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Abstract

Damage caused by earthquakes to buildings and their contents (e.g., sensitive equip-

ment) can impact life safety and disrupt business operations following an event. The

resulting social and economic losses can be minimized, or even eliminated, by reduc-

ing the seismic forces on building contents through vibration isolation. Floor isolation

systems (FISs), in particular, are a promising retrofit strategy for protecting vital build-

ing contents. In this study, real-time hybrid simulation (RTHS) is utilized to validate

mathematical models of isolation systems that incorporate multi-scale (building-FIS-

equipment) interactions. For this, an experimental setup representing one bearing of

a rolling pendulum (RP) based FIS is studied—first through characterization tests and

then through RTHS. RHTS allows for numerically compensating for the extra mass

in the experimental setup (m) through the equation of motion’s integration in MAT-

LAB scripts and Simulink models. A series of both type of tests were conducted at the

Natural Hazards Engineering Research Infrastructure (NHERI) Experimental Facility at

Lehigh University. Multiple excitations were used to study the experimental setup under

uni-axial loading. In total, 240 tests among characterization and RTHS were performed.

Details of the experimental testbed and test protocols for the characterization and RTHS

tests are presented, along with results from these tests focused on the effect of enhanced

damping on the rolling surface of a bearing, the FIS-equipment and building-FIS inter-

actions and rigorous evaluation of different RP isolation bearing designs through RTHS.

All in all, it was found that the most optimal RP bearing configurations are those with

coated with elastomeric rubber and higher tributary mass. For isolated equipment with a

xiv



frequency of its own, it was found that the bearing’s performance was affected for low-

frequency equipment (i.e., 1 and 2 Hz at the base of the equipment). On the other hand,

the effects of a FIS composed of 350 bearings and accounting for 5% of the structural

floor mass were found to be negligible on the building studied (i.e., 3-story moment

resisting frame).
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Chapter 1

Introduction

1.1 Overview

Earthquakes can heavily damage civil structures causing great economic and, in the

worst cases, human losses. Several design strategies have been developed to mini-

mize and mitigate the impact of the forces these natural hazards put on structures. For

instance, base isolation systems mitigate the inertial loads caused by an earthquake ex-

citation and, ultimately, reduce floor and structural sidesway (Warn and Ryan, 2012).

Floor isolation systems (FISs) are gaining popularity over base isolation systems as they

have shown to be a valuable retrofitting approach for protecting vital building contents

and the post-event functionality of the structure.

FISs are designed under the premise that an object (e.g., telecommunications appa-

ratus, a raised floor of a building, etc.) can be decoupled (isolated) from the rest of a

structure and its respective disturbances (see Figure 1.1). Thus, these systems decrease

the transmitted vibrations and ultimately protect the sensitive objects from damaging

effects. A system of rolling pendulum (RP) isolation bearings* can comprise a FIS.

RP-based isolation systems were first patented in the 19th century. Touaillon (1870)

arranged a ball in-between two counter facing spherical surfaces. The theory under

which this first rolling isolation system for a building was developed is simple; the ball

*Let it be noted that “isolator unit,” “isolation bearing,” “unit,” and “bearing” are used interchangeably
to refer to the same thing in this thesis.

1



resilient
isolation
bearings

isolated floor

structural floor

sensitive equipment

structural floor level motion

isolated floor level motion

Figure 1.1: Floor isolation system utilizing RP bearings to protect sensitive equipment from harsh
structural floor level motions.

comprised between the plates acts like a pendulum (Harvey and Gavin, 2013). Since

then, other models have been designed under the same premise: The restoring force

is proportional to the mass of the system, while the natural period is independent of

this—unlike spring-based isolation systems (Harvey and Kelly, 2016).

Besides innovative design strategies, state-of-the-art testing techniques play an im-

portant role in the study of earthquakes and their effects on buildings’ structural and

non-structural elements. Real-time hybrid simulation (RTHS) has shown to success-

fully overcome limitations related to more traditional methods like shake-table testing,

specifically those related to test specimen sizes and their economic constraints (Mahin

and Shing, 1985). RTHS is an innovative, cost-effective, and efficient testing technique

that was first developed in the mid-1970s in Japan (Takanashi et al., 1975). While some

seismic simulation techniques use either analytical models or experimental methods be-

cause of size and computational capacity constraints, RTHS was developed to combine

both experimental and analytical tools into a single simulation technique (Nakashima,

2020). Furthermore, as its name implies, RTHS is intended to be performed in real-

time, which is critical for rate-dependent systems. Although this can translate to further

challenges and limitations, a thorough understanding of this technique’s fundamental

procedure and a proper configuration of an experimental system can account for these,

making RTHS a viable testing alternative for the study of RP-based FISs.
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Figure 1.2: Schematic for an idealized RP unit for dynamic analysis

For this project, a RP isolator unit of a FIS like the one shown in Figure 1.1 will

be studied. Characterization and RTHS tests are proposed to calibrate and validate

mathematical models of the RP isolation unit. An evaluation of the effect of enhanced

damping is also to be researched, as well as multi-scale interactions between the pro-

posed system and both the mission-critical equipment being isolated and the building in

which the isolation system is installed.

The experimental setup designed to characterize a RP unit is made up of two counter

facing concave rolling surfaces and a steel ball rolling in-between these. The top rolling

surface is constrained to move only vertically (v) while the lower one is to do so only

horizontally (u). Due to their concavities, a vertical displacement is induced in the

top surface given a horizontal displacement in the lower one. An idealized schematic is

presented in Figure 1.2. Experimental validation of physics-based mathematical models

of this type of RP isolation bearing through RTHS has never been performed, for which

a full and thorough evaluation and recommendations for improvements are expected.

1.2 Literature Review

The testing of a single rolling pendulum (RP) isolation unit through a series of real-

time hybrid simulation (RTHS) tests has no precedent. However, there is extensive

work around the different components of this innovative approach. Specifically, RP and

friction pendulum (FP) isolation systems have gained relevance over the last 30 years

3



because of the simplicity of the theory behind them. Moreover, interactions between

equipment and isolation systems have previously been studied too. With regards to

RTHS, there is evidence backing up that it is highly effective, cost-efficient, relatively

new technique adequate to account for inertial effects of non-linear RP bearings. Further

applications, design guidelines, recommendations, and areas of improvement have been

extensively discussed for large-scale RP and FP isolation too.

1.2.1 Isolation Systems

The concept of building isolation was thought about more than one hundred years ago.

The first-ever system was a double concave rolling ball bearing and dates back to 1870

in San Francisco, CA (Warn and Ryan, 2012). While rolling isolation systems were

conceptualized before other isolation techniques—namely sliding bearing isolation and

elastomeric isolation—its research and development was slower to mature (Harvey and

Kelly, 2016).

While base isolation is an accepted approach for earthquake protection, equipment

and floor isolation systems (FISs) are gaining popularity as alternative methods to miti-

gate earthquake hazards on critical equipment (Jia et al., 2014). In order to isolate entire

buildings, larger loads and isolator units need to be considered—making its testing both

physically and economically challenging. Generally, it has been found that the chal-

lenges pertaining to FISs are related to providing enough capacity to meet the isolated

body’s acceleration and displacement demands caused by ground excitation. As well,

the non-linear behavior, the high stress concentration on these systems, and the need for

supplemental damping to meet those demands are factors needing investigation in this

realm of isolation.

Typically, both FP and RP isolation systems, due to their hardware configuration

and their pendulum-like behavior, are considered within the context of sliding bearing

isolation systems (Warn and Ryan, 2012). However, it is of interest here to compare
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Figure 1.3: Friction Pendulum Bearing basic configuration. Source: Mokha et al. (1991)

and contrast these as to understand their applicability relevant to FISs.

1.2.1(a) Sliding Bearing Isolation

Sliding or FP isolation is defined as a bearing resting on a sliding surface which sup-

ports the weight of a body to be isolated. Apart from elastomeric devices, FP isolation

is the most widely accepted and used base isolation technique (Deringöl and Güneyisi,

2019). The interaction between these—sliding surface and isolated weight—develops

a restoring force opposite to the seismic motion which causes sliding friction and, ul-

timately, dissipates energy. At its most basic configuration, a FP bearing is comprised

of a concave surface, a concave slider and a bearing material (typically coated) induc-

ing friction between these, as presented by Mokha et al. (1991) and shown in Figure

1.3. Several sliding bearing isolation systems have been developed and experimentally

studied in more recent years.

Other innovative approaches to FP isolator units have also been adopted. Sarlis

and Constantinou (2016) developed a triple-friction pendulum in which sliding friction

would appear at three different levels in an attempt to optimize the resistance given by

it. A free-body diagram of the components of this type of FP unit is shown in Figure

1.4. This system was analytically modeled and dynamically analyzed. It was proven

that it could be used for special cases of unusual friction combinations and showed

that the inertial effects of the moving parts were significant to the analysis performed.
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Figure 1.4: Free-body diagrams of components of a triple friction pendulum bearing. Source: Sarlis
and Constantinou (2016)

Similar double FP units have also been studied by Fenz and Constantinou (2006). It

was determined that for non-special cases a simple FP bearing is equally reliable as the

double and triple FP bearings (Fenz and Constantinou, 2006).

Besides analytically studying their hardware configuration and characteristics, FP

bearings have been extensively modeled, tested, and applied for earthquake resilience

of buildings and bridges. For these superstructures, it has been shown that the isolated

structure’s fundamental period is dependant on the curvature of the sliding surface of

a FP bearing and independent to the mass resting on it. It was also demonstrated that

isolators with larger periods resulted in larger displacement demands, and consequently

required increases in energy dissipation capabilities for large scale structures (Deringöl

and Güneyisi, 2019).

Further studies on the performance of FP isolation have been done involving non-

linear structures aiming to understand specific effects. Almazán and Llera (2003) did

this by evaluating large deformations, sticking, uplifting, and impact. To adapt their
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FP model, they added gap elements and tested their bearings on a 4-story building and

a R/C bridge spanning 120 m. Implementing a Park-Wen model was proven to be an

effective way of replacing the experimental Coulomb friction of the slider (Almazán and

Llera, 2003). More literature points to successful implementation of hysteretic models

for isotropic behavior of FISs. For instance, a revised version of the Park-Wen model,

the Bouc-Wen model, has shown to be highly efficient for non-linear hysteretic dampers

(Solovyov et al., 2017) for bi-axial hysteresis (Harvey and Gavin, 2014).

FP isolator units have successful been studied for building and bridge base isolation.

FP isolator units have characteristics and properties similar to the ones of interest for

the proposed RP isolator unit—like their restoring capability, influence of the rolling

surface’s friction, non-linear behavior, etc. However, adapting FP bearings to isolation

of smaller systems (i.e., FISs) has been challenging. This is especially true for pro-

tecting sensitive equipment since these have threshold accelerations (usually small) to

ensure their post-event functionality. Because of the FP bearings friction-slope rela-

tions, producing small accelerations requires small slopes in the concave surfaces. At

the same time, small slopes relate to the presence of substantial residual deflections,

making FP bearings not suitable for this type of FIS. Alternatively for damping, RP iso-

lator units rely on rolling resistance rather than sliding friction coefficient—the former

being significantly smaller than the latter—and thus, adapting better to smaller residual

displacements. All in all, there are interesting takeaways from previously modeled and

experimentally tested RP bearings, like implementing Bouc-Wen (Bouc, 1971; Harvey

and Gavin, 2014) models for representing hysteric behaviors.

1.2.1(b) Rolling Bearing Isolation

RP bearings were the first-ever base isolation systems implemented in base isolation

of structures. Since then, their study and implementation for base isolation has been

proven to be efficient and has expanded to FISs. Rolling isolation systems are similar
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Figure 1.5: Basic configuration of a single concave RP isolator unit. Source: Cilsalar and Con-
stantinou (2019)

in behavior to FP-based systems. The main difference between these is that damping

for the former relies on its rolling resistance while the latter’s does so on its sliding

friction. The components of a basic single RP isolator unit (see Figure 1.5) are two

rolling surface and a ball or cylinder in between these (Cilsalar and Constantinou, 2019).

The single concave surface has been studied to optimize its configuration (Wang

et al., 2017). A conical surface was developed (see Figure 1.6), in which the middle

portion of the rolling surface is concave and the rest has a constant slope. Wang et al.

