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Variable Friction Systems (VFS) have been recently proposed as possible alternatives to

traditional base isolation devices. The main benefit of VFS over other systems lies in their

superior energy absorption properties that comes from the greater encompassed area of the

hysteresis loops.

Greater energy dissipation results in higher damping and, in turn, in lower seismic demand

on the system. More specifically, more dissipative base isolation systems offer better seismic

protection in that they lower the overall displacement demand and limit the lateral forces

and accelerations transmitted to the isolated structure.

Recent numerical studies of VFS employing both flat and curved sliding surface systems

with variable friction coefficients indicate that VFS are theoretically capable of high seismic

performance, and preliminary results suggest that they represent promising solutions.

However, the available studies are limited to two kinds of VFS with specific characteris-

tics. As a consequence, a generalized design process for VFS is currently missing. In addition,

the design process that was proposed for VFS makes use of a number of empirical equations,

particularly for the calculation of the equivalent damping associated to these devices, which

have not been sufficiently validated.



This thesis presents an extensive discussion on VFS, in the attempt of leading to a better

understanding of their seismic behavior and performance. More than 500,000 non-linear time

history analyses are conducted to study and characterize the damping properties of VFS, and

to investigate their effectiveness at protecting SDOF and MDOF case study structures from

the effects earthquakes. The results of the analyses are also used to extend and generalize

the current design approach for VFS.
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Chapter 1

INTRODUCTION

1.1 Background

Earthquakes are amongst the deadliest and most costly natural catastrophes that affect our

society. Over the years, earthquakes have been the cause of thousands of casualties and

very high economic losses. In the US alone, the annual earthquake losses are estimated

at $4.4B [FEMA, 1999]. Often, the loss of life is considerable. For example, in the Nepal

earthquake of 2015 with a magnitude of 7.8 Richter scale, more than 9000 casualties were

reported, with damages worth millions of dollars [Rai et al., 2016].

Recent seismic events, such as the Darfield earthquake of September 2010 [Dhakal, 2010]

as well as past earthquakes, such as the Nisqually earthquake of 2001 [Filiatrault, 2003],

have shown that even if modern seismic design techniques may be able to limit the damage

to main structural elements during intense earthquakes, the damage to secondary structural

and non-structural elements can be extensive, costly, and in some cases can lead to loss of

life. In the 2010 M7.1 Darfield (New Zealand) earthquake, that imposed seismic demands

comparable to the design level earthquake in the Christchurch region, total losses have been

estimated at NZ$5billion [Bollard and Ranchhod, 2011], even though there was no loss of

life. In the context of past seismic design philopsophies, which had life safety and collapse

prevention as two main objectives, such outcomes were considered acceptable. However, as

the desire for high performance buildings increases, it is increasingly evident that engineers

require reliable methods and tools to mitigate the effects of earthquakes on both structural

and non-structural elements, enhancing the overall resiliency and reducing the vulnerability

of the built environment.

In today’s “performance based” context, an effective way of protecting structures, and
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achieving a desired performance, is to mitigate the seismic demand on the system itself. To

this end, base isolators represent a promising solution and are now recognized as effective

tools to ensure a high level of building performance under earthquake-induced lateral loads.

Base isolators consist of low lateral stiffness devices installed beneath key supporting points

of the structure they are intended to protect. The goal of base isolation is to prevent the

structure from damage, by absorbing the full displacement demand induced by seismic ground

motions at the isolation layer. Isolating a structure results in a more controlled structural

response, lower floor accelerations and lower lateral forces transmitted to the structure.

1.2 Motivation

A number of base isolation solutions have been proposed and implemented over the years

and are now potentially available for practical use. Friction devices and laminated lead-

rubber bearings are perhaps the most popular devices in use. While quite stable and rel-

atively efficient at dissipating energy, lead-rubber bearings integrate somewhat poorly in

today’s performance-based design context in which design objectives are no longer limited

to preventing structural collapses. They have two main limitations: the lack of self-centering

properties (i.e. significant residual displacements are expected at the end of an earthquake)

and the likely need to replace all devices that have been stressed beyond the yielding of

the lead element (a necessary condition to allow energy dissipation). Further, lead-rubber

bearings are affected by rotational equilibrium constraints, which limit the allowable lateral

displacement to approximately 1/3 of the bearing size (taken in the direction parallel to the

motion).

