 210

0.13 188

0.15 279

0.14 239

0.17 289

0.13 284

0.15 313

0.11 124

0.17 320

0.12 164

0.16 230

0.10

0.14 223

0.10 65

0.18

128

0.16

0.19

0.17

0.12

0.14

0.15

0.18

0.16

4

0.10

0.12

0.15

0.10

0.14

0.16

0.11

0.11

0.15

2

4

1

2,3

0.17

0.16

2,3

1

1

3

3

3

2,3

2

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

14 0.10 78 2FPABE50.1 El Centro S00E 
50% 0.20 85

Drift / Height 
(%)

Story 
Shear/W

3

4

2

3

1

1,2
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TABLE 4-12   Continued 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel. Force Disp. Vel.

-1.5 22 0.46 0.3 0.28 3 0.56 19 18 180
-1.0 24 0.58 2.0 0.42 2 0.63 20 19 186
0.3 -36 0.44 -2.8 0.28 4 0.60 23 26 229
2.0 -36 0.67 -1.0 0.39 2 0.70 20 28 217
-2.8 -45 0.42 -11.4 0.31 4 0.67 24 31 333
-1.0 -46 0.60 -5.8 0.33 2,3 0.72 22 33 325

-11.4 -24 0.48 -0.5 0.31 3 0.61 18 14 179
-5.8 -21 0.76 -0.3 0.44 2 0.73 18 14 177
-0.5 34 0.51 1.0 0.28 4 0.49 22 26 319
-0.3 34 0.67 2.3 0.36 2 0.66 22 27 356
1.0 -25 0.62 -4.1 0.36 3 0.69 19 19 188
2.3 -23 0.79 -2.8 0.53 2 0.71 21 21 274
-4.1 -44 0.33 -14.5 0.31 3 0.56 21 29 240
-2.8 -44 0.66 -9.9 0.42 2 0.64 21 31 290

-14.5 -30 0.52 -4.6 0.28 3 0.67 17 14 157
-9.9 -27 0.73 -4.6 0.42 2 0.79 19 14 220
-4.3 -42 0.35 -10.7 0.31 3 0.50 21 27 262
-4.3 -42 0.52 -7.9 0.42 2 0.55 22 28 296

-10.7 -66 0.65 -10.7 0.33 3 0.61 24 39 377
-7.9 -66 0.58 -9.9 0.53 2 0.74 24 42 435

-10.2 31 0.63 -5.3 0.33 3 0.52 22 33 363
-8.9 33 0.66 -2.5 0.47 2 0.71 22 27 360
-5.3 -13 0.22 -2.5 0.19 3 0.38 13 7 78
-2.5 -14 0.33 -0.8 0.28 2 0.43 15 8 121
-2.5 -11 0.19 -3.6 0.22 3 0.36 12 7 63
-0.8 -12 0.26 -2.0 0.22 2,3 0.42 14 8 116
-3.6 -13 0.21 -3.3 0.17 3 0.23 12 10 57
-2.0 -13 0.20 -3.0 0.19 2 0.23 12 9 77
-3.3 -14 0.65 -2.3 0.33 2 0.77 19 9 176
-3.0 -14 0.77 0.0 0.42 2 0.89 20 9 232
-3.3 27 0.43 1.8 0.22 3 0.52 12 23 195
-1.3 28 0.53 2.8 0.33 2 0.58 15 21 210
1.8 31 0.45 -5.6 0.28 3 0.52 22 23 321
2.8 35 0.63 -1.0 0.39 2 0.59 25 21 330
-5.6 -46 0.40 -1.0 0.22 3 0.55 15 30 231
-1.0 -46 0.64 0.8 0.33 2 0.58 17 34 235
-1.0 28 0.42 1.8 0.25 3 0.54 12 22 200
0.8 28 0.52 2.8 0.36 2 0.62 15 20 212
1.8 32 0.44 -5.8 0.28 3 0.52 22 25 317
2.8 35 0.60 -1.0 0.39 2 0.59 25 22 333
-5.8 -45 0.48 -11.9 0.31 3 0.59 19 30 284
-1.0 -46 0.57 -8.6 0.36 4 0.68 19 35 292

-11.7 -26 0.54 0.0 0.22 3 0.60 12 20 198
-9.1 -22 0.68 0.0 0.31 4 0.67 13 22 208
0.0 -28 0.40 -1.0 0.22 2 0.44 21 21 306
0.0 -29 0.48 -0.3 0.28 2,3 0.50 23 23 335
-0.8 -22 0.46 1.0 0.25 3 0.63 12 14 205
0.0 -21 0.75 0.5 0.39 2 0.65 17 18 256
1.0 -42 0.39 -6.9 0.22 3 0.52 15 33 254
0.5 -42 0.48 -3.6 0.36 2 0.60 19 34 301
-6.9 -24 0.50 -0.8 0.22 3,4 0.59 12 17 197
-3.6 -24 0.66 -1.3 0.33 2,4 0.69 15 17 239
-0.8 -52 0.46 -2.8 0.28 3 0.59 25 38 366
-1.3 -53 0.57 -3.3 0.42 2 0.64 31 39 402
-2.8 -17 0.22 -0.8 0.19 4 0.31 6 14 105
-3.3 -21 0.30 -0.5 0.22 2 0.40 8 14 130
-0.8 -14 0.21 -1.3 0.19 4 0.29 6 10 92
-0.5 -17 0.23 -1.0 0.22 2,3 0.38 8 13 133
-1.3 -30 0.18 0.8 0.17 3 0.18 8 22 135
-1.0 -32 0.21 0.0 0.19 2 0.21 8 25 142
0.8 17 0.52 0.0 0.25 4,5 0.77 13 12 207
0.0 17 0.59 0.0 0.33 2 0.87 16 12 236

1. Residual Displacement

Test Excitation
Peak Table Motion   Peak Isolation System Response Peak Superstructure Response Damper Response