(2017) demonstrates that the shape difference causes a different force-displacement re-

lationships too. On the one hand, it was found that the residual displacements of the

conical configuration are smaller thus improving its serviceability as per ASCE 7-16

(ASCE, 2017). On the other hand, the concave configuration is attractive as it produces

lower shear forces than the conical one. Other bearing configurations in which neither

plate is flat have also been developed and studied. Positive aspects of this include more

rolling area available in less horizontal space, while some negative arguments against

double concavity indicate the presence of greater torsional effects (Cilsalar and Con-

stantinou, 2019).

Similarly to FP bearings, RP ones have been extensively studied for base isola-

tion. For instance, a double concave bearing was shown to effectively reduce structural
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Figure 1.6: Conical configuration of a single RP isolator unit. Source: Cilsalar and Constantinou
(2019)

displacement response compared to bare frame testing (Vargas and Bruneau, 2009).

Moreover, several applications have been developed related to FISs and the protection

of non-structural components.

Ismail et al. (2010) described the development of a novel isolation system—static

dynamics interchangeable-ball pendulum system (SDI-BPS)—that is both physically

and mathematically suitable for safeguarding vibration sensitive equipment during

earthquakes. The design of this bearing is shown in Figure 1.7, and consists of

one upper and one lower concave surface, several supporting steel balls, housing

holes for said balls, and a damped steel ball. The supporting balls with relatively

low rolling resistance stabilize the system under static loading and small isolator

displacements. The larger damped ball is to provide the gravitational restoring force

under larger displacements and dynamic loading. The SDI-BPS was subjected to

tri-axial shake-table testing for three earthquake records. It was conclusively described

as a good tool to protect sensitive equipment. It efficiently rectified some of the usual

drawbacks associated to RP bearings like “little damping provided by the system,

highly concentrated stress produced by the rolling ball due to the small contact area

between the rolling ball and scratches and damage to the concave surfaces caused by

the ball motions during earthquakes” (Ismail et al., 2010).

Another approach to improving the performance of these RP isolator units was stud-
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Figure 1.7: Schematic of a SDI-BPS bearing. Source: Ismail et al. (2010)

ied by Harvey et al. (2014) in which a double conical configuration was modeled and

validated. To increase the rolling resistance of the system, viscoelastic layers were

bonded to both surfaces. The validation of this model was given for a “lightly damped”

and a “heavily damped” configuration. The design spectrum for 20 random initial con-

ditions of each configuration was compared to the design spectra at ground (z/h = 0),

mid-height (z/h = 0.5) and roof (z/h = 1) levels as per ASCE 7-10 (ASCE, 2010).

The “heavily damped” configuration performed better for non-ground levels, effectively

meeting the displacement demands of mid-height and roof levels for periods over 2.5

and 4 s, respectively.

Based on the recommendations made by Harvey et al. (2014), a parametric analy-

sis of the effect of the aforementioned viscoelastic layers is proposed for this project.

Additionally, while some challenges of RP-bearing FISs have been thoroughly studied

and rectified, there is room for advancement in the understanding of FISs’ multi-scale

interactions by implementing RTHS testing.
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1.2.2 Real-Time Hybrid Simulation

Real-time hybrid simulation is a suitable technique for large structure, multi-axial test-

ing. It combines analytical and physical approaches to model and test structures and

could be used to study FISs. However, as discussed in Section 1.2.1(b), little to no

literature was found related to the implementation of such tests for FISs.

RTHS is a relatively new testing technique, which can potentially help overcome the

issues involved in full-scale shake-table testing of isolation systems comprised of RP

isolator units. In its early stages, the development of RTHS testing took place in Japan.

After a successful United States-Japan collaborative research project, this technique has

become increasingly popular worldwide for showing a wide variety of applications in

the field of earthquake engineering. Its theoretical basis comes from hybrid simulation,

which in turn was developed from quasi-static testing. The idea behind this technique is

to numerically compute the displacement response to a quasi-statically imposed speci-

fied dynamic excitation. Using analytically established characteristics of the system or

structure (i.e., viscous damping and prescribed inertia), hybrid simulation allows for in-

putting command displacements and outputting restoring forces, which are then added

to the next displacement to be imposed using numerical integration algorithms (Mahin

and Shing, 1985). Figure 1.8 shows the explicit Newmark algorithm used for the first

hybrid simulation tests.

Hybrid simulation testing was proven to be an effective alternative to shake-table

testing. This led to improving this testing technique by implementing a dynamic actu-

ator, a digital displacement transducer and a digital servo-mechanism, until developing

what is know today as RTHS. The first ever RTHS test was performed using a single

degree-of-freedom (DOF) system and a viscous damper (Nakashima et al., 1992). The

sub-structuring capabilities of RHTS allowed for analytically modeling the single DOF

structure while experimentally testing only the viscous damper. The test was demon-
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namics. It has been applied to pseudodynamic testing in many previous 
studies (16,25). The basic central difference method assumes that the 
velocity and acceleration can be represented by the following difference 
equations: 

V; = 
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By substituting these equations into the equilibrium equation (Eq. 1) at 
time equal to iM, we can solve for d,+1 as 
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which can be readily used for displacement computations in a pseudo-
dynamic test, since the restoring forces r,- in the previous step are mea-
sured experimentally. 
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Figure 1.8: Explicit Newmark algorithm used in the first hybrid simulation tests in Mahin and Shing
(1985)

strated to be accurate and reliable, so RTHS has been refined for different purposes ever

since.

Some majors areas of improvement for RTHS were related to the actuator’s delay.

These were studied in Horiuchi et al. (1999), in which a model predicts a displacement

based on an extrapolation of previous and present displacements. This method was

shown to be reliable while showing that the delay effect must be considered in a case-

by-case basis, as each actuator has its own response delay, which can destabilize the

integration algorithm or show inaccurate predictions.

Other authors have developed unconditionally stable algorithms based on explicit

expressions of displacement and velocity. Chen and Ricles (2008) posit that their CR al-

gorithm for a single DOF with positive viscous damping yields zero algorithmic damp-
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ing. In Chen et al. (2009), such algorithm was successfully applied to RTHS when

testing single and multiple DOF structures with a passive elastomeric damper subjected

to earthquake ground motions. The results show that their algorithm remains uncondi-

tionally stable for linear-elastic and nonlinear structures with softening behavior, as well

as conditionally stable for nonlinear structures with stiffening behavior. Thus, the im-

plementation of this algorithm or more recent advancements (Kolay and Ricles, 2019)

for the proposed RTHS FIS tests seems feasible.

With regards to the implementation of RTHS for isolation systems, Shao and Grif-

fith (2013) compile a series of tests in which RTHS is implemented in Network for

Earthquake Engineering Simulation (NEES) projects. However, the tests listed by Shao

and Griffith (2013) include magneto-rheological (MR) fluid dampers, FP bearings and

a base isolation system—not a single RP isolation system was reported to be tested. At

last, the implementation of RTHS on a variety of seismic resilience tests provide a broad

insight into the capabilities of using such technique to test base isolation systems.

In more recent years, RTHS was successfully applied to FISs using MR dampers

in the ninth floor of a fourteen-story building (Zhang et al., 2017). The MR dampers

were modeled and then evaluated, similarly to the RP isolator units project herein pro-

posed. Moreover, the RTHS sub-structuring capabilities were demonstrated to be ac-

curate for evaluating large-scale experimental specimens as a substructure of an even

larger structural system. Thus, the study of RP-based FISs, as per Zhang et al. (2017),

has promising areas of opportunity through the implementation of RTHS tests.

1.3 Summary

Sensitive equipment can be heavily damaged by seismic activity. FISs are gaining pop-

ularity to protect non-structural components versus the more classical base isolation.

From these, RP isolation bearings are an effective retrofitting technique for safeguard-

ing such equipment, but additional research is needed.
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Typically, economical limitations have allowed for scaled-down experimental stud-

ies of RP isolation bearings. RTHS tests have efficiently overcome such limitations for

large-scale base isolation and is expected to be equally successful for testing RP isola-

tor units. RTHS testing of the proposed RP-based FIS will allow for gaining a better

understanding of the underlying physics of RP isolation units with enhanced damping.

By doing so, the testing and model validation herein proposed will, ultimately, enable

for simulations of uni-axial RP-based FISs.
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Chapter 2

Experimental Setup

2.1 Overview

This chapter describes the testing facilities and the experimental setup designed and

developed to represent a rolling pendulum (RP) isolator unit. The unit is comprised of

two conical steel rolling surfaces (upper and lower) and a steel ball in-between these.

A detailed depiction of the physical characteristics of the rolling surfaces as well as the

rest of the assembly is given in this chapter. An array of sensors were implemented in

the setup to measure and record load, acceleration, and displacement data. The experi-

mental setup and facilities discussed in this chapter were used for the tests in Chapters

3, 4 and 5.

2.2 Testing Facilities

The design and fabrication of the test specimen took place at the Donald G. Fears Struc-

tural Engineering Laboratory at the University of Oklahoma. The design was revised

and subjected to characterization and real-time hybrid simulation (RTHS) tests at the

National Hazards Engineering Research Infrastructure (NHERI) Experimental Facil-

ity (EF) at Lehigh University. The NHERI Lehigh EF has world-class state-of-the-art

equipment able to perform real-time hybrid simulations involving large-scale physical

models and computer-based numerical simulations (Cao et al., 2020). These capabilities

were implemented in a novel approach for full-scale testing of a RP isolator unit.
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2.3 Experimental Setup

To study a floor isolation system (FIS), an experimental system was designed to char-

acterize and replicate the behavior of a RP isolator unit subjected to uniaxial lateral

loading (see Figure 2.1). By studying a single unit through RTHS tests, it is attempted

to simulate and understand the behavior of a FIS comprised of multiple of these units

when loaded laterally (see Figure 2.2 for a FIS comprised of four units).

A single RP isolator unit is made up of two conical steel plates (upper and lower)

and a steel ball that rolls between these. The proof mass represents a tributary load on

one isolator unit. The lower rolling surface is constrained to move only horizontally

while the upper is to do so vertically by horizontal and vertical guides, respectively.

Due to said constraints and the rolling surfaces’ geometry, a horizontal displacement in

the lower of these causes a vertical displacement in the upper one.

The rolling surfaces are based on the ball-n-cone design used in the ISO-Base plat-

form manufactured by WorkSafe Technologies. The upper and lower rolling surfaces

are identical in shape as shown in Figure 2.3. Nominally, each rolling surface is 10.5

by 10.5-in. with a centered conical section of approximately 7-in. in diameter. In this

conical section, the outermost regions have a 1:10 slope that combines with a spheri-

cal center region with a 5-in. radius. Given this geometry, the displacement relation
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Figure 2.1: Setup used for real-time hybrid simulation tests of a single rolling pendulum bearing.
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Figure 2.2: ISO-Base assembly of a FIS comprised of 4 RP isolator unit

between the both upper and lower rolling surfaces allows for a maximum horizontal

displacement of approximately 7 in. and a maximum vertical displacement of approxi-

mately 3/4 in.

To assure the rolling surfaces were properly connected and constrained, each was

attached to an assembly, and a frame setup (see Figure 2.6) was built around the isolator

unit, to interface the lower and upper assemblies. Each of the rolling surfaces was

attached to an aluminum plate through 1-in. T-slotted framing rails along two edges

(see Figures 2.4 and 2.5). A hard plastic puck was inserted between the rolling surface

and the aluminum plate to provide support at the rolling surface’s center. The lower
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Figure 2.3: Drawing of the conical rolling surface used in the RP isolator unit. (units: in.)
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assembly (see Figure 2.4) constrains the lower rolling surface to move horizontally

only via four linear motion carriages bolted to the underside of the aluminum plate.

These carriages move along two horizontal rails that are bolted to an aluminum plate

that is supported by 1.5-in. T-slotted aluminum framing rails on its perimeter forming

a rigid base. These rails also serve to support another set of aluminum rails that carry

the four vertical guides, which are attached to the upper assembly (see Figure 2.5).