On the other hand, current friction devices are somewhat limited in that a device with

given characteristics (e.g. a Friction Pendulum with certain radius of curvature and friction

coefficient) can only guarantee a high building performance with respect to some of the

parameters of interest. More specifically, the objective of a base isolation system should be

to reduce the seismic forces and accelerations transmitted to the structure while achieving

the lowest possible maximum displacement and residual displacement at the isolation layer.
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However, such objectives cannot be met simultaneously.

For example, the use of a smaller radius of curvature (i.e. high post-activation stiffness)

has the advantage of limiting the residual displacement and the maximum lateral displace-

ment in case the system is hit by an event of greater magnitude than the design earthquake.

At the same time, the use of low friction tends to produce devices which “activate” (and are

therefore beneficial) for more frequent (less intense) earthquakes. In contrast, high-friction

low-curvature devices may not activate for minor earthquakes and may be subjected to ex-

cessive displacement demand in case of rare events. A nontrivial downside of using small

radius of curvature devices, however, is that the system will experience larger induced vertical

accelerations as the lateral displacement demand increases [Calvi et al., 2016].

In general, the “optimal” solution a designer would often select is an intermediate one.

It should be further pointed out that the solution adopted as “optimal” under the design

earthquake demand may not work for more or less intense seismic events.

In this context, the pursuit of more efficient base isolation systems has triggered the

interest of many investigators and has been the object of numerous research projects all

across the world. For instance, recent studies have explored the possibility of employing flat

or curved sliding-surface base isolators with variable friction coefficients [Calvi et al., 2016;

Calvi and Ruggiero, 2016]. Preliminary studies performed on these new types of devices have

shown that they are capable of high seismic performance, and that they can theoretically

improve upon traditional sliding isolators in light of their higher energy-absorption capacity.

Although promising, the development of these newly proposed systems is in its infancy,

and further numerical, analytical and experimental work is required before Variable Friction

Systems (VFS) can be brought into practice.

1.3 Objectives

The objectives of this thesis are motivated by the discussion presented in the previous sec-

tions. In particular, it has been emphasized that there are still many knowledge gaps asso-

ciated to the properties and performance of VFS, which prevent this technology from being
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developed and implemented for practical use. In this context, the main objectives of this

research can be summarized as follows:

• To provide some insight into the damping properties of generic VFS, developing suitable

equations to be used in a detailed design framework;

• To study the performance of VFS with arbitrary radius of curvature and frictional

properties, possibly establishing preliminary criteria for selecting the characteristic of

the “optimal” device;

• To provide some preliminary evidence of the effectiveness of VFS at protecting buildings

from the effects of earthquakes of various magnitudes.

These objectives are achieved numerically, via 2D non-linear time history analyses, con-

ducted considering a number of single-degree-of-freedom (SDOF) and multi-degree-of-freedom

(MDOF) base-isolated case study structures, and a large suite of input ground motions of

varying magnitudes and characteristics.

The results of the analyses are used to draw some preliminary conclusions about the

performance and the design methodology proposed for VFS, simultaneously assessing their

energy absorption properties and calibrating suitable design equations for the estimation of

equivalent damping factors. The results are also used to illustrate the key differences in per-

formance of the different VFS considered, emphasizing apparent advantages and drawbacks.

The work presented in this thesis fits into a more ambitious research project that aims

at a full development and implementation of this innovative family of base isolation devices.

The achievement of this greater objective, will clearly require further efforts including more

advanced numerical analyses and laboratory experiments under more complex real-world

conditions.