1

FPALTW1.1 Taiwan TCU 129 
EW 100% 1.09 371 86 0.20 210 0.22 4

51 0.16 297 0.14FPALM10.1 Mexico N90W 
100% 0.20 302

1

FPALYE1.1 Marmara YPT 
EW 100% 0.29 301 103 0.14 303 0.14 2

90 0.15 265 0.14FPALYN1.1 Marmara YPT 
NS 100% 0.33 278

FPALPE1.1

3

Pacoima  S16E 
100% 0.84 478 79 0.30 376 0.28 1

28 0.18 194 0.21FPALPS1.1 Pacoima S74W 
100% 0.77 253

1

FPALS10.1 NR Sylmar 90º 
100% 0.65 350 50 0.24 264 0.21 1

43 0.21 252 0.20FPALNH1.1 NR Newhall 90º 
100% 0.97 296

3

FPALN10.1 NR Newhall 
360º 100% 0.98 452 59 0.26 301 0.24 1

60 0.18 290 0.20FPALM50.1 Miyagiken-Oki 
EW 500% 0.84 396

1

FPALH30.1 Hachinohe NS 
300% 0.80 411 94 0.26 341 0.22 1

42 0.29 229 0.28FPALK10.2 Kobe - Kobe 
100% 0.93 451

2

FPALE20.2 El Centro S00E 
200% 0.70 305 54 0.21 226 0.20 1

70 0.23 254 0.21FPALT50.1 Taft N21E 500% 0.81 341

1

FPALK10.1 Kobe - Kobe 
100% 0.92 449 42 0.28 228 0.27 1

54 0.21 225 0.20FPALE20.1 El Centro S00E 
200% 0.71 313

1

FPANTW1.1 Taiwan TCU 129 
EW 100% 1.03 368 86 0.24 235 0.24 1

52 0.16 311 0.15FPANM10.1 Mexico N90W 
100% 0.20 308

1

FPANYE1.1 Marmara YPT 
EW 100% 0.31 308 103 0.18 306 0.18 1

90 0.19 279 0.20FPANYN1.1 Marmara YPT 
NS 100% 0.33 283

1

FPANK10.1 Kobe - Kobe 
100% 0.92 457 42 0.28 269 0.28 2

79 0.31 425 0.26FPANPE1.1 Pacoima  S16E 
100% 0.83 481

2,3

FPANPE7.1 Pacoima  S16E 
75% 0.65 366 59 0.27 351 0.24 1

28 0.23 230 0.25FPANPS1.1 Pacoima S74W 
100% 0.73 253

1

FPANS10.1 NR Sylmar 90º 
100% 0.63 349 50 0.28 281 0.24 1

44 0.26 256 0.25FPANNH1.1 NR Newhall 90º 
100% 0.98 299

2

FPANN10.1 NR Newhall 
360º 100% 0.97 465 59 0.29 335 0.27 1

61 0.23 340 0.25FPANM50.1 Miyagiken-Oki 
EW 500% 0.83 392

FPANH30.1 Hachinohe NS 
300% 0.83 411 194 0.29 362 0.26

1

FPANT50.1 Taft N21E 500% 0.82 340 70 0.25 277 0.24 1

55 0.24 263 0.25FPANE20.1 El Centro S00E 
200% 0.66 306

Story 
Shear/W

Drift / Height 
(%)
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TABLE 4-13 Peak Response of Isolated Asymmetrically Braced Frame Structure 
with Low Damping Elastomeric Bearings (values are in units of g for 
acceleration, mm/s for velocity, mm for displacement and kN for force) 

 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel. Force Disp. Vel.

0.5 -28 0.19 0.5 0.19 2 0.19
-2.0 -31 0.22 -2.0 0.23 1 0.24
0.5 -59 0.34 0.5 0.40 2 0.39
-2.0 -62 0.36 -2.0 0.48 2 0.41
0.5 -28 0.17 0.5 0.21 2 0.22
-2.0 -30 0.20 -2.0 0.20 2 0.23
0.5 -58 0.34 0.5 0.35 2 0.41
-2.0 -60 0.35 -2.0 0.43 2 0.45
0.5 46 0.29 0.5 0.27 2 0.33
-2.0 42 0.32 -2.0 0.33 2 0.36
0.5 -30 0.18 0.5 0.19 2,3 0.21
-2.0 -33 0.18 -2.0 0.21 2 0.22
0.5 -64 0.36 0.5 0.59 2 0.43
-2.0 -67 0.36 -2.0 0.69 2 0.44
0.5 -39 0.24 0.5 0.24 2 0.27
-2.0 -40 0.32 -2.0 0.28 1 0.31
0.5 -39 0.26 0.5 0.23 3 0.29
-2.0 -42 0.25 -2.0 0.28 2 0.33
0.5 -16 0.18 0.5 0.13 5 0.23 7.7 12 124
-2.0 -18 0.22 -2.0 0.18 2 0.28 7.8 12 123
0.5 -34 0.30 0.5 0.25 3 0.38 15.7 25 257
-2.0 -37 0.35 -2.0 0.32 2 0.43 16.7 27 263
0.5 -19 0.16 0.5 0.14 3 0.23 7.7 14 123
-2.0 -21 0.20 -2.0 0.19 2 0.26 7.9 15 127
0.5 -40 0.29 0.5 0.32 3 0.43 14.4 30 233
-2.0 -43 0.38 -2.0 0.41 2 0.47 14.9 31 238
0.5 23 0.27 0.5 0.21 5 0.36 12.1 16 188
-2.0 21 0.31 -2.0 0.28 2 0.39 12.4 19 184
0.5 -20 0.17 0.5 0.13 3 0.19 7.0 15 118
-2.0 -21 0.22 -2.0 0.17 2 0.23 7.9 16 126
0.5 -42 0.34 0.5 0.32 3 0.35 13.7 31 220
-2.0 -43 0.41 -2.0 0.38 2 0.40 14.9 33 246
0.5 -22 0.29 0.5 0.20 5 0.36 11.5 17 192
-2.0 -24 0.36 -2.0 0.24 2,5 0.45 11.7 18 191
0.5 -22 0.22 0.5 0.23 2,5 0.32 13.9 17 213
-2.0 -25 0.25 -2.0 0.29 2 0.32 15.0 18 216
0.5 -9 0.25 0.5 0.18 3,5 0.42 15.4 8 103
-2.0 -11 0.36 -2.0 0.29 2 0.47 14.3 8 120
0.5 -24 0.38 0.5 0.27 3 0.58 19.7 17 234
-2.0 -26 0.57 -2.0 0.43 2 0.73 19.3 20 244
0.5 -11 0.25 0.5 0.21 5 0.36 14.8 8 98
-2.0 -14 0.39 -2.0 0.24 2 0.42 14.8 10 111
0.5 -30 0.40 0.5 0.30 3 0.55 20.1 22 236
-2.0 -33 0.59 -2.0 0.39 2 0.60 19.4 25 238
0.5 -16 0.27 0.5 0.23 5 0.47 18.7 12 200
-2.0 -18 0.37 -2.0 0.29 2 0.44 17.8 12 201
0.5 -15 0.26 0.5 0.18 3 0.36 16.0 11 123
-2.0 -17 0.31 -2.0 0.24 2 0.43 15.3 12 122
0.5 -35 0.46 0.5 0.36 3 0.49 20.7 25 250
-2.0 -36 0.63 -2.0 0.44 2 0.65 20.5 28 275
0.5 -15 0.43 0.5 0.24 3 0.50 19.1 11 179
-2.0 -16 0.70 -2.0 0.39 2 0.69 18.4 14 191
0.5 17 0.26 0.5 0.23 3 0.39 18.1 11 174
-2.0 15 0.38 -2.0 0.27 2 0.45 17.6 13 191

1. Residual Displacement

Peak Superstructure Response Damper Response
Test Excitation

Peak Table Motion   Peak Isolation System Response

Drift / Height 
(%)

Story 
Shear/W

LDABE10.1 El Centro S00E 
100% 0.35 166 27 0.18 235 1 N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