Through these guides, the upper assembly is comprised of an aluminum plate bolted to

the upper rolling surface, constraining the latter to move vertically only via four flange-

mounted bushings. To provide lateral stiffness, the rails are connected through structural

angles and gusset plates to develop full moment connections. Ultimately, the setup is

designed to provide smooth displacements both horizontally and vertically. Moreover,

the tributary load that is being isolated is not transferred through the guides but through

the steel rolling surfaces and ball to the rigid base. A detailed drawing of the rigid frame

is presented in Figure 2.6, as it was originally fabricated at Fears Lab.

To prevent eccentricity rotations on the vertical guides generated when the ball rolls

through the center of the rolling surface, the bearings connecting the upper assembly

and the vertical guides were offset as shown in Figure 2.7. The left-most bearings where

bolted underneath the aluminum plate holding the upper assembly, providing a 1/4-in.

offset with this plate. The right-most bearings were bolted on top of said plate and a

1/4-in. aluminum spacer was placed in between the bearings and the plate. Together, a

3/4-in. eccentricity was generated.

Seven (11 × 11 × 1 in.) steel plates were used to act as proof mass. Four 1/4-20

threaded rods were put through these plates to keep them together, and the rods were

bolted to the upper assembly. A crane was used to lift the proof mass and set it in place.

The crane straps were never detached when performing tests to prevent potential failure

of the experimental setup although these were loosened so that no load was held by them
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Figure 2.4: Drawing of the lower assembly of the experimental setup. (units: in.)
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Figure 2.5: Drawing of the upper assembly of the experimental setup. (units: in.)
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while testing. Rocking effects were noticed at the top steel plates after a couple of trial

tests. To further diminish these effects on the proof masses, the steel plates were placed

between two aluminum plates and tied together through threaded rods. The plates acted

as wearing surfaces that were supported laterally by four ball transfers attached to the

main rigid frame as shown in Figure 2.8.

The setup underwent some modification at the NHERI Lehigh EF to connect the

specimen with the testing equipment as shown in Figure 2.9. To connect the experi-

mental setup to the servo hydraulic actuator, a driving steel rod was attached underneath

the aluminum plate supporting the lower rolling surface. Two small steel plates were

welded to the rod at the front and back edges of the aluminum plate to act as shear

keys. This rod was welded to a 1”-14 bolt which was attached to an S-shaped load cell.

To avoid external forces from vertical and horizontal misalignment between the hori-

zontal guides of the system and the actuator, a self-aligning ball connection was used

in between the load cell and the mating clevis. Moreover, a linear bearing was used
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Figure 2.6: Drawing of the rigid frame portion of the experimental setup that was fabricated at
Fears Lab. (units: in.)
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Figure 2.7: Vertical guides connection with upper assembly
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Figure 2.8: Proof mass setup with rotation-preventing aluminum plates
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Figure 2.9: Final setup of RTHS testbed at the NHERI Lehigh EF

underneath the clevis-ball connection to prevent the load of the whole connection going

into the setup. As well, both the frame experimental setup and the actuator-load cell

connection were shimmed up so that the driving rod was completely horizontal and at

the same level as the aforementioned connection configuration. Once this was achieved,

five C-clamps were used on each side to attach the experimental setup to the base beam.

Besides this additional hardware, more aluminum rails were added to support the data

acquisition instrumentation.

2.4 Instrumentation

Figure 2.10 shows the sensor layout used to measure accelerations, forces, and displace-

ments. To measure four desired accelerations, a unixial accelerometer (1a) was attached

at the back end of the driving rod and a triaxial accelerometer (1b, 1c ,1d) was attached

on top of the proof mass. To measure four desired displacements, four linear variable

differential transformers (LVDTs) were attached on the setup—including one integrated

within the actuator (2a). Of the other three LVDTs, one was attached on top of the proof

mass to measure the upper assembly’s vertical displacement (2c). Another was attached

to the base of the frame to record slipping of the system (2b), and the last one was at-
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tached to the top of the frame to measure whether there were lateral deflections or not

(2d). An S-shaped LC101-10K load cell (3) was used to measure and record loads. The

final sensor arrangement as used is shown in Figure 2.11.

2.5 RP Bearing Test Specimen

The experimental setup allows for replacing rolling surfaces. To perform both the

characterization and RTHS tests, the rolling surfaces’ rolling resistance was enhanced

through the addition of elastomeric coating (QuakeCoat, WorkSafe Technologies, Va-

lencia, CA). Moreover, both conical and flat surfaces were used to investigate the rolling

resistance induced by the coating, which is added layer by layer to bare steel rolling

surfaces. Different levels of coatings were used to understand the effect of such in the

damping of the isolator unit. The specimens that were tested are described in Table 2.1

and a picture illustrating the different thicknesses is shown in Figure 2.12.

Besides the rolling resistance, the consequences of reducing the proof mass were

also considered. The full tributary load was taken to be 240 lb and was applied by

stacking up seven 11 by 11 by 1 in. steel plates. Another set of specimens was tested

Figure 2.10: Sensor placement and characteristics on experimental setup
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Figure 2.11: Final sensor arrangement on experimental setup at the NHERI Lehigh EF
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Figure 2.12: Rolling surfaces with different elastomeric rubber thickness
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with only four steel plates on top, giving a reduced proof mass of approximately 143 lb.

The specimens tested by each of these configurations is given in Table 2.1. All in all,

the setup was arranged to fifteen unique configurations.

2.6 Summary

A setup was designed and fabricated to replicate a RP isolator unit under uniaxial lateral

loading. The experimental setup was subjected to characterization and RTHS tests at

the NHERI Lehigh EF. The specimen was arranged to fifteen unique configurations

depending on the proof mass used and the shape and level of damping of the rolling

surfaces. The properties of the various configurations are characterized in Chapter 3

and RTHS test to evaluate FIS-equipment and building-FIS interactions in Chapters 4

and 5, respectively.

Table 2.1: Test specimen characteristics

Rolling Surface Payload Thickness‡

No. Specimen Profile QuakeCoat treatment weight (lbs) (in.)

1 C0-240 Conical None* 240 0 (n/a)
2 CN-240 Conical Nominal† 240 0.067
3 C1-240 Conical 1 layer 240 0.045 (std)
4 C2-240 Conical 2 layers 240 0.065
5 C3-240 Conical 3 layers 240 0.096
6 C0-143 Conical None 143 0
7 C1-143 Conical 1 layer 143 0.045
8 C2-143 Conical 2 layers 143 0.065
9 C3-143 Conical 3 layers 143 0.096
10 CN-143 Conical Nominal 143 0.067
11 F0-143 Flat None 143 0
12 F1-143 Flat 1 layer 143 0.045
13 F2-143 Flat 2 layers 143 0.065
14 F3-143 Flat 3 layers 143 0.096
15 F4-143 Flat 4 layers 143 0.112
*Bare steel, †Nominal thickness used by WorkSafe Technologies,
‡Mean (standard deviation) of n = 4 measurements.
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Chapter 3

Characterization of a Rolling Pendulum

Isolation Bearing with Enhanced Rolling

Resistance

3.1 Overview

Three type of characterization tests were conducted. Two predefined motions—one

quasi-static and one harmonic with varying displacements—were applied to the system

for describing its properties (i.e., rolling resistance, load-deflection and load-velocity

relationships, and effects of varying damping and tributary mass) and calibrating a

physics-based analytical model. A third predefined synthetic motion was used to vali-

date said model.

3.2 Test Protocol

Each specimen underwent harmonics of different frequency to calibrate a model of the

RP isolator unit. First, a quasi-static test was performed. The input motion for this is

shown in Figure 3.1. It was modeled as a sinusoidal wave with a maximum displace-

ment of 6 in. at a frequency of 0.05 Hz. The wave is comprised of one cycle of ramping

up followed by four complete cycles at the maximum displacement and one last cycle

of ramping down.

Additionally, a sinusoidal wave was designed as per IEEE Standard 693 (2016).

Figure 3.2 shows the displacement-time history at a frequency of 0.5 Hz. The motion
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Figure 3.1: Quasi-static characterization wave
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Figure 3.2: Characterization wave at 0.5 Hz

is staged at five different peak displacements: 25, 50, 100, 110, and 75% of a defined

maximum displacement (5.45 in.). At last, the wave shows an overall maximum dis-

placement (6 in.). To smooth changes in velocity at the amplitude transitions and meet

the actuator’s velocity and acceleration capacities, a pad of five seconds was imple-

mented at the beginning. Similarly, there are three full transition cycles in-between

each target peak displacement. The same target displacements were used with a wave

frequency of 1 Hz.

To test the RP isolator unit and validate its model when calibrated, a synthetic mo-

tion (VERTEQ-II) defined in Telcordia (2012) was implemented. Figure 3.3 shows the

VERTEQ-II time-history scaled to have a maximum displacement of 6 in., which was

the input displacement for the last part of the system’s characterization.
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Figure 3.3: VERTEQ-II wave at 6-in. maximum displacement

3.3 Experimental Results

3.3.1 Data Processing

The data gathered was processed and analyzed in various ways. First, the load-

deflection and load-velocity relationships of the isolator unit were studied. The former,

as per the unaltered (raw) data obtained when testing the conical rolling surface with

the nominal coating with 240 lb (CN-240) is shown under the harmonic wave at 0.5 Hz

in Figure 3.4.

The load and displacement data was first detrended through a Fourier-transform

based digital signal processing (FTDSP) (Gavin, 2013). The FTDSP was also used to

differentiate the raw displacements once in order to obtain a FTDSP-detrended veloc-

ities. For all three detrended data sets, a high bandpass frequency of 512 Hz—half

the 1024-Hz sample rate—was used. The FTDSP-detrended load-deflection and load-

velocity relationships for the CN-240 specimen subject to the 0.5-Hz wave are shown

in Figure 3.5(a).

Then, a moving average filter with a window length factor of 20 data points was

implemented to further process the data sets of interest. In this step of the data process-

ing, the inertial effects induced by the mass of and under the lower assembly were also

corrected for. The mass of the lower assembly and the driving rod were measured to be
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Figure 3.4: Load-deflection relationship of specimen CN-240 subject to 0.5-Hz characterization
wave: raw data

18.2 lb/g. This total mass was multiplied by a factor of −(2π f )2 where f is the harmonic

wave’s frequency and then multiplied by its displacement at a given time. This result-

ing inertial force was subtracted from the moving average filtered load to obtain the

inertial-corrected load data. The moving average filtered and corrected load-deflection

and load-velocity relationships for the CN-240 specimen subject to the 0.5-Hz wave are

shown in Figure 3.5(b).

Lastly, the filtered and corrected data was down-sampled by a factor of 1/8 to finalize

the signal processing. The resulting load-deflection and load-velocity plots for the CN-

240 specimen subject to the 0.5-Hz wave are shown in Figure 3.5 (c).

3.3.2 Analysis and Results

To analyze the various displacements for a given frequency of the IEEE Standard 693

(2016) wave, one cycle of motion at each staged-displacement was selected. Figure

3.6 shows the cycles used in the designed 0.5-Hz wave with different colors, which

were used throughout the analysis of the results. Similar cycles were selected when

analyzing the results of the 1-Hz wave. The processed load-deflection and load-velocity

diagrams for each of these cycle motions for specimen CN-240 subject to the 0.5-Hz

wave are shown in Figure 3.7. All tested specimens were analyzed following the same

procedure and their resulting load-deflection and load-velocity relationships are shown
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Figure 3.5: Load-deflection (left) and load-velocity (right) relationships of specimen CN-240 subject
to 0.5-Hz characterization wave: (a) detrending, (b) moving average filtering and inertial correction,
and (c) down-sampling.

in Appendix A.

When comparing the results for the rolling surfaces CN-240 and CN-143 obtained

from testing them under the IEEE Standard 693 (2016) at 0.5 and 1 Hz, the effect of the

tributary load can be evaluated from the load-deflection and load-velocity relationships.

The resulting load-displacement and load-velocity relations for the CN-240 specimen in

tested under a 1 Hz wave is shown in Figure 3.8. The load-displacements show a similar
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Figure 3.6: Amplitudes of interest in the 0.5-Hz wave
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Figure 3.7: Load-deflection and load-velocity relationships with varying amplitudes of specimen
CN-240 under 0.5-Hz wave

pattern in both Figures 3.7 and 3.8. These diagrams can be divided into three segments:

a central with a parallelogram-like shape and two rectangle-like outer ones. The central

one goes from approximately −1.5 in. to 1.5 in. and has a slope of approximately 40.7

lb/in., which represents the stiffness at the circular portion of the rolling surface. It

transitions into two relatively horizontal segments at the aforementioned points for the

rest of the displacement. These segments represent the the outer portions of the rolling

surface profile, which have a constant slope. The behavior of all three segments shown

in the load-deflection relationships is similar for all tested specimens (see Appendix

A)—there is a corresponding constant force in the segments of constant slope.