1.4 Thesis Content

This thesis is organized as follows:
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• Chapter 2 : Literature Review. Chapter 2 examines existing base isolation systems,

with particular focus on the evolution of Variable Friction Systems (VFS). To this

end, a detailed discussion on mechanics, numerical modeling and design philosophies,

is presented.

• Chapter 3: Verification of the damping properties of VFS. Chapter 3 focuses on study-

ing the damping properties of this new family of base isolators. Through extensive

non-linear time history (NLTH) analyses, the effective damping properties of VFS are

characterized and design equations are calibrated. Considerations on the relationships

between effective damping and demand reductions are also included.

• Chapter 4: Performance of VFS base isolated SDOF systems. Chapter 4 investigates

the performance of base isolated SDOF case study structures, through a very large

number of NLTH analyses. A series of important parameters are included in the

numerical study. In addition, the results presented in Chapter 4 provide some evidence

on the reliability of the preliminary design approach proposed for VFS.

• Chapter 5: Multiple degree of freedom structures. Chapter 5 looks at the response of

a set of MDOF case study structures, isolated using VFS with different characteristics.

Even though the results presented in this chapter are meant to be of preliminary

nature, they provide some insight into aspects of the response of VFS that could not

be observed while the study was limited to SDOF systems.

• Chapter 6: Conclusions and future work. Chapter 6 summarizes the findings of this

work, pointing out potential advantages and drawbacks of VFS, and outlines future

work for this project.
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Chapter 2

LITERATURE REVIEW

2.1 Existing Base Isolation Systems

The following section briefly discusses current research that provides foundation for this

proposed work. Since there is a large volume of literature available on the topic of base

isolation, this chapter focuses on seismic isolation as practiced in the US, and more specifically

on friction bearings.

Base isolators consist of low lateral stiffness devices installed beneath key supporting

points of the structure that they are intended to protect. The goal of base isolation is

to prevent the isolated structure from damage, by shifting the fundamental period of the

structure to the long period range, and by absorbing the full displacement demand induced

by the seismic ground motions at the isolation layer. Isolating a structure results in a more

controlled structural response, lower floor accelerations, and lower lateral forces transmitted

to the structure.

The reduced seismic demand allows the superstructure to remain elastic, or nearly elastic,

following a design level event. Furthermore, isolating a structure contributes to reducing

the likelihood of damage to displacement sensitive and acceleration sensitive equipment,

nonstructural components, and content.

Though the concept of seismic isolation dates back more than a hundred years, the modern

era of base isolation began in the mid 1960s with the New Zealand Department of Scientific

and Industrial Research [R.I. Skinner, 1993] and the development of rubber isolation bearings

equipped with sufficient vertical stiffness to resist service loading. The first modern building

to incorporate base isolation was the Pestalozzi School in Skopje, Macedonia, constructed in

1969, while the first rubber-base isolated building in the US was constructed in 1985 [Naeim
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and Kelly, 1999].

Modern rubber bearings are composed of elastomeric rubber layers alternating with steel

plates joined together through a process called vulcanization. The bearing’s low lateral

stiffness is solely linked to the height and the area of the rubber. The steel plates provide

confinement and impede the bulging deformation of the rubber, greatly enhancing the vertical

stiffness of the bearings [Charles Roeder, 1990].

Lead-rubber bearings were introduced in the 1970s in New Zealand [Robinson, 2011] as a

more dissipative alternative to laminated-rubber bearings. Lead-rubber bearings consist of

traditional elastomeric bearings with the addition of lead plug designed to yield under lateral

deformation and to dissipate supplemental energy (figure 2.1(a)). A detailed description of

the mechanical behavior of laminated elastomeric bearings typical of modern practice can

be found in the work by Naeim and Kelly [1999]. Both laminated-rubber bearings and lead-

rubber bearings have been proven capable of protecting structural systems from the effects of

earthquakes and have been used for seismic isolation around the world [R.I. Skinner, 1993].