N/A N/A N/A

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

0.16

0.29

0.15

0.28

0.22

0.16

0.31

0.19

0.21

0.12

0.21

0.14

0.25

0.19

0.15

0.26

0.16

0.21

0.17

0.25

4350.33

0.17 228

0.32 455

0.25 285

0.18 240

0.35 479

0.22 316

0.22 302

0.14 172

0.24 325

0.15 167

0.27 318

0.19 207

0.16 188

0.18 169

0.30 353

0.17 239

0.27 320

58326

28

56

21

25

0.22 226

0.70LDABE20.1 El Centro S00E 
200%

LDABT20.1 Taft N21E 200%

LDABT40.1 Taft N21E 400%

LDABK50.1 Kobe - Kobe 
50%

LDABS50.1 NR Sylmar 90º 
50%

LDABS10.1 NR Sylmar 90º 
100%

LDABNH7.1 NR Newhall 90º 
75%

LDABN50.1 NR Newhall 
360º 50%

LDALE10.1 El Centro S00E 
100%

LDALE20.1 El Centro S00E 
200%

LDALT20.1 Taft N21E 200%

LDALT40.1 Taft N21E 400%

LDALK50.1 Kobe - Kobe 
50%

LDALS50.1 NR Sylmar 90º 
50%

LDALS10.1 NR Sylmar 90º 
100%

LDALNH7.1 NR Newhall 90º 
75%

LDALN50.1 NR Newhall 
360º 50%

LDANE10.1 El Centro S00E 
100%

LDANE20.1 El Centro S00E 
200%

0.35 126

0.75 251

0.37 219

0.32 173

0.67 357 53

0.78 232 30

0.41 212 29

0.32 160 27

0.68 325 58

0.33 123 28

0.72 260 56

0.37 215 21

0.32 174 25

0.67 347 53

0.78 229 29

0.40 205 29

0.32 158 27

0.70 325 57

LDANT20.1 Taft N21E 200% 0.34 130 28 0.17 168 0.16 2

LDANT40.1 Taft N21E 400% 0.71 261 56 0.30 301 0.27 1

121 0.22 187 0.21LDANK50.1 Kobe - Kobe 
50% 0.35 218

LDANS50.1 NR Sylmar 90º 
50% 0.30 171 25 0.21 165 0.18 1

LDANS10.1 NR Sylmar 90º 
100% 0.68 341 51 0.33 340 0.29 1

LDANNH7.1 NR Newhall 90º 
75% 0.75 227 29 0.23 241 0.22 1

LDANN50.1 NR Newhall 
360º 50% 0.39 207 29 0.23 219 0.21 1
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TABLE 4-14 Peak Response of Isolated Asymmetrically Braced Frame Structure 
with Lead-Core Bearings (values are in units of g for acceleration, mm/s 
for velocity and mm for displacement) 

TABLE 4-15 Peak Response of Isolated Asymmetrically Braced Frame Structure 
with Combined Low Damping Elastomeric and Flat Sliding Bearings 
(values are in units of g for acceleration, mm/s for velocity and mm for 
displacement) 

4.5 Interpretation of Results 
The experimental results in the preceding tables and in Appendix A contain a large 

amount of information that will be used in this section to assess the performance of the 
seismic isolation systems tested herein. Certain aspects of behavior of the tested isolation 
systems have been selected for further presentation and discussion. From these findings, 
some general conclusions of the performance of isolation systems may be drawn. 

 

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel.

-1.5 -31 0.41 -1.3 0.29 3 0.48
0.0 -29 0.50 -0.3 0.37 2 0.58
-1.3 -36 0.39 -1.3 0.32 3 0.49
-0.3 -36 0.52 0.3 0.41 2 0.63
-1.3 -39 0.57 -2.0 0.42 2 0.61
0.3 -38 0.71 -0.5 0.51 2 0.82
-2.0 -42 0.46 -2.3 0.36 3 0.53
-0.5 -40 0.50 -0.8 0.43 2 0.64
-2.3 23 0.47 -1.5 0.31 2 0.56
-0.8 26 0.69 0.0 0.41 2 0.71
-1.5 49 0.50 -0.5 0.53 5 0.62
0.0 50 0.62 -0.3 0.65 5 0.89

1. Residual Displacement

Peak Superstructure Response
Test Excitation

Peak Table Motion   Peak Isolation System Response

Drift / Height 
(%)

Story 
Shear/W

LCABE20.1 El Centro S00E 
200% 0.71 334 56 0.31 329 1

0.27

0.40 1

1

1

1

1

0.28

0.31

0.33

0.32

425

3770.33

0.37 379

0.37 392

0.28 366

0.43

562650.68LCABT40.1 Taft N21E 400%

LCABK10.1 Kobe - Kobe 
100%

LCABS10.1 NR Sylmar 90º 
100%

LCABNH1.1 NR Newhall 90º 
100%

LCABN10.1 NR Newhall 
360º 100%

0.95 459 42

0.69 349 50

1.07 313 46

0.97 460 59

Accel Vel. Disp. Initial 
Disp.

Isol. 
Disp.

Base 
Accel.

Base 
Shear/W

Base 
Vel.

Res.1 

Disp.
Floor 
Accel.

-1.0 16 0.33 1.3 0.13 3,4 0.34
-2.3 16 0.24 -0.3 0.11 2 0.29
1.3 57 0.46 1.8 0.20 1,3 0.43
-0.3 57 0.33 0.5 0.20 2 0.41
1.8 -34 0.44 -0.5 0.18 3 0.40
0.5 -34 0.25 -1.3 0.16 2 0.36
-0.5 -17 0.30 0.0 0.14 3 0.32
-1.3 -17 0.24 -1.3 0.11 2 0.34
0.0 -50 0.48 -0.3 0.22 3 0.43
-1.3 -50 0.30 -1.3 0.20 2 0.38
-0.3 18 0.33 0.3 0.14 3 0.37
-1.3 18 0.28 -1.3 0.12 2 0.36
0.3 -24 0.26 -0.3 0.15 3 0.33
-1.3 -24 0.20 -1.8 0.13 2 0.28
-0.3 -68 0.43 -0.3 0.29 3 0.43
-1.8 -70 0.32 -1.3 0.31 2 0.38
-0.3 -22 0.48 0.5 0.15 3 0.43
-1.3 -24 0.37 -0.8 0.13 2 0.39
0.5 -22 0.30 -1.0 0.13 4 0.32
-0.8 -22 0.20 0.0 0.11 2 0.28

1. Residual Displacement

Peak Superstructure Response
Test Excitation

Peak Table Motion   Peak Isolation System Response

56

43

0.34 127 27

EFABT40.1 Taft N21E 400%

0.54 195

0.72 253

EFABT30.1 Taft N21E 300%

EFABT20.1 Taft N21E 200%

543110.73EFABE20.1 El Centro S00E 
200%

0.11 150

0.21 273

3280.20

0.16 230

0.09

0.18

0.16

0.11

0.19

1

1

3

1

Drift / Height 
(%)

Story 
Shear/W

EFABE10.1 El Centro S00E 
100% 0.34 165 27 0.10 153 2,3

EFABS50.1 NR Sylmar 90º 
50% 0.30 167 24 0.13 162 0.13 1

EFABS10.1 NR Sylmar 90º 
100% 0.64 350 50 0.26 366 0.24 1

EFABNH7.1 NR Newhall 90º 
75% 0.76 234 30 0.12 225 0.11 2

Kobe - Kobe 
50%EFABK50.1 0.37 217 21 0.11 131 0.12 2

1EFABN50.1 NR Newhall 
360º 50% 0.41 213 29 0.13 173 0.11
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4.5.1 Impact of Added Viscous Damping Devices 

The elastomeric bearing and the Friction Pendulum systems were tested without and 
with added linear or nonlinear viscous damping devices. Damping devices have been 
used in isolation systems for reducing the displacement demand, although this may result 
in increased response of the superstructure, including the response of secondary systems. 
A comparison of peak response parameters that are relevant for the design of the isolation 
system and superstructure are presented in Figures 4-2 through 4-5 for each of the 
conducted tests. In these figures, the response is presented against the peak table velocity 
in each of the conducted tests. This single parameter describes well the intensity of the 
seismic input given that the isolated structural system is highly flexible (with period that 
falls in the velocity-controlled domain of the spectrum). 