For each amplitude, the associated maximum absolute force is similar at both tested

frequencies. However, while at 0.5 Hz the lines line-up relatively well, when tested at 1
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Figure 3.8: Load-deflection and load-velocity diagrams with varying amplitudes of specimen CN-
240 under 1 Hz wave

Hz the specimen portrays a more inconsistent behavior. As the the amplitudes increase

in the 1-Hz test, the central segment smoothens and the transitions to the ends become

spikier. This can be attributed to higher inertial effects given by higher velocities and

accelerations. The load-velocities relations are somewhat similar between the 0.5 and 1

Hz tests too. Since higher frequencies correspond to higher velocities, the load-velocity

diagrams show that, at each set amplitude, the maximum velocity of the 0.5 Hz are half

of those of the 1 Hz tests. The same holds true for the slope of the central segment.

Regardless, the maximum forces are approximately equal for both tested frequencies.

Figure 3.9 shows the load-deflection and load-velocity relationships for the same

rolling surface and frequency as Figure 3.7 but with a smaller tributary mass (i.e., 143

lbs. ). It can be noticed that larger forces were developed for the tests specimen with

larger tributary mass. The forces displayed in these figures include the gravitational

restoring force of the system, which is proportional to the weight of the supported mass.

Thus, the increase in force in when larger masses are tested. As well, at a given cycle

amplitude, the difference between the minimum and maximum forces associated with

such amplitude is different. Similarly, the load-velocity relations found for both 143 and

240 lbs. tests only vary with regards to the total force developed at a certain velocity.
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Figure 3.9: Load-deflection and load-velocity diagrams with varying amplitudes of specimen CN-
143 under 0.5-Hz wave

3.3.3 Rolling Resistance Estimates

From the load-deflection relationship, it was possible to approximate the rolling resis-

tance of each rolling surface at a given tested amplitude and frequency. To do so, a

trapezoidal numerical integration scheme was implemented in order to calculate the

area within a specific loop representing a cycle of motion. From this, 5 different rolling

resistances were found per rolling surface tested—one per peak displacement. When

dividing such rolling resistance by the tributary mass under which each test subjected,

a normalized rolling resistance factor, µ, can be calculated. This factor resembles the

Coulomb friction factor of sliding bearing systems. Figure 3.10 shows the rolling re-

sistances factors of the conical surfaces as tested at different frequencies and under

different tributary loads. The rolling resistance factors increase as the number of layers

increase. Let it be noted that in all cases, the nominal coating, which rubber thickness

is approximately the same as that of the 2 layers sample, is associated with the highest

µ values. These rolling surfaces were produced around 5 years before the rest. Thus,

the higher rolling resistance in this specimens could be attributed to an material aging

affect, a change in chemical composition of the rubber used by the manufacturer, or

both.

Looking at the variation of µ for a given plate, it can be noted that similar rolling
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resistances are shown for all cases shown in Figure 3.10 when analyzing the bare steel

surfaces. Furthermore, enhancing the damping of a rolling surface with one layer of

elastomeric rubber increases this factor by approximately 600% and 900% for the 143

and 240 lbs. tributary masses, respectively. However, the effect of the number of layers

thereon is almost negligible, especially between 2 and 3 layers and for all of the smaller

mass tests. It can be concluded then, than the enhanced damping is effective as long as

there is any elastomeric rubber in the rolling surfaces, but additional layering provides

little additional benefit.

To more accurately characterize the rolling resistance factors, the IEEE Standard

693 (2016) harmonics wave was used to test flat plates with varying elastomeric rub-

ber thicknesses (Bare Steel, 1, 2, 3, and 4 coating layers). This was, however, only

performed for the 143 lbs. loads due to time constraints. The same procedure followed

when calculating µ values for the conical rolling surfaces was implemented for these flat

plates. Figure 3.11 shows the normalized rolling resistance factors of the varying levels

of elastomeric coating for flat rolling surfaces supporting 143 lbs. under the 0.5 and 1

Hz harmonic waves. These results support the previously discussed findings. The en-

hanced damping samples shows a lot more rolling resistance than the bare steel rolling

surfaces but after 1 layer of coating is added, the variation of rolling resistance is very

small.

3.4 Model Calibration

A preliminary Bouc-Wen model was developed in MATLAB/Simulnk using the theoret-

ical profile of the conical rolling surfaces. The model is dependant on the profile, slope,

and curvature of the rolling surface. Figure 3.12 shows a surface profile comparison

between the theoretical and experimental shapes, as well as an 14th-degree polynomial

fitted to the experimental data. The theoretical shape is continues on profile and slope

but discontinuous in curvature. As well, it is assumed to have only curvature in its cen-
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Figure 3.10: Rolling resistance factor at different peak displacements for conical rolling surfaces
with different surface thicknesses: (a) 0.50 and (b) 1 Hz under 143 lbs, and (c) 0.50 and (d) 1 Hz
under 240 lbs.
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Figure 3.11: Rolling resistance factor at different peak displacements for flat rolling surfaces with
different surface treatment thicknesses: (a) 0.50 and (b) 1 Hz under 143 lbs.

ter portion (i.e., the outer ends have a constant slope). However, from Figure 3.12 it is

possible to notice that the shape of a Bare Steel rolling surface drawn from test data is

different in that sense. While the center portion is very similar among the theoretical

and experimental shapes, the outer portions of the plate have a slight concave down
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Figure 3.12: Theoretical,experimental and fitted profiles of conical Bare Steel rolling surfaces

curvature that becomes more prominent as for larger diameters. Thus, a more accurate

profile of the rolling surface than the theoretically developed must be used in order to

calibrate the model.

Figure 3.13 shows the fitted profile from Figure 3.12—which was attempted to sub-

stitute the theoretical profile in the preliminary Bouc-Wen model—as well as its slope

and curvature. While for the fitted profile the slope and curvature are now continuous,

the concavity in the outer portions of the surfaces produces non-conventional curvatures

(see Figure 3.13 between for |x| > 2 in.). The 14th-degree polynomial was the poly func-

tion that closest resembled the shape of the rolling surfaces developed by experimental

data. Thus, a different approach is to be taken to calibrate the model. Nevertheless, the

load-deflection and load-velocity diagrams intended to serve as the model’s validation

are presented in Figures A.7 and A.8 (Appendix A).

3.5 Summary

The behavior of the experimental setup described in Chapter 2 was characterized under

uni-axial loading by subjecting it to three different input motions. Through analyzing

a load-deflection and load-velocity diagrams, the effect of the test specimen’s rolling

surface thickness and tributary mass. For the former, a rolling resistance factor was

characterized for each of the rolling surfaces at different amplitudes, frequencies, and
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Figure 3.13: Profile, slope and curvature of fitted Bare Steel rolling surfaces

under different tributary mass. It was found that the elastomeric rubber for the enhanced

damping rolling surfaces present develop a higher rolling resistance than the bare steel

specimens, but relatively similar among other damped specimens. As well, a higher

rolling resistance was for higher amplitudes. For the later, the samples with lower trib-

utary mass were found to develop lower rolling resistance as well as lower gravitational

restoring forces. The profile of a Bare Steel rolling surface was drawn from experi-

mental data to calibrate a model of the experimental setup. However, the slopes and

curvatures made the approach taken to model said shape into a function nonviable. The

initial stiffness was found through these tests and was used for the proper implementa-

tion of RTHS tests, as described in Chapters 4 and 5.
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Chapter 4

Real-Time Hybrid Simulation of a Rolling

Pendulum Isolation System with

Isolator–Equipment Interactions

4.1 Overview

The interactions between the floor isolation system (FIS) and the isolated equipment

were evaluated. A general equation of motion for the system was developed to imple-

ment and perform real-time hybrid simulation (RTHS) tests. Said equation was adapted

to successfully fit the characteristics of the experimental setup. The experimental setup

was incorporated into two different finite element method (FEM) models—one repre-

senting the bearing with rigid equipment and another one with flexible equipment. The

equation of motion was modified to accurately model a rolling pendulum (RP) isolator

unit, and effectively integrate it into each model. Three input excitations were used

to asses the FIS-equipment interactions in a total of 116 hybrid tests. The effects of

isolating flexible equipment and rigid equipment in an RP unit isolator are studied.

4.2 Problem Formulation

RTHS tests were performed to evaluate the isolator-equipment interactions of the sys-

tem described in Chapter 2. To successfully implement the MKR-alpha algorithm (Ko-

lay and Ricles, 2019) into RTHS tests, a mathematical model of an RTHS experimental

setup was developed. Figure 4.1 shows a schematic of an idealized RP bearing and
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Figure 4.1: Idealized schematic of a) a single RP bearing and b) the experimental setup for dynamic
analysis.

the designed experimental setup used. In both schematics, a structural floor motion x f

induces a horizontal (relative) displacement u in the system. The vertical displacement

v of the proof mass M is kinematically constrained by the rolling of the ball across two

concave surfaces having identical profiles y(x). However, in the experimental setup for

dynamic analysis the lower platform of of the bearing is not attached to the structural

floor. Thus, its mass m is present whereas in a real RP bearing it is not.

For the experimental setup (Figure 4.1(b)), the kinetic energy T is given by:

T (u̇, v̇) =
1
2

mu̇2 +
1
2

Mv̇2 (4.1)

and the potential energyV is given by

V(v) = Mgv (4.2)

where g is the acceleration due to gravity.

Assuming rolling without slipping, the ball will displace half of the horizontal dis-

placement u of the lower platform. Hence, the kinematic constraint is written as follows:

v = 2y(u/2) (4.3)

This expression can be differentiated to find the vertical velocity v̇ of the proof mass:
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v̇ = y′(u/2)u̇ (4.4)

This expression can be differentiated to find the vertical acceleration v̈ of the proof mass:

v̈ = y′′(u/2)u̇2/2 + y′(u/2)ü (4.5)

From these constraints, the kinetic and potential energies can be re-expressed in

terms of only u (and u̇) as follows:

T (u, u̇) =
1
2

mu̇2 +
1
2

M[y′(u/2)u̇]2 (4.6)

and

V(u) = 2Mgy(u/2) (4.7)

The equation of motion, in terms of u alone, are found using Lagrange’s equation:

d
dt
∂L

∂u̇
−
∂L

∂u
= Qu (4.8)

where the Lagrangian L = T − V and Qu is the generalized force associated with u.

The resulting equation of motion is given by

mü + Mü[y′(u/2)]2 + Mu̇2y′(u/2)y′′(u/2)/2 + Mgy′(u/2) + fd = re(t) (4.9)

where re is the force applied experimentally to the lower platform in the direction of u,

and fd is the dissipative force due to rolling resistance.

The RTHS experimental setup (Figure 4.1b)) is meant to emulate an RP bearing for

use in an isolation system. For this, an important distinction was made between a real

RP-bearing and the experimental setup. In a RP isolator unit, the system is attached to

the structural floor level while for the RTHS experimental setup it is not. In other words,

the mass of the lower platform, m, is not real in an RP isolator unit. Consequently, extra
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inertial force arise that needs to be corrected for. Following a similar procedure that

in Section 4.2, after applying Lagrange’s equation (4.8), the equation of motion for an

isolation system utilizing RP bearings is given by (Harvey, 2015)

Mü + Mü[y′(u/2)]2 + Mu̇2y′(u/2)y′′(u/2)/2 + Mgy′(u/2) + fd = −Mẍf(t) (4.10)

Equation (4.10) is almost identical to that of the RTHS setup [Equation (4.9)], with

exception of the first (inertial) term—Mü for the isolation system, and mü for the RTHS

setup—and the right hand sides of the equations. These differences are important in the

testing of an RP bearing using the RTHS setup (Fig. 2.1) as discussed in the following

section. Since the mass is real in the experimental setup, this correction can be done

numerically through RTHS in the tests’ numerical sub-system.