As the research into base isolation increased, modern sliding base isolators came about

in the late 1980s. The first analytical and experimental studies on Friction Pendulum (FP)

isolation bearings was conducted by Victor Zayas [1987]. A Friction Pendulum system is a

friction type of sliding bearing that uses gravity as the restoring force. The system consists of

an articulated friction slider that travels on a spherical concave sliding surface (figure 2.1(b)).

In this context, the constant curvature sliding surface is characterized by a nominally single-

valued friction coefficient. To date, devices from this general family have been extensively

studied analytically and experimentally by a number of authors (e.g. [Victor Zayas, 1990;

Constantinou et al., 1990; Mokha et al., 1990, 1991; Calvi et al., 2004; Casarotti and Pavese,

2014] amongst many others) and used in real-world applications for a variety of buildings,

bridges, and other structures.

Alternatives to standard FP systems have been proposed, with the intent of improving the

response and possibly reducing the size of the bearings. A key system with multiple sliding

bearings is a Triple Pendulum Friction Bearing (figure 2.1(c)). Details on some multi-surface
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devices derived from the FP can be found in the works of Fenz and Constantinou [2006,

2008] amongst others. Tension capable bearings have also been proposed by Roussis and

Constantinou [2006]. Kasalanati and Constantinou [2005] proposed the use of pre-stressing

tendons as a means of overcoming uplift issues.

Modern seismic codes incorporate provisions for the design of base isolated structures.

To this end, ASCE 7-10 ASCE [2013], allows the adoption of three types of analysis: Equiva-

lent Linear Analysis (ELA), Response Spectrum Analysis (RSA) or Nonlinear Time History

Analysis (NLTHA). Because of its simplicity, limitations on the adoption of the ELA apply

on the structural layout, on the seismicity of the site and on the isolator properties. The

behavior of the isolation system within the ELA is represented by using equivalent damping

and stiffness. The equivalent damping is used to estimate the response spectrum reduction

factor. The process is more complex for RSAs and NLTHAs, as the code requires the use of

a full 3D model, with full representation of bi-directional loading and torsional response.

A peer review process is mandatory for isolation projects and is generally managed

through the local authorities, who often nominate an external team of peer reviewing en-

gineers. Analogously, prototype tests and approval are required specifically for every single

project unless similarity can be demonstrated with other units already approved in the

past. The peer review team reviews the prototype test report and sometimes attend the

tests [Pietra et al., 2015].

For modeling purposes within the context of NLTHA, the behavior of friction base isola-

tors is typically derived from first principles and their force displacement response is typically

idealized simplifying the isolators’ behavior as piecewise-linear hysteresis, as shown in fig-

ure 2.1 for different devices.

It can be seen that a traditional FP system behaves essentially rigidly as long as the

acting shear force is smaller than the weight of the structure multiplied by the friction

coefficient characterizing the sliding surface. Upon activation, the tangent stiffness of the

system decreases to a value equal to the ratio between the borne weight and the radius of

curvature of the sliding surface. In an extreme simplification, and neglecting a number of
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Figure 2.1: Model of isolator and corresponding hysteresis for (a) Lead Rubber Bearing, (b)
Friction Pendulum, and (c) Triple Friction Pendulum devices

effects, such as the variation of the axial force [Calvi et al., 2004], the dependency of the

friction coefficient on pressure and velocity, etc., the shear force that is transmitted by a FP

system is merely a function of the friction coefficient (typically assumed constant in value),

the borne weight, the radius of curvature, and the lateral displacement.

Extensive testing of individual bearings as well as shake table testing of base-isolated

buildings have been conducted over the past three decades. The first Friction Pendulum

system was tested on a 2-story frame [Victor Zayas, 1987]. Several tests on Friction Pendula

have then been conducted in the early 1990s [Constantinou et al., 1990; Mokha et al., 1990],

and these systems were found to provide effective horizontal isolation.