Figures 4-2 and 4-3 present the results for the Friction Pendulum system. The linear 
and nonlinear fluid viscous dampers provided the expected reduction in isolation system 
displacement, however, due to the high inherent damping of the FP system, the addition 
of damping devices also produced a substantial adverse effect on story drifts and shear 
forces. In general, the nonlinear damping devices resulted in a larger increase in story 
drifts and shear forces as compared with the linear viscous devices. It should be noted 
that use of damping devices in seismic isolation systems has been so far limited to 
nonlinear devices and to application of strong seismicity with near-fault effects. To the 
contrary, experimental results in Figures 4-2 and 4-3 indicate that the FP system without 
damping devices may provide better response characteristics than the same system with 
damping devices and with comparable isolation displacements in near-fault cases, which 
in Figures 4-2 through 4-5 are those with large table velocities (e.g., see cases with 
excitation of Kobe, Newhall 360o, or Pacoima S16E in Tables 4-4 and 4-9). It should be 
noted that these observations are based on results with FP bearings having rather high 
friction (about 0.08). It is likely that the addition of damping devices in low friction FP 
systems may prove to be beneficial. 

The results in Figures 4-4 and 4-5 for the elastomeric bearing system with viscous 
dampers again demonstrate that the addition of dampers results in substantial reduction of 
isolation system displacement (this was expected given that the elastomeric bearing 
system was lightly damped). However, the addition of damping devices to the 
elastomeric bearing system also generated a reduction of story drifts and shear forces. 
This is also explained by the low damping capacity of the elastomeric bearings. 

Based the results of Figures 4-2 through 4-5, some general conclusions may be drawn 
on the effects of linear and nonlinear damping devices on systems of various inherent 
damping. It would appear that linear damping devices, in general, provide better response 
characteristics than nonlinear damping devices. However, in the case of a lightly damped 
system, like the low damping elastomeric bearing system in Figures 4-4 and 4-5, the 
nonlinear dampers provided markedly better performance than the linear dampers at 
reducing isolation displacements without an increased penalty in structural response. 
Furthermore, the addition of dampers to highly damped systems, like the tested FP 
system, provides for a small reduction of isolation displacements with a substantial 
increase in structural response.  
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FIGURE 4-2 Comparison of Peak Response Values of Isolated Moment Frame 
Structure with Friction Pendulum Bearings and Viscous Dampers 

FIGURE 4-3 Comparison of Peak Response Values of Isolated Braced Frame 
Structure with Friction Pendulum Bearings and Viscous Dampers 
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FIGURE 4-4 Comparison of Peak Response Values of Isolated Moment Frame 
Structure with Elastomeric Bearings and Viscous Dampers 

FIGURE 4-5 Comparison of Peak Response Values of Isolated Braced Frame 
Structure with Elastomeric Bearings and Viscous Dampers 
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4.5.2 Primary and Secondary System Response 

The response of secondary systems is affected by a variety of parameters, including 
story drifts, floor velocities and floor accelerations. As discussed in Section 2, there is no 
single parameter that can be used to assess the performance of secondary systems. On the 
other hand, the design of the primary system is dependent on a few parameters such as 
the base shear force and the story drifts. 

Herein we look at both the response of the primary and secondary systems in the 
tested isolated structures. For the primary system response, the isolation system 
displacement, base shear force and story drifts are used as the key parameters. For the 
secondary systems, the story drifts, peak total floor velocity, peak total floor acceleration 
and the floor spectral accelerations over the range of 0.1 to 20 Hz are used as key 
response parameters. 

Figures 4-6 through 4-9 present 5%-damped floor response spectra of the isolated 
moment frame and symmetrically braced frame structures in the El Centro S00E 200% 
and Sylmar 90° 100% tests. El Centro represents a strong far-field motion with high 
frequency content, while the Sylmar motion is a very strong near-field motion. The floor 
spectra were derived from the recorded floor acceleration histories for four isolation 
systems that are identified in the figures. The combined system of elastomeric and flat 
sliding bearings was not tested for the moment frame condition with the Sylmar 100% 
excitation, and is therefore not presented. All other plots compare the response spectra of 
the base, third and fifth floor for the following isolation systems: Friction Pendulum, 
elastomeric bearings, combined flat sliding and elastomeric bearings, and elastomeric 
bearings with linear dampers. All of the isolation systems shown have basically the same 
effective period, in the range of about 0.9 to 1.2 seconds. Furthermore, Figure 4-6 also 
contains the floor spectra of the fixed base response of the moment frame structure to the 
El Centro S00E 30% excitation scaled up by a factor of 3.3 to the 100% level. It was 
determined by analysis that, approximately, the 100% El Centro motion would have 
induced only minor inelastic action in the non-isolated frame, so that the presented floor 
response spectra are valid. 

Figures 4-6 through 4-9 present the experimental results so as to evaluate how 
different isolation systems affect different secondary system response quantities. The 
plots demonstrate large differences in the floor spectral response for frequencies in the 
neighborhood of the effective frequency of the isolated structure. Of interest is to observe 
the substantially smaller floor spectral values in the neighborhood of the fundamental 
frequency for the two sliding systems. It should be noted that the elastomeric system with 
linear dampers has a larger effective damping than the combined flat sliding and 
elastomeric system, but yet it has larger floor spectral response. This leads to the 
conclusion that the degree of nonlinearity of the isolation system may be as important as 
the effective damping of the system in reducing the floor spectral response in the 
neighborhood of the fundamental frequency. For example, in Figure 4-6, there is an 
expected reduction in response of the elastomeric system when linear dampers are added, 
increasing the effective damping, however, the combined flat sliding and elastomeric 
system with less effective damping but a higher degree of nonlinearity provided even 
lesser response. Furthermore, the FP system with an even higher degree of nonlinearity 
and a larger effective damping produced the least response of all the systems. 
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Figures 4-6 through 4-9 also present information on the floor spectral acceleration 
response in the high frequency range. For flexible structural systems, as shown in Figures 
4-6 and 4-7, the purely elastomeric system provides a slightly better response as 
compared to the other systems, but it should be noted that the difference is small and at 
higher frequencies (i.e., approaching conditions of rigidly attached components) the 
responses of various systems tend to converge. Furthermore, for stiff structural systems, 
as shown in Figure 4-8 and 4-9, the elastomeric systems provide nearly identical response 
as the highly nonlinear systems. These results tend to disprove the generally accepted 
view that highly nonlinear systems, such as those presented here, “have very high attack 
on building contents” by affecting a larger response in the higher modes of the structure 
(Skinner et al., 1993). Instead, the nonlinear systems tend to cause a lesser response at the 
fundamental frequency with comparable response at higher modes, eventually converging 
with elastomeric systems. 

On the basis of the results in these figures and considering the performance of 
numerous secondary systems in a building structure, which are affected by spectral 
accelerations over a wide range of frequencies, the Friction Pendulum and the combined 
elastomeric/sliding isolation systems are likely to have the least impact on the contents of 
the building. Interestingly, these two systems are highly nonlinear, whereas the other two 
are typically presumed to be linear elastic and linear viscous. 

In addition to the information presented on Figures 4-7 through 4-9, Figure 4-6 
presents the fixed base response to the El Centro 30% excitation scaled up to 100%. Even 
though this excitation is only half that of the isolated system excitation, the dramatic 
reduction in floor spectral response is evident. 

Tables 4-16 thru 4-19 present a comparison of peak response quantities, derived from 
experimental data, relevant to both primary and secondary system performance 
assessment. The tables include information on the isolation system, its effective 
properties (period and damping per the definitions of the 2000 International Building 
Code (ICC, 2001), for the isolation system displacement recorded in the experiment), the 
isolation system peak response, the superstructure peak story shear force and inter-story 
drift and secondary system response parameters for the base, 3rd floor and 5th floors. 
These response parameters are the peak acceleration recorded at that floor, the peak value 
of the spectral acceleration for a 5%-damped attachment to the floor and for the 
frequency range of 0.1 to 20 Hz, and the peak total floor velocity. 