4.3 Implementation of Real-Time Hybrid Testing

In the context of RTHS tests, the force re(t) appearing in Equation (4.9) is the exper-

imental restoring force that would be measured by the load cell when the prescribed

displacement u(t) and velocity u̇(t) (and indirectly acceleration ü(t)) are imposed on the

RP bearing. This experimental restoring force would then be fed back into the numeri-

cal model to simulate an isolation system’s dynamics (see Section 1.2.2). Substituting

the experimental restoring force defined by Equation (4.9) into Equation (4.10), the

equation of motion to be integrated in a real-time hybrid test is given by

Mü(t) + r(t) = F(t) (4.11)

where

F(t) ≡

0, Free vibration
−Mẍf(t), Floor motion

(4.12)

is the external excitation (force), and
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r(t) = re(t) − mü(t) (4.13)

≡ Mü[y′(u/2)]2 + Mu̇2y′(u/2)y′′(u/2)/2 + Mgy′(u/2) + fd (4.14)

is the compensated restoring force, i.e., the experimentally measured restoring force

re(t) having removed the inertial effect due to the the lower stage (m), which is not

present in an isolation system. Substituting the compensated restoring force (4.13) into

Equation (4.11) gives

(M − m)ü(t) + re(t) = F(t) (4.15)

This equation represents the differential equation that was integrated numerically as

part of the RTHS testing. For some of the SDOF experiments, this compensation was

neglected (i.e., m = 0), and for some others the compensation was performed on the

right-hadn side of the equation, having Equation (4.15) presented as:

Mü(t) + re(t) = F(t) (4.16)

for the former, and:

Mü(t) + re(t) = F(t) − mẍf(t) (4.17)

for the latter.

To evaluate the FIS-equipment interactions, the RP bearing and equipment were

modeled as both a rigid single-degree-of-freedom (SDOF) and a flexible three-degree-

of-freedom (3DOF) system. The following subsections describe in-depth such mod-

elling.
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4.3.1 Modelling of a Rolling Pendulum Isolator Unit to Protect

Rigid Equipment

For protecting rigid equipment, the RP isolator unit was modelled as a SDOF system

using HybridFEM, a 2D finite-element environment developed by researchers at Lehigh

University. This was achieved by defining two nodes effectively overlapping. Node 1

represents the base of the RP bearing and node 2 depicts the base of the equipment

being isolated. The former moves along with the ground motion (i.e., is fixed in the

x, y, and θ directions) while the latter is free to tanslate horizontally. In the same way,

node 1 is defined to have the whole tributary mass M. In this node, too, the mass

correction described in by Equation (4.15) takes place—m is subtracted from M on the

left-hand side of the equation. Note that m is a measured physical value and, since

the configuration of the lower platform is the same for all the experiments performed,

m does not change. This holds true for both model configurations (i.e., SDOF and

3DOF). The nodes aforementioned were connected through an experimental element,

which represents the experimental RP isolator unit. This was given a initial stiffness

and damping obtained from the characterization test described in Chapter 3.

The integration of the MKR-α algorithm in real time was performed at a sample

rate of 1024 Hz with 6-step interpolation. As well, to control the numerical dissipa-

tion, the parameter ρ in the algortihm was set to 0.75 for all the experiments with the

SDOF model. The algorithm’s integration and the signal generation of the tests were

performed using the Simulink model shown in Figure 4.2. This model also handled the

communication between the experimental and numerical substructures for the SDOF

experiments.
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Figure 4.2: Simulink model containing the MKR-α algorithm used for SDOF tests

4.3.2 Modelling of a Rolling Pendulum Isolator Unit with Flexible

Equipment

For protecting flexible equipment, the RP isolator unit was modelled as a 3DOF sys-

tem using HybridFEM. The equipment is flexible as it is thought to have an internal

frequency itself, independent from the frequency of the RIS. Thus, the frequency of the

equipment being isolated at its base is defined as f , and it is parameterized as f = 1, 2, 5,

and 10 Hz. Note that 10 Hz is a lot grater than the natural frequency of the RP bearing,

and can be understood as effectively rigid. The base of the RP isolator unit was defined

in the same way that for the SDOF system through a fixed-fixed-fixed node (1). The

equipment, however, was modeled as a 2-meter tall cantilever beam with lumped mass

at node 3 . Thus, the node representing the base of the equipment (2), still effectively

overlaps with node 1 and is allowed to translate horizontally. However, it only holds

half the tributary mass M. The other half is placed in an extra node (3), which location

is defined to be at a height (h) of 2 meters above nodes 1 and 2. Node 3 is restricted to

displace vertically, thus it is free to move in the x and θ directions.

Nodes 1 and 2 are connected through an experimental element, similarly to the

SDOF system. Nodes 2 and 3 are connected assuming the cantilever beam is an Euler-

Bernoulli beam. For this, the cantilever’s flexural and axial rigidity were calculated as a
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Figure 4.3: Model of RP isolator unit for protecting flexible equipment with its nodes’ location

function of the M, h, and f . As well, since the mass is lumped at the ends of the beam,

the mass per unit length is set to zero for this system. Figure 4.3 shows the system as

modeled by HybridFEM.

The lower platform’s mass correction in this system is performed after the model is

created. Once HybridFEM created a mass matrix given nodes 2 and 3 each hold M/2,

m is subtracted from the first term of said matrix. The damping configuration of the

system is assigned to be stiffness-proportional assuming 2% damping in the first mode.

For the majority of the experiments performed with this model, ρ is set to 0.5, although

0.75 is used for some of the initial test. The sample rate and number of interpolations

are the same as those for the SDOF system. The algorithm’s integration and the signal

generation of the tests were performed using the Simulink model shown in Figure 4.4.

This model also handled the communication between the experimental and numerical

substructures for the 3DOF experiments.

4.4 Test Protocol

The experimental setup was subject to three different tests: a free vibrations tests, and

two equipment sensitivity test protocols. These three tests are defined by the floor ac-

celeration ü f (t), which acts as the disturbance to the numerical model (see Equation
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Figure 4.4: Simulink model containing the MKR-α algorithm used for 3DOF tests
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Figure 4.5: Acceleration-time history of the 0.25 seconds square-impulse wave

(4.12))). For the free vibrations tests, a unit acceleration impulse was applied as rect-

angular loading for 0.25 seconds. The total duration of this response is 30 seconds, as

shown in Figure 4.5. The experimental setup was subject to free vibrations tests for

both rigid and flexible equipment (i.e., using both SDOF and 3DOF models).

The experimental setup was also subject to a narrow-band, random, sweep records

generated by a MATLAB routine (Wilcoski et al., 1997) as specified in ATC (2007). To

pick an input signal that was the most meaningful to the testing of the RP isolator units,
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Figure 4.6: Spectra response of one hundred randomly generated narrow-band signals (chosen
response shown in yellow)
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Figure 4.7: Acceleration-time history of the FEMA 461 standard randomly generated narrow-band
signal

one hundred of these were generated. Then, a spectra response analysis was performed

for all the generated signals. A signal was finally picked after a comparing said spec-

tra by a linear least squares approximation and a target spectral acceleration suggested

in ATC (2007). Figure 4.6 shows the spectra response analysis of all the randomly

generated narrow-band signals and the one selected after the linear least squares ap-

proximation. Figure 4.7 shows the acceleration-time history to which the experimental

setup was subject. This input excitation was only used for the rigid equipment system.

Lastly, the experimental setup was subject to the VERTEQ-II wave, a synthetic

floor motion given by Telcordia (2012). The acceleration-time history of VERTEQ-II

is shown in Figure 4.8. The experimental setup was subject to this excitation for both

the rigid and flexible equipment configurations.
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Figure 4.8: Acceleration-time history of the VERTEQ-II wave

4.4.1 Test Matrix

Figure 4.9 shows the test matrix developed for evaluating the FIS-equipment interac-

tions. A total of 116 tests were performed, from which 21 studied the FIS behavior with

flexible equipment (i.e., used the 3DOF model) and the rest did so for rigid (i.e., used

the SDOF model). Ten different rolling surfaces with 5 levels of damping were used, as

well as two tributary loads (240 and 143 lbs).

4.5 Experimental Results

Through RTHS, it was possible to obtain information about the kinetic behavior of

the system due to the applied uniaxial loading. In specific, the displacements, veloci-

ties, and accelerations relative to the input excitements were recorded for the respective

DOFs of each model. Then, through these experimental results, it is possible to asses

the isolation performance of the RP bearing.

4.5.1 Free Vibrations

The model considering rigid equipment protection was implemented for two different

rolling surfaces—Bare Steel (zero) and the QuakeCoat (nominal)—subject to free vi-

brations tests. In all of these tests the setup held a tributary load of 240 lbs. Figures

4.10 and 4.11 show the displacement and acceleration time-histories of the experimen-

tal setup when subject to different intensities of the impulse wave (see Figure 4.5) using
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Figure 4.9: Real-time hybrid simulation test matrix for evaluating FIS-equipment interactions
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Figure 4.9 (cont.): Real-time hybrid simulation test matrix for evaluating FIS-equipment interac-
tions
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zero and nominal rolling surface thicknesses respectively. The former of these was sub-

ject to the motion at two different intensities (1× and 2×) while the latter was also tested

to 3× the impulse wave. The system’s responses shown in Figure 4.10 are as expected

for a free vibrations test for a system with little-to-no rolling resistance—the impulse

causes a displacement that decays asymptotically with time . While the input excite-

ment is twice as large in Figure 4.10(b), its maximum displacement is approximately 3

times larger than that of Figure 4.10(a). The acceleration values, however, are almost the

same, which is due to the RP bearings conical (constant slope) design. The difference in

the acceleration for both cases relies on the time it takes for the response to dissipate and

reach zero. In both cases, the first acceleration cycles resemble a square-wave—like the

input motion—and slowly become more sinusoidal until reaching zero. The influence

of the enhanced rolling resistance can be noted when comparing this response to that

shown in Figure 4.11. For this case, the base impulse (1×) is enough to barely move the

system 0.08 in. Moreover, the increased rolling resistance causes the system to come to

rest after approximately two cycles of exponentially decreasing displacements. For the

2× impulse wave case, the displacement of the bare steel rolling surface comes to rest

after approximately 28 seconds while for the QuakeCoat rolling surface the same hap-

pens in less than 3 seconds. The acceleration time-histories of the tests performed using

the QuakeCoat surface are similar for both × and 2× (see right-hand-side of Figure 4.10.

At first, they the response is a first acceleration from the 0.25 seconds impulse followed

by oscillations with local maximum and minimum accelerations at the maximum and

minimum displacements where maximum displacements were reached.

The Bare Steel surface was also tested using the model for protecting flexible equip-

ment with a tributary load of 240 lbs at two different intensities: 1× and 2×. As well, as

described in Section 4.3.2, the frequency at the base of the equipment being isolated was

parameterized to better understand the FIS-equipment interactions. The kinematic be-
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Figure 4.10: Displacement (left) and total acceleration (right) time-histories at the base of rigid
equipment for experimental setup with Bare Steel rolling surface subject to impulse wave amplified
(a) 1× and (b) 2×

havior of its 3DOF was recorded, two of which are translational (horizontally) and one

rotational. The translational DOFs represent the top of the RP isolator unit/base of the

equipment and the top of the equipment. From this, the displacement and acceleration

time-histories are shown in Figures 4.12 and 4.13 for 1× and 2× scaling of the square-

impulse wave respectively with varying equipment frequency (a-d). From these figures,

it can be concluded that having more flexible equipment (i.e., equipment with lower fre-

quency) does affects the response of the RP isolator unit. The displacement response,

for instance, is affected by two overlapping modes. Figures 4.12(a) and 4.13(a) show

that the top of the isolator/base of the equipment does not move sinusoidally. Rather,

the low frequency of the equipment appears to partake in the isolator’s performance by

decreasing the peak displacements and increasing the period of the system.

When compared to the results of the higher-frequencies equipment, the 1-Hz case
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Figure 4.11: Displacement (left) and total acceleration (right) time-histories at the base of rigid
equipment for experimental setup with QuakeCoat rolling surface subject to impulse wave amplified
(a) 1×, (b) 2×, and (c) 3×

shows a higher equipment drift for both 1× and 2× waves. Furthermore, the system’s

response elongates for the cases with higher frequency. For instance, in Figure 4.13,

the RP bearing takes about 25 seconds to come to rest for the 1 and 2 Hz cases, while

for the 5 and 10 Hz ones it takes over 30 seconds—even longer than what was expected

from the experiments with the rigid equipment model. Regarding the accelerations,

these figures show that for the less flexible equipment the maximum accelerations at

both ends of the equipment remains somewhat constant for a longer period while for
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the more flexible cases this decays similar to the displacement decay. On the other

hand, the accelerations at the top of the equipment for the cases with 1-Hz frequency

take the form of a sinusoidal wave faster than those with higher frequency—which are

more square-like for the first portion of the motion.

Since when the frequency of the equipment is 10 Hz this can be thought off as effec-

tively rigid, theoretically Figure 4.10(a) should be the same as Figure 4.12(d). Similarly,

the behavior represented in Figure 4.10(b) should be the same as that in Figure 4.13(d).

For the tests under the square impulse wave (1×), the behavior is very similar although

the damping for the 3DOF model is higher. This case comes to rest at about 14.3 sec-

onds while the test with the SDOF model lasts takes about one extra second to come

to rest. Furthermore, the maximum displacement of the former is about 7% larger than

that of the latter. For the scale wave (2×) the maximum displacement is about 16%

higher for the flexible equipment model than for the rigid one.

4.5.2 FEMA 461

The model considering rigid equipment was used to test the experimental setup un-

der the narrow-band randomly generated wave described by Building Seismic Safety

Council (2007) (see Figure 4.7). The experimental setup was subject to experiments

withstanding the 240-lbs tributary mass in all 5 different rolling surfaces (see testing

specimens 1–5 in Table 2.1). As per the the testing protocol, the motion was scaled to

at least three different intensities varying at least 25% from one another. Moreover, two

intensities for which the system went over the set displacement and/or velocity limits

given by the actuator. For the tests in which the Bare Steel rolling surface was used,

these intensities were: 0.167, 0.25, 0.33, 0.4, 0.5, 0.625, and 0.75. For the enhanced-

damping specimens, the intensities used were 0.4, 0.5, 0.625, 0.8, 1, and 1.25 (if appli-

cable). For the nominal Quakecoat tests, 0.4 was substituted by 0.33 for the first tests.

Figure 4.14 shows the displacement and acceleration time-histories for a test using a
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Figure 4.12: Displacement (left) and total acceleration (right) time-histories at the base and top
of flexible equipment for experimental setup with a Bare Steel rolling surface subject to the impulse
wave amplified 1× with varying equipment frequency: (a) 1, (b) 2, (c) 5, and (d) 10 Hz
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Figure 4.13: Displacement (left) and total acceleration (right) time-histories at the base and top
of flexible equipment for experimental setup with a Bare Steel rolling surface subject to the impulse
wave amplified 2× with varying equipment frequency: (a) 1, (b) 2, (c) 5, and (d) 10 Hz
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Figure 4.14: Displacement (left) and total acceleration (right) time-histories for the experimental
setup with the Bare Steel rolling surface subject to FEMA461 wave scaled down to 0.5

Bare Steel rolling surface subject to 0.5× the input excitement. The acceleration time-

history shows that for the lower accelerations (i.e., higher frequencies), the response at

the top of the RP isolator unit is significantly lower than the input excitation. Neverthe-

less, for larger accelerations (i.e., lower frequencies) the equipment’s response is almost

the same as the input excitation. Even after the input acceleration goes to zero, the top

of the RP isolator keeps moving at large displacements and accelerations (i.e., freely

vibrates).

For all the test specimens subject to this wave, the total maximum absolute acceler-

ation was obtained at a given intensity. Figure 4.15 shows said maximum accelerations

for all the test specimens, as well as the maximum peak ground acceleration (PGA) for

a given intensity. Let it be noted that for every rolling surface the experiments with the

two highest scale factors were not completed. For these, the actuator hit a displace-

ment limit (6 in.) and the test was stopped. The values obtained shown are from the

data obtained before the tests were stopped. From the testing standard, the maximum

response at each intensity should meet but not exceed more than 30% the input mo-

tion’s maximum response spectra (ATC, 2007)—PGA in this case. However, as shown

in Figure 4.15, the peak total acceleration is larger for all test specimens than the PGA

for intensities equal or lower than 0.625. Thus, the C3-240 (3 layers) rolling surface is

57



0 0.2 0.4 0.6 0.8 1 1.2 1.4

Scale Factor

0

0.2

0.4

0.6

0.8

1

A
c
c
e
le

ra
ti
o
n

 [
g

]

Bare

1L

2L

3L

Nominal

PGA

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Scale Factor

0

0.2

0.4

0.6

0.8

1

1.2

A
c
c
e
le

ra
ti
o
n

 [
g

]

(a) (b)

Figure 4.15: Varying FEMA-461 wave intensities versus its PGA and the isolator’s peak total ac-
celerations for different rolling surface under (a) 240- and (b) 143-lbs tributary load

the only one for which the maximum acceleration is lower than the PGA for a complete

test. Even then, however, its acceleration is significantly larger than 30% PGA scaled

down to 0.8.

Figure 4.15(b) shows the peak total acceleration at given intensities for the nominal-

thickness rolling surface with a 143-lbs tributary load. From this, it can be noted that

reducing the tributary load decreases the peak total accelerations. However, these are

still very close to their respective PGAs. At last, the RP isolator unit did not meet the

performance specifications given in the FEMA 461 testing standard.

4.5.3 VERTEQ-II

The VERTEQ-II wave was used to test the experimental setup for both rigid and flexible

equipment models. For the former, all 5 different rolling surfaces were tested while for

the latter the nominal QuakeCoat and the Bare Steel surfaces were used. Figure 4.16

shows the displacement and acceleration time-histories for a nominal QuakeCoat sub-

ject to 0.75× the VERTEQ-II input excitation. The acceleration time-history shows the

response of the equipment being isolated too. For said equipment, the acceleration at

its base is about half the maximum PGA of the scaled input motion which demonstrates

the equipment is effective isolated. The peak total acceleration for all rolling surfaces

are shown at different intensities in Figure 4.17. For each rolling surface, the second
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Figure 4.16: Displacement (left) and total acceleration (right) time-histories for the experimental
setup with the nominal QuakeCoat rolling surface subject to VERTEQ-II wave scaled down to 0.75

to largest scale factor was the limiting experiment—the last experiment that was suc-

cessfully performed. The experiments at the largest scale factors, then, were incomplete

because of displacement or velocity limits set in the actuator. Regardless, a peak total

acceleration value was obtained between the experiment’s beginning and termination.

It can be noted in this figure that the total accelerations are higher for the specimens

with enhanced damping. However, for the tests with a lower tributary mass (Figure

4.17(right)) the Bare Steel reaches accelerations much closer to those of the damped

rolling surfaces. In general, higher accelerations are present as well when the specimens

are tested with the smaller tributary load. The systems, at last, appear to better-isolate

equipment for higher intensities. With regards to the performance of the different test-

ing specimens with respect the input excitation’s intensity, the damped cases are able

to withstand higher intensity disturbances. From Figure 4.17(left), the bare steel stops

at 0.6 whereas the damped cases go up to 1. This is the trade off—reduced isolation

performance but with reduced displacement responses.

The experimental setup was also implemented in the 3DOF model for the VERTEQ-

II wave. The displacement and acceleration time-histories for the BareSteel and Quake-

Coat rolling surfaces when tested using the model for protecting flexible equipment at

1, 2, 5, 10 Hz are shown in Figures 4.18 and 4.19, respectively. The former was subject
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Figure 4.17: Varying VERTEQ-II wave intensities versus its PGA and the isolator’s absolute peak
accelerations for different rolling surfaces under 240 (left) and 143 lbs (right) of tributary load

to 0.4× while the latter was so to 0.75× the intensity of the VERTEQ-II acceleration

record (see Figure 4.8). For the tests involving the more flexible equipment, it can be

noted that the equipment’s frequency interaction with the RP isolator unit yields smaller

displacements and larger accelerations for the latter. On the other hand, in these tests

larger displacements at the top of the equipment are developed. The total accelerations

of the cases with lower frequency get out of phase with respect to the input acceleration

more frequently than the higher frequency tests. The effect of the enhanced damping

in the rolling surfaces can be observed in all of these tests too when comparing these

figures—the latter reaches a maximum absolute displacement about 25% larger at an

intensity almost 50% larger.

By calculating the difference of the maxima displacement at both ends of the equip-

ment and normalizing it by its height, the drift ratio was found for every experiment.

Figure 4.20 shows the peak equipment drift ratio at a given equipment frequency for

both rolling surfaces. The drifta are lower for the Bare Steel surface because its re-

sponse is to a lower intensity excitation. While the gap between the the percentage

drift becomes larger as the equipment frequency increases, the drift for cases other than

f = 1 Hz is negligible.

60



(a)
0 5 10 15 20 25 30 35

Time [sec]

-5

-2.5

0

2.5

5

D
is

p
la

c
e
m

e
n
t 
[i
n
]

Base

Top

0 5 10 15 20 25 30 35

Time [sec]

-1

-0.5

0

0.5

1

A
c
c
e
le

ra
ti
o
n
 [
g
]

(b)
0 5 10 15 20 25 30 35

Time [sec]

-5

-2.5

0

2.5

5

D
is

p
la

c
e
m

e
n
t 
[i
n
]

0 5 10 15 20 25 30 35

Time [sec]

-1

-0.5

0

0.5

1

A
c
c
e
le

ra
ti
o
n
 [
g
]

(c)
0 5 10 15 20 25 30 35

Time [sec]

-5

-2.5

0

2.5

5

D
is

p
la

c
e
m

e
n
t 
[i
n
]

0 5 10 15 20 25 30 35

Time [sec]

-1

-0.5

0

0.5

1

A
c
c
e
le

ra
ti
o
n
 [
g
]

(d)
0 5 10 15 20 25 30 35

Time [sec]

-5

-2.5

0

2.5

5

D
is

p
la

c
e
m

e
n
t 
[i
n
]

0 5 10 15 20 25 30 35

Time [sec]

-1

-0.5

0

0.5

1

A
c
c
e
le

ra
ti
o
n
 [
g
]

Figure 4.18: Displacement (left) and total acceleration (right) time-histories at the base and top of
flexible equipment for experimental setup with a Bare Steel rolling surface subject to the VERTEQ-II
wave scaled to 0.4 with varying equipment frequency: (a) 1, (b) 2, (c) 5, and (d) 10 Hz
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Figure 4.19: Displacement (left) and total acceleration (right) time-histories at the base and top of
flexible equipment for experimental setup with a QuakeCoat rolling surface subject to the VERTEQ-II
wave scaled to 0.75 with varying equipment frequency: (a) 1, (b) 2, (c) 5, and (d) 10 Hz
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Figure 4.20: Percent drift across the equipment at a given frequency for experimental setup subject
to 0.4× (BareSteel) and 0.75× (nominal QuakeCoat) VERTEQ-II wave

4.6 Summary

In this chapter, FIS-equipment interactions were studied and discussed. Two FEM mod-

els were developed to study FIS-equipment interactions—one for rigid and one for flex-

ible equipment. The experimental setup was linked to said models and then tested

through RTHS. To properly perform RTHS, the kinematic behavior of the experimen-

tal setup was modeled into an equation of motion of the system. The model of an RP

isolator unit for protecting rigid equipment was subject to 3 different input excitations.

The model of an RP isolator unit for protecting flexible equipment— f = 1, 2, 5, and

10 Hz—was subject to 2 different input excitations. The tests involving the model for

protecting rigid equipment demonstrated the effect of rolling surfaces with enhanced

damping. As well, these showed the applicability of RTHS tests for the study of FISs.

For isolated equipment with a frequency of its own, it was found that the bearing’s per-

formance was affected for low-frequency equipment (i.e., 1 and 2 Hz at the base of the

equipment). In the following chapter, interactions between a building and a FIS are

studied and discussed.
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Chapter 5

Building–FIS Real-Time Hybrid Tests

5.1 Overview

A rolling pendulum (RP)-based floor isolation system (FIS) was modeled within a nu-

merically modeled 3-story moment-resisting frame (MRF) and placed in all three levels.