The data in these tables lead to a number of interesting observations: 
a) The addition of fluid viscous damping devices to already highly damped 

hysteretic systems, such as the tested FP system, provides little benefit to the 
structural response. While the isolator displacements are substantially reduced, 
there were penalties in terms of increased forces, drifts, accelerations and 
velocities, all of which impact primary and secondary system performance. 
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FIGURE 4-6 Floor Response Spectra of Isolated Moment Frame Structure for 

the El Centro S00E 200% Excitation 
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FIGURE 4-7 Floor Response Spectra of Isolated Moment Frame Structure for 
the Sylmar 90° 100% Excitation 
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FIGURE 4-8 Floor Response Spectra of Isolated Braced Frame Structure for the 
El Centro S00E 200% Excitation 
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FIGURE 4-9 Floor Response Spectra of Isolated Braced Frame Structure for the 
Sylmar 90° 100% Excitation 
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b) The peak floor acceleration varies over the height of the building. In general, the 
acceleration is magnified from the base above the isolators to the roof and the 
magnification depends on the degree of nonlinearity of the isolation system and 
the stiffness of the structural system. For example, in the case of the flexible 
moment frame, the magnification of acceleration over the height (roof to base) is 
1.0 for the low damping elastomeric system, and between 1.16 and 1.45 for the 
sliding systems, depending on the value of the friction coefficient (friction 
coefficient of about 0.05 for the amplification factor of 1.16 and friction 
coefficient of about 0.08 for the amplification factor of 1.45). Such behavior is 
well understood and typically conveyed in comparisons of seismic isolation 
systems (e.g., Skinner et al., 1993; Naeim and Kelly, 1999). It should be noted 
that the fixed-base period of the moment-frame model is 0.43 sec (or 0.86 sec in 
prototype scale), whereas the effective period of the isolation system is of the 
order of 1.0 sec (or 2.0 sec in prototype scale). 

c) A very different picture emerges when the floor acceleration response in the 
braced frame model is investigated. The braced frame in its fixed-base condition 
had a fundamental period of 0.25 sec (or 0.5 sec in prototype scale). In this case, 
the ratio of effective period of the isolated structure to the fixed-base period is 
equal to about 4, whereas in the case of the moment frame the ratio is equal to 
about 2.3. As seen in the results of Tables 4-18 and 4-19 there is very little 
amplification of acceleration over the height of the model for all tested isolation 
systems. Interestingly, the two tested sliding systems without damping devices 
show even a reduction of acceleration over the height. 

d) The peak floor acceleration values in units of g are typically larger, and in highly 
nonlinear systems substantially larger, than the peak base shear normalized by the 
weight. This demonstrates that the dynamic response is strongly affected by 
higher mode contributions so that the peak floor accelerations occur at different 
times. This is true even for the low damping elastomeric system. 

e) The peak total floor velocity has been shown to affect the response of high profile 
objects that are not rigidly attached to the floor (see Section 2). Values of this 
velocity vary dramatically for the various tested isolation systems. The smallest 
velocity was typically recorded for the FP isolation system, whereas the largest 
velocities were recorded for the low damping elastomeric system. The ratio of 
highest to lowest velocity was typically of the order of 1.5 for the flexible 
superstructure and over 2.0 for the stiff superstructure. Such substantial 
differences in velocity response should not be disregarded in the assessment of 
performance of secondary systems. 

f) Drift is a response quantity of importance in the assessment of performance of 
secondary systems such as vertical pipes, conduits and wall attachments. Drift in 
the tested isolation systems was systematically least (and often substantially less) 
in the FP and the combined elastomeric-sliding system. 
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TABLE 4-16 Comparison of Peak Response Quantities of Isolated Moment Frame 
Structure in El Centro S00E 200% 
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TABLE 4-17 Comparison of Peak Response Quantities of Isolated Moment Frame 
Structure in Sylmar 90° 100% 
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TABLE 4-18 Comparison of Peak Response Quantities of Isolated Braced Frame 
Structure in El Centro S00E 200% 
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TABLE 4-19 Comparison of Peak Response Quantities of Isolated Braced Frame 
Structure in Sylmar 90° 100% 
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4.5.3 Torsional Response in Asymmetric Seismically Isolated Buildings 
Experimental studies of asymmetric seismically isolated buildings are limited to the 

work of Zayas et al. (1987) on the FP isolation system. Eccentricities in the structural 
system were created by shifting the mass, which did not have any adverse effect on the 
response because of the unique property of FP bearings to produce a lateral force that is 
proportional to the vertical load. 

Other work, such as Jangid and Dutta (1994) and Nagarahajaiah et al. (1993a, 1993b) 
dealt with the effects of torsional coupling in analytical studies. These studies conclude 
that eccentricity in the superstructure may have a substantial effect on the response of the 
isolation system, particularly in isolated structures with a torsionally flexible 
superstructure. 

The tested asymmetric seismically isolated model did not exhibit the torsional 
flexibility identified in Nagarahajaiah et al. (1993a, 1993b), which is a highly unlikely 
situation, but had a substantial eccentricity between the center of mass (which was 
aligned with the center of rigidity of the isolation system) and the center of rigidity of the 
superstructure. The superstructure consisted of two frames at a distance of 1220 mm, 
with the braced frame having a stiffness approximately 2.5 times larger than the stiffness 
of the unbraced frame. Effectively, the center of rigidity was at a distance of about 260 
mm from the center of mass, creating an eccentricity of 21% of the plan dimension 
perpendicular to the direction of seismic excitation. The eccentricity was purely due to 
asymmetry in the structural stiffness and not due to the distribution of mass. 

Eccentricities of this order would have induced a substantial torsional response in a 
fixed base structure. However, for seismically isolated structures the torsional response is 
expected to be small as demonstrated by analysis by Eisenberger and Rutenberg (1986). 
Indeed, the experimental results confirm this. For each tested configuration, the ratio of 
the peak corner bearing displacement to the average bearing displacement is calculated 
for all tested excitations and plotted in Figures 4-10 to 4-12 versus the peak table velocity 
for the corresponding excitation. This ratio, which represents the magnification of the 
isolation system displacement due to the eccentricity, is plotted against the peak table 
velocity for each conducted test. The ratio is in the range of 1.0 to 1.1 and the torsional 
response is minimal despite the large eccentricity. 

 
 
 



 90

FIGURE 4-10 Experimental Corner Displacement Magnification Ratios for FP 
Bearings with and without Linear and Nonlinear Viscous Damping 
Devices Bearings for the Asymmetrically Braced Frame Structure 
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FIGURE 4-11 Experimental Corner Displacement Magnification Ratios for Low 
Damping Elastomeric Bearings with and without Linear and 
Nonlinear Viscous Damping Devices for the Asymmetrically 
Braced Frame Structure 
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FIGURE 4-12 Experimental Corner Displacement Magnification Ratios for Lead-

Core Bearings and Elastomeric Bearings in Combination with Flat 
Sliding Bearings for the Asymmetrically Braced Frame Structure 
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experienced uplift. The experimental results with conditions of uplift or near uplift in 
sliding systems provides an excellent case for testing the accuracy of analysis tools under 
extreme dynamic conditions 

In Figure 4-15, the bearing axial force history for the low damping elastomeric system 
with no damping devices, subjected to the Sylmar 90o 100% excitation, shows tension (a 
value less than zero), while the bearing axial force history for the low damping 
elastomeric system with linear viscous dampers, shown in Figure 4-16, demonstrates that 
uplift did not occur. The reason for this behavior is that the addition of damping devices 
in the already highly damped FP system caused a noticeable increase in the base shear 
and overturning moment. The opposite was true for the low damping elastomeric system, 
in which the displacement, base shear and overturning responses were markedly reduced 
with the addition of fluid viscous dampers. Tension in the elastomeric bearings was too 
small to cause either cavitation of rubber or fracture. Tensile force per bearing was 
approximately 3 kN and negative pressure was about 0.12 MPa, whereas cavitation 
pressures are typically over 0.7 MPa (Skinner et al., 1993). 