The model of the FIS is comprised of 350 bearings like the one that the experimental

setup is designed to represent, and has a mass of 5% the structural floor’s mass. The

structure was subject to four past-earthquake records to different intensities to evalu-

ate the FIS’s overall performance and interactions with the building through real-time

hybrid simulation (RTHS) tests. An impact model configuration of this system was

developed too in order to provide additional stiffness numerically.

5.2 Problem Formulation

To evaluate the building-FIS interactions, the FIS is considered to isolate rigid equip-

ment. For this, the RP isolator unit and the equipment are modeled as a single-degree-

of-freedom (SDOF) system in a finite element environment, HybridFEM (Kolay et al.,

2018). The structural system considered for this study is the 2D (N-S) benchmark 3-

story MRF designed for the SAC project for the Los Angeles, California region (Ohtori

et al., 2004).
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warranted to consider appropriately reducing the seismic mass
attributed to the vertical DOFs of the N–S MRFs mass matrix.

The seismic mass of the structure is due to various compo-
nents of the structure, including the steel framing, floor slabs,
ceiling/flooring, mechanical/electrical, partitions, roofing, and a
penthouse located on the roof. The seismic mass of the first and
second levels is 9.57!105 kg !65.5 kips s2/ft" and the third level
is 1.04!106 kg !71.0 kips s2/ft". The seismic mass of the entire
structure is 2.95!106 kg !202 kips s2/ft". The 3-story N–S MRF
is depicted in Fig. 1.

Nine-Story Benchmark Building
The nine-story !9-story" benchmark structure is 45.73 m !150 ft"
by 45.73 m !150 ft" in plan, and 37.19 m !122 ft" in elevation. The
bays are 9.15 m !30 ft" on center, in both directions, with five
bays each in the N–S and E–W directions. The lateral load-
resisting system of the building is comprised of steel perimeter
MRFs with simple framing on the furthest south E–W frame. The
interior bays of the structure contain simple framing with com-
posite floors.

The columns are 345 MPa !50 ksi" steel. The columns of the
MRF are wide flange. The levels of the 9-story building are num-
bered with respect to the ground level !see Fig. 2". The ninth level
is the roof. The building has a basement level denoted as B-1.
Typical floor-to-floor heights !for analysis purposes measured
from center of beam to center of beam" are 3.96 m !13 ft". The
floor-to-floor height of the basement level is 3.65 m !12 ft" and
for the first floor is 5.49 m !18 ft".

The column lines employ two-tier construction, i.e., mono-
lithic column pieces are connected every two levels beginning
with the first level. Column splices, which are seismic !tension"
splices to carry bending and uplift forces, are located on the first,
third, fifth, and seventh levels at 1.83 m !6 ft" above the center
line of the beam to column joint. The column bases are modeled
as pinned and secured to the ground !at the B-1 level". Concrete

foundation walls and surrounding soil are assumed to restrain the
structure at the ground level from horizontal displacement.

The floor system is comprised of 248 MPa !36 ksi" steel wide-
flange beams acting compositely with the floor slab as in the
3-story building. Similar to the 3-story building, each frame re-
sists one-half of the seismic mass associated with the entire struc-
ture.

The seismic mass of the structure is due to various compo-
nents of the structure, including the steel framing, floor slabs,
ceiling/flooring, mechanical/electrical, partitions, roofing, and a
penthouse located on the roof. The seismic mass of the ground
level is 9.65!105 kg !66.0 kips s2/ft", for the first level is
1.01!106 kg !69.0 kips s2/ft", for the second through eighth lev-
els is 9.89!105 kg !67.7 kips s2/ft", and for the ninth level is
1.07!106 kg !73.2 kips s2/ft". The seismic mass of the above
ground levels of the entire structure is 9.00!106 kg
!616 kips s2/ft". The 9-story N–S MRF is depicted in Fig. 2.

Twenty-Story Benchmark Building
The twenty-story !20-story" benchmark structure is 30.48 m !100
ft" by 36.58 m !120 ft" in plan, and 80.77 m !265 ft" in elevation.
The bays are 6.10 m !20 ft" on center, in both directions, with five
bays in the N–S direction and six bays in the E–W direction. The
lateral load-resisting system of the building is comprised of steel
perimeter MRFs. The interior bays of the structure contain simple
framing with composite floors.

The columns are 345 MPa !50 ksi" steel. The interior columns
of the MRF are wide flange. The corner columns are box col-
umns. The levels of the 20-story building are numbered with re-
spect to the ground level !see Fig. 3". The building has two base-
ment levels. The level directly below the ground level is the
second basement !B-1". The level below B-1 is the second base-
ment !B-2". Typical floor-to-floor heights !for analysis purposes
measured from center of beam to center of beam" are 3.96 m !13
ft". The floor-to-floor heights for the two basement levels are 3.65

Fig. 1. Three-story benchmark building north–south moment-resisting frame
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Figure 5.1: Three-story steel moment resisting frame N-S. Source: Ohtori et al. (2004)

5.2.1 Model of 3-Story MRF

Figure 5.1 shows the 3-story MRF upon which a finite-element model was developed

in HybridFEM. The structure is made of steel beams and columns, and it has a total

height of 39 ft (11.88 m) and four 30-ft (9.15-m) bays. The seismic mass of the first and

second level is 65.5 kip s2/ft (9.57×105 kg) while the roof’s is 71.0 kip s2/ft (1.04×106

kg), all of which are distributed along two MRFs in the N-S direction.

In total, the MRF is modeled with 30 nodes as shown in Figure 5.2. Node 31 repre-

sents the base of the isolated equipment. The center column (nodes 9, 10, 12, and 12)

carry the seismic mass corresponding to one MRF. The mass of the rest of the nodes is

modeled as negligible. The nodes connecting the MRF to the ground are fixed. Nodes

21–26 are defined to act as pin connections and are restrained to have the same degrees

of freedom as nodes 14–20 in the x and y direction. The steel is modeled as a bilin-

ear elastoplastic material with an initial modulus of elasticity of 29,000 ksi (200 GPa),

a yield strength of 50 ksi (345 MPa), and a post-yielding stiffness ratio of 0.1. The

beams and columns for the MRF are defined as forceBeamColumn elements, and their

properties are defined as per the W-sections shown in Figure 5.1. These elements are

set to be integrated under a Lobatto scheme with 5 element iterations with a tolerance

factor of 10−16. The elements are set to carry over unbalanced section capabilities. The

stiffness proportional damping contribution of these elements is set to use the stiffness

at the current step of integration. Since the mass is lumped in the nodes of the central
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columns, the elements do not carry any load per unit length.

Moreover, a lean-on column (nodes 27–30) is defined off-set to the right of the

right-most bay to model the MRF’s P–∆ effects. The elements of this are defined as

elasticBeamColumn elements along with dummy elements. The former have stiffness

proportional damping—given by βK = 0.0005 and αM = 0—as well as a modulus of

elasticity of 29,000 ksi (200 GPa), and negligible element area and moment of inertia.

The elements comprising the lean-on column have assigned weights (vertical loads) to

generate P–∆ effects. Note that nodes 28, 29, and 30 are conditioned to have the same

equal DOFs as nodes 10, 11, and 12 respectively (i.e., the lateral displacement of the

former is slaved to the latter). Besides the damping assigned to the forceBeamColumn

and elasticBeamColumn elements, 2% modal damping was applied to the first 4 modes

of the structure.

Regarding the modelling of the RP isolator unit with rigid equipment, the SDOF

model described in Section 4.3.1 was adapted to be used in this series of tests. It was

placed in the third bay—left to right—at all three different floor-levels (i.e., 1st, 2nd,

and roof), and was connected through an experimental element carrying 350× the real

tributary mass held by the experimental setup (M), which this element represents. Es-

sentially, by doing this, a 50-kip RP-based FIS (approximately 5% the structural floor’s

weight) is modeled to respond horizontally to the uniaxial lateral loading. At last, the

3-story MRF (including the lean-on column) along with the RP isolator unit possess 59

unique degrees-of-freedom.

The challenge presented in Section 4.3, in which the mass of the lower platform, m,

needs to be compensated to account for external inertial effects was neglected for these

tests. Originally, testing to corroborate the accuracy of this assumption was thought of

but, due time constraints, it was not possible. The integration of this model was per-

formed by using the MKR-α algorithm (Kolay et al., 2015; Kolay and Ricles, 2016,
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Figure 5.2: Model of 3-story MRF with RP-based FIS for protecting rigid equipment integrated in
the 1st level (node 31)

Figure 5.3: Simulink model containing the MKR-α algorithm used for 3-story MRF tests

2014) at 1024 Hz with 6-step interpolations. The control parameter for numerical dis-

sipation, ρ, was set to 0.5 for all the tests involving the model herein described. Figure

5.3 shows the Simulink model in which the algorithm’s integration in real-time and the

signal generation of the tests was performed.
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5.2.2 Impact Model Configuration

A 5-in. gap was placed in the Simulink model to (numerically) provide additional stiff-

ness, kc, to the RP isolator unit (Tehrani and Harvey, 2019; Bin et al., nd). This gap

acts as a bumper, for which when the absolute value of the displacement commanded

to the actuator, d, is greater than 5 in., a force resulting from kc × |d − 5| is added to

or subtracted from the load recorded in the S-beam load cell. Thus, reducing the value

calculated for the next displacement. The nominal value assigned to kc is 13.75 lb/in.,

which was obtained from the initial stiffness of a QaukeCoat rolling surface during the

characterization tests (see Chapter 3). The value of kc was scaled to 0×, 1×, 10×, and

20× throughout the testing sequence.

5.3 Test Protocol

All of the tests for evaluating building-FIS interactions were performed using specimen

C2-143—QuakeCoat with 2 layers of thickness supporting a 143-lb tributary mass. Fol-

lowing the evaluation criteria designed for the structure of interest (Ohtori et al., 2004),

the experimental setup was subject to four past-earthquake records:

• El Centro, Imperial Valley Irrigation District substation, 1940;

• Hachinohe, Hachinohe City station (Tokachi-oki earthquake), 1968;

• Northridge, Sylmar County Hospital station, 1994; and

• Kobe, Kobe Japanese Meteorological Agency station (Hyogoken Nanbu earth-

quake), 1995.

Each ground motion was scaled to three different intensities (0.5×, 1×, and 1.5×)

5.4 Test Matrix

Figure 5.4 shows the sequence of tests performed for evaluating building-FIS interac-

tions. Every earthquake record was originally planned to be tested to the intensities
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Figure 5.4: Real-time hybrid simulation tests matrix for evaluating building-FIS interactions

described in Section 5.3. Nevertheless, once the experimental setup met a displace-

ment, velocity, or acceleration limit placed in the actuator, tests were skipped for that

specimen under higher intensities of the same excitation. At last, a total of 26 test were

performed with the RP isolator unit places at different stories of the MRF described in

previous sections.

5.5 Experimental Results

A total of 11 experiments ran throughout the totality of the earthquake record. The

FIS’s displacement went over a failsafe displacement limit—6 in.—placed in the code

when no gap force was added for all 4 excitation records in the when placed in the roof.

For the same case but with the FIS in the second floor, only the tests subject to 0.5× El

Centro was not stopped. From these preliminary results and due to time constraints, it

was decided to test the influence and reach of the gap element only for El Centro at the

same three previously defined intensities.

From the RTHS tests, the displacement, velocity, and acceleration data of each DOF

was recorded. From these, the performance of the RP isolator unit can be analyzed when

compared to the excitations impact on the structural floor to which the unit was attached.
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Figure 5.5: Displacement (left) and acceleration (right) time-histories of RP-based 50-kip FIS in the
1st level of a 3-story MRF and subject to 0.5×: (a) El Centro, (b) Hachinohe, and (c) Kobe earthquake
records

Figure 5.5 shows that the the RP isolator unit’s displacement relative to the ground

motion is larger than the floor’s. Nevertheless, the former reaches similar magnitudes

to the latter relative rapidly. The RP isolator unit’s acceleration is, in general, higher

than that of the structural floor. However, the structural floor presents the highest total

acceleration. Even more, as seen in Figure 5.5, when the floor reaches its maximum

total accelerations the RP isolator unit’s are significantly lower—about one half for El

Centro, one-sixth for Hachinohe, and one-seventh for Kobe.