 
 

 
FIGURE 4-13 History of Recorded Axial Force of the FP Bearing Isolated 

Moment Frame Structure in Sylmar 90° 100% 
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FIGURE 4-14 History of Recorded Axial Force of the FP Bearing Isolated 
Moment Frame Structure with Nonlinear Fluid Viscous Damping 
Devices in Sylmar 90° 100% 

FIGURE 4-15 History of Recorded Axial Force of the Low Damping Elastomeric 
Bearing Isolated Moment Frame Structure in Sylmar 90° 100% 
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FIGURE 4-16 History of Recorded Axial Force of the Low Damping Elastomeric 
Bearing Isolated Moment Frame Structure with Linear Fluid 
Viscous Damping Devices in Sylmar 90° 100% 
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SECTION 5 

ANALYTICAL PREDICTION OF RESPONSE 

5.1 Introduction 
There is a variety of computer software that can be used for the prediction of the 

dynamic response of seismically isolated structures. Software used so far in seismic 
isolation projects analysis include 3D-BASIS (Nagarajaiah et al., 1989), SAP2000 
(Computers & Structures, 1998), ANSYS (Swanson Analysis Systems 1996) and 
ABAQUS (Hibbitt et al., 1997). Herein we use two of the most commonly used computer 
programs to perform analysis of the tested isolated model structures: SAP2000, Version 
7.44 and the 3D-BASIS-ME (Tsopelas et al. 1994) version of the 3D-BASIS class of 
programs. 

A large number of analyses are performed, covering all of the tested isolation systems 
and seismic excitations with far-field and near-field characteristics. Calculated response 
quantities include histories of displacements, velocities, accelerations and shear forces, 
and floor response spectra in the range of 0.1 to 20 Hz. These calculated response 
quantities are compared to those obtained experimentally and conclusions are derived on 
the accuracy of the analysis methods. Moreover, the methods used to model the seismic 
isolation hardware are described. 

5.2 Analytical Model of Bearings 
5.2.1 Low Damping Elastomeric Bearings 

The properties of the low damping elastomeric bearings were previously determined 
from testing in the single bearing test machine. There are many choices for modeling low 
damping elastomeric bearings depending on the computer program used. For example, in 
both SAP2000 and 3D-BASIS they can be simply modeled as linear elastic spring 
elements with stiffness equal to Keff = 0.32 kN/mm in conjunction with a viscous 
damping element that results in a damping ratio β = 0.045 for the isolated system. This 
corresponds to a damping element with constant C = 3.92 kN-s/m for each bearing 
location. However, this tends to provide incorrect results for high velocity motions where 
the viscous damping element becomes more pronounced, resulting in a larger total force 
than the bearings are truly capable of delivering. 

Elastomeric bearings should, more appropriately, be modeled as bilinear hysteretic 
elements. In SAP2000 the NLLINK element Isolator1 property was used to model the 
low damping elastomeric bearings with an initial (elastic) stiffness Ki = 0.55 kN/mm, a 
yield force Fy = 3.1 kN, and a ratio of post-to-pre-yield stiffness = 0.55.  

In 3D-BASIS-ME, the bilinear hysteretic stiffening element was utilized. This element 
consists of an elastoplastic hysteretic element and a stiffening elastic element as shown in 
Figure 5-1 (Tsopelas et al., 1994). The element can also be used to model softening 
behavior by specifying stiffness K2 to be less than stiffness K1. This feature was used in 
modeling the low damping elastomeric bearings because they exhibited some noticeable 
reduction in stiffness for displacements beyond about 20 mm. Accordingly, the bearings 
were modeled using the following parameters: K1 =0.34 kN/mm, K2 = 0.26 kN/mm, 
characteristic strength Q = 1.4 kN, D1 = 20.8 mm and D2 = 20.9 mm. 
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Figure 5-2 presents experimental and analytical force-displacement loops for the low 
damping elastomeric bearing using the aforementioned parameters in programs 3D-
BASIS-ME and SAP2000. These analytical loops were obtained by exciting the 
analytical model of the tested structure with harmonic ground motion of 1Hz frequency 
until the desired amplitude of bearing motion was reached. 

 
FIGURE 5-1 Stiffening Hysteretic Element in Program 3D-BASIS-ME (adapted 

from Tsopelas et al., 1994) 
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FIGURE 5-2 Experimental and Analytical Low Damping Bearing Force-
Displacement Loops Generated by Programs SAP2000 and 3D-
BASIS-ME 
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5.2.2 Friction Pendulum (FP) Bearings  

The FP bearings shown in Figure 3-6 were modeled in SAP2000 using the NLLINK 
element Isolator2 property with the following parameters for the shear deformation 
degree of freedom: radius of sliding surface R = 762 mm, friction coefficient fast fmax = 
0.08, friction coefficient slow fmin = 0.02, rate parameter α = 20 s/m and an initial 
stiffness of 175 kN/mm. Although program 3D-BASIS-ME has an FP element with 
pressure dependent frictional properties and axial load effects, the simpler bilinear 
hysteretic element for sliding bearings, element No. 4, was used for modeling frictional 
behavior combined with a global spring of stiffness k = W/R = 233/762 = 0.305 kN/mm 
(W = 233 kN is the weight of the structure and R = 762 mm is the FP bearing radius of 
curvature). The four sliding bearings were each modeled using the following parameters: 
fmax = 0.08, fmin = 0.02, α = 20 s/m, initial normal load = 58.3 kN and yield displacement = 
0.03 mm. 

5.2.3 Lead-Core Bearings 

In SAP2000, the lead-core bearings were modeled using the NLLINK element 
Isolator1 with the following parameters: initial stiffness Ki = 5.25 kN/mm, yield force Fy 
= 10.7 kN, and a ratio of post-to-pre-yield stiffness r = 0.07. In 3D-BASIS-ME, the lead-
core bearings were modeled using the bilinear hysteretic element, element No. 3, with the 
following parameters: yield force Fy=10.7 kN, yield displacement Dy = 2.0 mm, and a 
ratio of post to pre-yield stiffness equal to 0.07. 

Figure 5-3 presents the experimental and analytical force-displacement loops 
generated by SAP2000 and 3D-BASIS-ME for one lead-core bearing. The analytical 
loops were obtained by the procedure described in Section 5.2.1. 

5.2.4 Flat Sliding Bearings 

The flat sliding bearings were modeled in SAP2000 using the NLLINK element 
Isolator2 property with the following parameters for the shear deformation degree of 
freedom: a large radius of sliding surface R = 250,000 mm to model a flat sliding surface, 
friction coefficient fast fmax = 0.11, friction coefficient slow fmin = 0.02, rate parameter α 
= 20 s/m and an initial stiffness of 175 kN/mm. In program 3D-BASIS-ME, the bilinear 
hysteretic element for sliding bearings, element No. 4, was used with parameters identical 
to those specified in SAP2000 except that instead of the initial stiffness, the yield 
displacement was specified. The yield displacement was specified as 0.03 mm. The initial 
normal load was specified as 58.3 kN in both programs. 
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FIGURE 5-3 Experimental and Analytical Lead-Core Bearing Force-
Displacement Loops Generated by Programs SAP2000 and 3D-
BASIS-ME  
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5.3  Analytical Model of Damping Devices 
In program SAP2000, linear and nonlinear viscous damping devices can be directly 

modeled as elements extending between two given points. This approach was followed 
by specifying the correct damper orientation in space and using a damping coefficient 

0.066 sC kN
mm

=  for each of the linear dampers, and a damping coefficient 

0.397

2.226N
sC kN

mm
 =  
 

 and power of velocity δ = 0.397 for each of the nonlinear 

dampers. 
In program 3D-BASIS-ME, the damping element is assumed to extend in the two 

principle directions (X and Y) and to have a zero vertical inclination. Accordingly, the 
dampers were specified to be oriented in the testing direction with a damping coefficient 
given by 1cosoC δ θ+  where Co = damping coefficient of the device (either C or CN), θ = 
angle of damper axis to the testing direction axis, δ = 1 for the linear dampers and δ = 
0.397 for the nonlinear dampers. Since angle θ = 40° (see Section 3.6), the damping 

coefficient for each of the linear dampers was 0.039 sC kN
mm

=  and 

0.397

1.534N
sC kN

mm
 =  
 

for each nonlinear damper. 

5.4  Analytical Model of Tested Structure 
The three dimensional analytical model of the 6-story superstructure was constructed 

utilizing the members and connection details of the actual model (see Figures 3-18 and 3-
19 for details). Figure 5-4 presents one frame section of the computer model in SAP2000 
for the moment frame structure. No special constraints were utilized, and end offsets with 
rigid-end factors were used to represent the web stiffeners welded to the columns and 
beams of the structure at every joint. Additionally, the splices in the 4th story columns 
were modeled as accurately as possible. The concrete blocks were represented as lumped 
masses at the joints. The gravity load was developed utilizing a ramp function from 0 to 1 
over 5 seconds with the self-weight multiplier set to 1. Thus the vertical load on the 
bearings was calculated during each time step from the nodal masses. For verification of 
the superstructure analytical model, the mode shapes from SAP2000 were compared with 
the experimental mode shapes. As can be seen in Tables 5-1 and 5-2, the analytical fixed 
base superstructure model constructed in SAP2000 produces mode shapes with very good 
correlation to those determined experimentally. Based on the SAP 2000 model output, 
only the first three modes were necessary to achieve 95 percent of the mass modal 
participation for the symmetrically and asymmetrically braced frame models. 
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FIGURE 5-4 Model of One Frame of the Six-Story Isolated Structure in 

SAP2000 
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TABLE 5-1 Comparison of Experimentally and Analytically Determined 
Characteristics of Fixed Base Moment Frame Structure 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Experimental

Mode Frequency 
(Hz)

Damping 
Ratio       Mode Shape

Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 6
1 2.34 0.048 0.22 0.43 0.60 0.77 0.94 1.00
2 7.90 0.019 -0.52 -1.05 -0.98 -0.41 0.40 1.00
3 13.65 0.011 0.98 1.02 -0.27 -1.27 -0.59 1.00
4 19.79 0.003 -2.21 0.48 1.99 -0.28 -1.67 1.00
5 25.45 0.014 2.51 -1.66 0.14 2.40 -2.86 1.00
6 29.54 0.018 -2.16 4.94 -4.96 4.22 -2.50 1.00

Analytical

Mode Frequency 
(Hz)

Damping 
Ratio       Mode Shape

Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 6
1 2.38 0.19 0.43 0.64 0.80 0.93 1.00
2 7.41 -0.57 -0.98 -0.87 -0.36 0.42 1.00
3 13.07 NA 1.13 1.01 -0.45 -1.20 -0.42 1.00
4 19.60 -1.43 0.17 1.34 -0.39 -1.44 1.00
5 25.58 2.57 -2.46 0.38 1.82 -2.30 1.00
6 32.25 -2.27 3.99 -5.51 5.22 -3.12 1.00
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TABLE 5-2 Comparison of Experimentally and Analytically Determined 
Characteristics of Asymmetrically and Symmetrically Braced Fixed 
Base Structure 

 
 

 
 
 
 
 
 
 
 

Asymmetrically Braced Experimental
      Mode Shape

Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 6
1 3.32 0.042 0.20 0.39 0.55 0.73 0.91 1.00
2 5.32 0.020 1 0.26 0.38 0.50 0.63 0.86 1.00
3 12.80 0.016 -0.62 -1.11 -0.97 -0.41 0.38 1.00

1. See comments in Section 3.7.

Asymmetrically Braced Analytical
      Mode Shape

Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 6
1 3.67 0.16 0.33 0.51 0.69 0.86 1.00
2 6.06 N/A 0.08 0.28 0.50 0.70 0.87 1.00
3 12.29 -0.72 -1.09 -0.99 -0.47 0.29 1.00

Symmetrically Braced Experimental
      Mode Shape

Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 6
1 4.00 0.040 0.17 0.34 0.49 0.67 0.87 1.00
2 17.09 0.017 -0.67 -1.16 -0.96 -0.43 0.38 1.00
3 30.70 0.009 1.00 1.06 -0.71 -1.38 -0.63 1.00

Symmetrically Braced Analytical
      Mode Shape

Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 6
1 4.89 0.12 0.28 0.47 0.65 0.84 1.00
2 17.61 N/A -0.64 -1.07 -1.06 -0.58 0.20 1.00
3 34.60 1.29 1.12 -0.32 -1.27 -0.56 1.00

Mode

Mode

Damping 
Ratio

Damping 
Ratio

Damping 
Ratio

Frequency 
(Hz)

Frequency 
(Hz)

Frequency 
(Hz)

Mode Frequency 
(Hz)

Damping 
Ratio

Mode
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In program 3D-BASIS-ME, coupled lateral-torsional response is accounted for by 
maintaining three degrees of freedom per floor, that is two translational and one torsional 
degrees of freedom. 3D-BASIS-ME has two options for superstructure data input: 

1. shear-type representation in which the stiffness matrix of the superstructure is 
internally constructed by the program, and 

2. full three dimensional representation in which the eigenvalues and eigenvectors, 
determined by SAP2000 and verified experimentally, are imported into the 
program 3D-BASIS-ME. 

To ensure the results of both programs would be comparable, the frequencies and 
mode shapes from SAP2000 were used to create the eigenvalues and eigenvectors that 
represent the superstructure model in 3D-BASIS-ME (in lieu of using the experimental 
eigenvectors and eigenvalues). The inherent damping of the structure is modeled 
differently in the two programs. In program 3D-BASIS-ME, the superstructure damping 
is specified in terms of the modal damping ratios for the fixed base superstructure (given 
in Tables 5-1 and 5-2) separate from the damping in the isolation system. Conversely, in 
program SAP2000, the damping ratios entered are applied to the isolated model. In 
general, a damping ratio of 0.04 was used for the first mode, and 0.02 for all other modes. 
Six modes were used to model the moment frame structure, and three modes were used to 
model both the symmetrically braced and asymmetrically braced frame structure. 

5.5  Comparison of Analytical and Experimental Results 
The dynamic response of the six-story structure was analytically predicted using both 

the SAP2000 and 3D-BASIS-ME computer programs. Appendix B provides samples of 
SAP2000 and 3D-BASIS input files. Appendices C and D present comparisons of 
experimental and analytical results produced by programs SAP2000 and 3D-BASIS-ME, 
respectively. A representative sample of results from Appendices C and D are presented 
in Figures 5-5 through 5-10, including a case in which bearing uplift occurred. 

An examination of the results of Appendices C and D reveals the following: 
1. Both programs generate results in good agreement with the experimental results. 