The influence of adding the gap element to the RP-base FIS when placed in the
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Figure 5.6: Displacement (left) and acceleration (right) time-histories of RP-based 50-kip FIS in
the 1st level of a 3-story MRF and subject to 0.5× El Centro

second story is shown in Figure 5.6. The FIS was subject to 0.5× El Centro. The first

30 seconds of displacement and acceleration recorded by the experimental setup are

shown in said figure. It can be noted that adding the gap element initially reduces the

displacements calculated by the MKR-α algorithm, especially for the case in which the

gap force is kc × 10. This, however, induces larger accelerations in the experimental

setup since the change in the total force (i.e., gap plus load cell) is larger. As well,

the reduction in the earlier displacements ends up increasing the later ones—the kc ×

10 system still produces the largest displacement. For this case, the cycle in which

the largest displacements are observed—peak-to-peak—has a period of approximately

1.20 seconds. For the system with kc × 1, this period is approximately 1.65 seconds

(∼17% larger), and for the system with no gap force it is around 1.76 (47% larger). This

shortened period causes large spikes in the acceleration at those peak displacements for

the kc × 10 system. At last, the displacement and acceleration records of both non-zero

kc systems eventually merge back with those of the zero-gap system.

Finally, the effect of the RP-based FIS can be analyzed by comparing the structure’s

maximum interstory drift ratio δmax with the RP-based FIS located in the 1st and 2nd

levels versus the benchmark values of a the 3-story MRF on its own. This parameter is

defined as the interstory drift of the above ground level divided by the height of each
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of the associated stories (Ohtori et al., 2004). In the same way, it is also possible to

compare whether the additional numerical stiffness in the FIS given by the gap force

element influences the structure at all. Table 5.1 shows the δmax for the 3-story MRF

with and without a FIS. To obtain the values for the latter, the model was simply subject

to the input excitation of interest without any restoring force. While the mass of the

RP-based FIS is modeled to be approximately 5% of that of the structural floor, δmax

are not very different from one another for ever case herein presented. The largest

difference is shown for 0.5× El Centro excitation with the isolator on the second level,

for which the building-FIS maximum interstory drift is about 0.02% larger than that of

the structure by itself. Regardless, the drift ratios remain very small. It also noticeable

that the engagement and scaling of the gap element does not have a signifance in the

influence of the RP-based FIS on the structure. If the gap force came from a physical

element (i.e., an external source of stiffness placed in the RP bearing) this result could

be different. At last, the 3-story MRF’s behavior is not heavily affected by the 50-kip

RP-based FIS.

5.6 Summary

In this chapter, building-FIS interactions were studied and discussed. A 3-story MRF

was modeled in a FEM environment. The experimental setup was linked to this model

Table 5.1: Maximum interstory drift ratio of building without and with FIS in first and second levels

EQ EQ Building-FIS Building Only
Record Intensity Location kc× δmax (%) δmax (%)

El Centro

1 First 1 1.67 1.67
0.5 Second 10 1.02 1.04
0.5 Second 1 1.02 1.04
0.5 Second 0 1.02 1.04
0.5 First 0 1.03 1.04

Hachinohe 0.5 First 0 0.91 0.91
Kobe 0.5 First 0 2.26 2.27
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as a SDOF RP-based FIS composed of 350 bearing. As impact model was also numeri-

cally developed to provide additional stiffness to the RP-based FIS. The model and ex-

perimental set up were place in all three levels of the structure and subject to 4 different

past-earthquake at different intensities records through RTHS. In total, 11 experiments

were completed for the totality of the earthquake record. In general, the performance of

the FISs was not adequate for high intensity excitations and when placed in the second

level and roof of the 3-story MRF. The effects of the FIS—which accounted for 5%

of the structural floor mass—were found to be negligible on the building studied (i.e.,

3-story moment resisting frame).
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Chapter 6

Summary, Conclusions, and Future Work

6.1 Summary and Conclusions

An experimental setup was designed to represent a rolling pendulum (RP) isolator unit

under uni-axial lateral loading. In total, 240 characterization and real-time hybrid simu-

lation (RTHS) tests were performed at the Natural Hazard Engineering Research Infras-

tructure Experimental Facility at Lehigh University. A test protocol was developed to

perform characterization tests through a series of harmonic waves with various frequen-

cies and amplitudes according to IEEE-693. Both conical and flat surfaces were used to

investigate the rolling resistance induced by elastomeric coating, which is added layer

by layer to bare steel rolling surfaces. Different levels of coatings were used to under-

stand the effect of such in the damping of the isolator unit. A total of 15 unique config-

urations of the test setup were used in order to measure and evaluate the effects of the

rolling surface’s rolling resistance and shape, and the tributary mass on the bearing. For

the RTHS tests, the experimental setup was subjected to synthetic and recorded ground

motions in accordance with GR-63 and FEMA 461. To evaluate the FIS-equipment

interaction, sensitive equipment was numerically modeled as a cantilever beam with

both rigid and flexible characteristics. FIS-equipment interactions were only evaluated

under synthetic floor motions. To evaluate the building-FIS interactions, a HybridFEM

numerical model of a 3-story steel moment resisting frame was developed and used.

For this, earthquake records at different intensities were applied as input motions. At
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last, RTHS and the MKR-α algorithm showed to be an appropriate technique to tests

building-FIS and FIS-equipment interactions.

From the characterization tests, the rolling resistance of rolling surfaces with varying

levels of damping-enhancing material (i.e., elastomeric rubber). It was concluded that

this material significantly increases the rolling resistance of an RP bearing. However,

increasing the thickness of rubber does not remarkably impact the rolling resistance

of the rolling surfaces. Moreover, the rolling resistance was found to increase as the

displacement of the bearing increased. Regarding other parameters studied, it was found

that the system yields a higher gravitational restoring when supporting larger tributary

loads. From the RTHS tests, it was found that when isolating low-frequency flexible

equipment, the RP isolator unit performance is affected. In specific, it can be argued

that for this case, the bearing’s displacement decreases while its acceleration decreases

when compared to cases in which the isolated equipment is more rigid. Lastly, this

study found that an RP-based FIS—of about 5% the mass of a structural floor—did not

affect the building response to ground excitations.

6.2 Future Work

This research proposes an innovative approach to evaluate FISs—through implementing

RTHS. It was center centered around measuring the behavior and performance of an RP-

bearing under uni-axial loading. As a continuation of this research, the following are

several areas which have the potential for further investigation:

• Multi-axial testing of multiple-bearing configurations. These may include but not

be limited to bi-axial loading and incorporating vertical motions.

• Further study of FIS-equipment interactions through different approaches of mod-

eling the isolated equipment.

• Further study of building-FIS interactions through study of a wider variety of pa-
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rameters, as well as by incorporating a model of the RP isolator unit that captures

FIS-equipment interactions too.
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Appendix A

Results of Characterization Tests

In this chapter, an exhaustive portrayal of all the characterization test results are in-

cluded.

A.1 Conical Rolling Surfaces

A.1.1 240-lb Payload

A.1.1(a) 0.5-Hz Characterization Wave
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Figure A.1: Load-deflection (left) and load-velocity (right) relationships of specimens (a) C0-240,
(b) CN-240, (c) C1-240, (d) C2-240, and (e) C3-240 subject to 0.5-Hz characterization wave.
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Figure A.1 (cont.): Load-deflection (left) and load-velocity (right) relationships of specimens (a)
C0-240, (b) CN-240, (c) C1-240, (d) C2-240, and (e) C3-240 subject to 0.5-Hz characterization wave.
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A.1.1(b) 1-Hz Characterization Wave
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Figure A.2: Load-deflection (left) and load-velocity (right) relationships of specimens (a) C0-240,
(b) CN-240, (c) C1-240, (d) C2-240, and (e) C3-240 subject to 1.0-Hz characterization wave.

84



(c)
-6 -4 -2 0 2 4 6

Displacement [in]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

-40 -30 -20 -10 0 10 20 30 40

Velocity [in/sec]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

(d)
-6 -4 -2 0 2 4 6

Displacement [in]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

-40 -30 -20 -10 0 10 20 30 40

Velocity [in/sec]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

(e)
-6 -4 -2 0 2 4 6

Displacement [in]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

-40 -30 -20 -10 0 10 20 30 40

Velocity [in/sec]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

Figure A.2 (cont.): Load-deflection (left) and load-velocity (right) relationships of specimens (a)
C0-240, (b) CN-240, (c) C1-240, (d) C2-240, and (e) C3-240 subject to 1.0-Hz characterization wave.
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A.1.2 143-lb Payload

A.1.2(a) 0.5-Hz Characterization Wave
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Figure A.3: Load-deflection (left) and load-velocity (right) relationships of specimens (a) C0-143,
(b) CN-143, (c) C1-143, (d) C2-143, and (e) C3-143 subject to 0.5-Hz characterization wave.
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Figure A.3 (cont.): Load-deflection (left) and load-velocity (right) relationships of specimens (a)
C0-143, (b) CN-143, (c) C1-143, (d) C2-143, and (e) C3-143 subject to 0.5-Hz characterization wave.
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A.1.2(b) 1-Hz Characterization Wave
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Figure A.4: Load-deflection (left) and load-velocity (right) relationships of specimens (a) C0-143,
(b) CN-143, (c) C1-143, (d) C2-143, and (e) C3-143 subject to 1-Hz characterization wave.
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Figure A.4 (cont.): Load-deflection (left) and load-velocity (right) relationships of specimens (a)
C0-143, (b) CN-143, (c) C1-143, (d) C2-143, and (e) C3-143 subject to 1-Hz characterization wave.

89



A.2 Flat Rolling Surfaces

A.2.1 143-lb Payload

A.2.1(a) 0.5-Hz Characterization Wave

(a)
-6 -4 -2 0 2 4 6

Displacement [in]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

1.364

2.727

5.455

6.000

4.091

Amplitude (in)

-40 -30 -20 -10 0 10 20 30 40

Velocity [in/sec]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

(b)
-6 -4 -2 0 2 4 6

Displacement [in]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

-40 -30 -20 -10 0 10 20 30 40

Velocity [in/sec]

-40

-20

0

20

40

F
o
rc

e
 [
lb

]

Figure A.5: Load-deflection (left) and load-velocity (right) relationships of specimens (a) F0-143,
(b) F1-143, (c) F2-143, (d) F3-143, and (e) F4-143 subject to 0.5-Hz characterization wave.
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Figure A.5 (cont.): Load-deflection (left) and load-velocity (right) relationships of specimens (a)
F0-143, (b) F1-143, (c) F2-143, (d) F3-143, and (e) F4-143 subject to 0.5-Hz characterization wave.
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A.2.1(b) 1-Hz Characterization Wave
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Figure A.6: Load-deflection (left) and load-velocity (right) relationships of specimens (a) F0-143,
(b) F1-143, (c) F2-143, (d) F3-143, and (e) F4-143 subject to 1-Hz characterization wave.
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Figure A.6 (cont.): Load-deflection (left) and load-velocity (right) relationships of specimens (a)
F0-143, (b) F1-143, (c) F2-143, (d) F3-143, and (e) F4-143 subject to 1-Hz characterization wave.
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A.3 VERTEQ-II Results

A.3.1 143-lb Payload
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Figure A.7: Load-deflection (left) and load-velocity (right) relationships of specimens (a) F0-143,
(b) F1-143, (c) F2-143, (d) F3-143, and (e) F4-143 subject to VERTEQ-II characterization wave
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Figure A.7 (cont.): Load-deflection (left) and load-velocity (right) relationships of specimens (a)
F0-143, (b) F1-143, (c) F2-143, (d) F3-143, and (e) F4-143 subject to VERTEQ-II characterization
wave
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A.3.2 240-lb Payload
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Figure A.8: Load-deflection (left) and load-velocity (right) relationships of specimens (a) F0-143,
(b) F1-143, (c) F2-143, (d) F3-143, and (e) F4-143 subject to VERTEQ-II characterization wave
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Figure A.8 (cont.): Load-deflection (left) and load-velocity (right) relationships of specimens (a)
F0-143, (b) F1-143, (c) F2-143, (d) F3-143, and (e) F4-143 subject to VERTEQ-II characterization
wave
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