The maximum differences observed between peak experimental and analytical 
response quantities was on the order of 15% or less. Such differences are not great 
but they should be viewed in the light of the fact that the development of the 
analytical models was based on extensive experimental data and that the tested 
structures lacked the complexity of real structures. For real building structures, in 
which knowledge of mass and stiffness properties is incomplete, errors in the 
analytical prediction of response will likely much exceed 15%. 

2. The global response of the isolated structure (floor acceleration histories, story 
shear force and drift histories and floor response spectra) is predicted equally well 
by the two programs for the FP isolation system. Figures 5-5 and 5-6 show 
specifically the FP isolated moment frame response to the Sylmar 90o 100% 
excitation. Although this is just one example, it is representative of the quality of 
the analytical results produced by both programs presented in Appendices C and 
D. It should be noted that the modeling of the isolation bearings in the two 
programs differed in the following: 

a. Explicit representation of FP bearing behavior with variable axial load 
effects in SAP2000, and 
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b. Implicit representation consisting of a global spring and frictional 
elements without variable axial load effects in 3D-BASIS-ME. 

The reason for the good prediction of response by 3D-BASIS-ME despite the use 
of an incomplete bearing model is that the four bearings collectively exhibited the 
correct behavior. This was also reported in Al-Hussaini et al. (1994). 

3. Scheller et al. (1999) provide a verification study of SAP2000 Version 7.4. It was 
shown that SAP2000 Version 7.4 was problematic when modeling FP bearings 
with significant variations in axial load. Furthermore, the use of the axial linear 
effective stiffness for the NLLINK Isolator2 element has been corrected in 
SAP2000 Version 7.44. In previous research, it was found that only very small 
values of the elastic stiffness, ke, yielded good results. In the new version of 
SAP2000, the actual value of the elastic stiffness will allow the analysis to be 
executed without problems and with good results as shown in Appendix D. In 
particular, the case of the moment frame superstructure with FP bearings and 
nonlinear viscous fluid dampers excited by the Kobe N-S 100% motion clearly 
demonstrates the ability of SAP2000 Version 7.44 to adequately model the FP 
bearings at extreme dynamic conditions that include bearing uplift. This particular 
analysis included over a 100% variation in axial load and achieved uplift for a 
prolonged period of time at two instances. In particular, as shown in Figure 4-14, 
the FP bearing with nonlinear viscous damper isolated moment frame structure 
excited by the Sylmar 90o 100% motion experienced uplift, furthermore, as can be 
seen in Figure 5-10, SAP2000 was able to capture the response even with uplift of 
the FP bearing element. 
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FIGURE 5-5 Comparison of Experimental and SAP2000 Generated Results for 
the FP Isolated Moment Frame in the Sylmar 90o 100% Excitation 
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FIGURE 5-6 Comparison of Experimental and 3D-BASIS Generated Results for 

the FP Isolated Moment Frame in the Sylmar 90o 100% Excitation 
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FIGURE 5-7 Comparison of Experimental and SAP2000 Generated Results for 

the Elastomeric Bearing with Linear Viscous Damper Isolated 
Moment Frame in the Sylmar 90o 100% Excitation 
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FIGURE 5-8 Comparison of Experimental and 3D-BASIS Generated Results for 

the Elastomeric Bearing with Linear Viscous Damper Isolated 
Moment Frame in the Sylmar 90o 100% Excitation 
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FIGURE 5-9 Comparison of Experimental and SAP2000 Generated Results for 

the Combined FP-Nonlinear Fluid Viscous Damper Isolated 
Moment Frame in the Sylmar 90o 100% Excitation 
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FIGURE 5-10 Comparison of Experimental and SAP2000 Generated Uplift 

Response for the Combined FP-Nonlinear Fluid Viscous Damper 
Isolated Moment Frame in the Sylmar 90o 100% Excitation 
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SECTION 6 

SUMMARY AND CONCLUSIONS 

Earthquake simulator tests were conducted on a six-story building model in moment 
frame and braced frame configurations in conjunction with several isolation systems. The 
building models included an unbraced moment frame, a braced frame and an 
asymmetrically braced frame. The isolation systems utilized were Friction Pendulum 
(FP), low damping elastomeric bearing, lead-core bearing, and flat slider in combination 
with low damping elastomeric bearings. Damping devices were also used in combination 
with the FP and low damping elastomeric bearings. The experimental results were 
compared with analytical results obtained using computer programs SAP2000 and 3D-
BASIS-ME. The capability of these programs to adequately predict primary and 
secondary system response was evaluated. The generated large database will be useful in 
assessing the validity and accuracy of other dynamic analysis software. The main 
conclusions of this study are: 

1. The addition of damping devices to a lightly damped system, like the tested 
elastomeric bearing system, resulted in a reduction in isolation displacement, but 
also a reduction in primary and secondary response quantities, such as story drifts, 
shear forces, floor accelerations, floor velocities and floor spectral accelerations. 

2. The addition of damping devices to a highly damped system, like the tested FP 
system (with friction of 0.08), resulted in the expected reduction in isolation 
displacement, however, at the expense of significant increase in primary and 
secondary response quantities. 

3. In general, whether added to highly damped or lightly damped isolation systems, 
nonlinear viscous damping devices resulted in a larger increase in story drifts and 
shear forces than the linear viscous devices. 

4. The response of secondary systems affected by floor spectral accelerations, such 
as flexibly attached components (e.g., fire sprinkler systems, drop ceilings, 
computer floors etc.) exhibits a complex relation with the type of isolation system 
and flexibility of the superstructure. Particularly: 
a. In the frequency range around the fundamental frequency of the isolated 

structure, highly nonlinear systems, such as the tested FP system and the 
combined elastomeric-sliding bearing system, resulted in much smaller floor 
spectral accelerations than the tested elastomeric and combined elastomeric-
viscous damper systems. 

b. In the very high frequency range, corresponding to components which are 
rigidly attached to the floors, the floor spectral acceleration response was (i) 
basically the same for all tested isolation systems with a stiff superstructure, 
and (ii) slightly higher for the tested highly nonlinear systems (such as the 
tested FP system and the combined elastomeric-sliding bearing system) with a 
flexible superstructure. 

c. In the high frequency range, there is no systematic behavior that can be 
described in a general statement. Rather, depending on the type of excitation 
and the flexibility of the superstructure, either the highly nonlinear systems 
exhibit higher floor spectral response than the effectively linear systems or 
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vice versa. However, more often the highly nonlinear systems exhibited 
higher floor spectral response. 

5. The total floor velocities recorded for the highly nonlinear systems, were typically 
much smaller than the velocities recorded for the low damping elastomeric 
system. This also supports the statement that the sliding systems are likely to have 
a lesser impact on secondary systems that are affected by velocity, such as 
unbraced equipment, cabinets, and art objects. 

6. The experimental results presented herein tend to disprove the view that highly 
nonlinear systems, such as the tested FP system and the combined elastomeric-
sliding bearing system, have a very high impact on building contents (Skinner et 
al., 1993). Rather, these highly nonlinear systems tend to provide for a lesser 
impact on contents when considering all relevant response quantities, which 
include story drifts, floor velocities and floor spectral accelerations over a wide 
frequency range. 

7. The analytical predicted peak primary and secondary system response in terms of 
isolator displacements, base shear forces, story shear forces, story drifts, floor 
accelerations, floor velocities and floor spectral accelerations, was within 
approximately 15% of the experimentally obtained response. Such differences are 
not great but they should be viewed in the light of the fact that the development of 
the analytical models was based on extensive experimental data and that the tested 
structures lacked the complexity of real structures. For real building structures, in 
which knowledge of mass and stiffness properties is incomplete, errors in the 
analytical prediction of response will likely much exceed 15%. 
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