Comprehensive programs have evaluated the performance of multi-stage FP devices [Fenz

and Constantinou, 2008; Morgan and Mahin, 2011]. A few experimental studies focused

specifically on evaluation of secondary system response [Wolff and Constantinou, 2004; Kelly,

1982; Kelly and Tsai, 1985]. It was found that although lead-rubber bearings reduced the

displacement demand in the base isolation system, they were less beneficial than linear
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elastic bearings, with respect to the secondary system response. It was also observed that

the isolation system was very effective in reducing the response of an oscillator tuned to

the natural frequency of the fixed-base structure, but could slightly increase the response of

the high frequency detuned oscillators. Wolff and Constantinou [2004] focused on secondary

system response by evaluating floor accelerations and floor spectra in different isolation

systems (friction pendulum bearings and flat sliders) with and without viscous dampers. The

authors concluded that highly nonlinear systems incorporating friction pendulum bearings

or flat sliders were reasonably effective at protecting non-structural elements and building

contents.

More recently, two test programs on full scale isolated buildings have been conducted at

the National Institute for Earth Science and Disaster Prevention (NIED) E-Defense shaking

table of Japan [Warn and Ryan, 2012; Ryan et al., 2012]. From the first study, it was observed

that elastomeric isolation systems could only guarantee the functionality of the structure in

case of a near-fault motion but not for a long duration, long period ground motion generated

from a subduction earthquake.

The main outcome of the second study was the significant influence of vertical excitation

and the amplification of the horizontal accelerations recorded at the various levels of the

building as a consequence of the multi-directional excitation. The findings of these exper-

imental studies suggest that mitigation of the effect of multi-directional seismic excitations

may be required to maintain functionality in critical base-isolated buildings, and that this

may require the use of isolation devices capable of higher performance.

To this end, Variable Friction Systems (VFS) were recently proposed as promising seismic

alternatives to currently available friction sliders such as FP systems etc. [Calvi et al., 2016;

Calvi and Ruggiero, 2016]. The coexistence of materials with different frictional properties

within the same device, the use of better-performing materials and a more clever combination

of sliding surfaces, open the door to the possibility of new hysteretic responses, such as those

shown in figure 2.2 (a).

The results of preliminary analytical studies showed that VFS can dissipate more energy
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Figure 2.2: (a) Schematic view of base isolated structures with varying force-displacement
loop shapes and (b) comparison of standard and innovative force-displacement loop shapes

and can be capable of higher performance with respect to their “traditional” counterparts.

More specifically, smaller (i.e. less costly) and flatter (i.e. capable of reducing undesired

vertical fluctuations and accelerations) devices, have been shown capable of protecting more

efficiently the structures analyzed, at all levels of earthquake intensities. The larger area

encompassed by the hysteresis of the innovative systems, as shown in figure 2.2 (b), indicates

that more energy is dissipated by these system.

Even though flat VFS do not afford re-centering capabilities, their cost is approximately

one third of that of a curved device, making them ideal to protect low-mass elements such as

high-tech strategic pieces of equipment (e.g. MRI machines in hospitals) that need to remain

functional during and immediately after a seismic event or to protect temporary structures

or structures over the course of the construction phases.

A more detailed discussion on the mechanics and numerical modeling of VFS, which

represent the focus of this research work, is presented in the next subsection.
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2.2 Mechanics and Numerical Modeling of VFS

2.2.1 Mechanics of VFS

Two kinds of VFS have been studied thus far (referred to as “BowTie” and “BowC”), and

their mechanics has been discussed in detail by Calvi et al. [2016] and Calvi and Ruggiero

[2016]. For the reader’s benefit, a brief overview of these two devices is reported below

(mostly taken from the two papers just referenced).

The BowTie isolation device consists of a fixed base-plate overlaid by a sheet of stainless

steel material with areas with different friction coefficients and a slider composed by a steel

plate and a sliding pad of low friction material (e.g.: polytetrafluorethylene or polyamide) in

contact with the stainless steel, as shown in Figure 2.3 [Calvi et al., 2016]. The slider is free to

move with respect to the base-plate surface, treated specifically to form a number of bands

arranged as a series of concentric rings. Each ring is characterized by different frictional

properties, with the friction coefficient between the slider and the base plate progressively

increasing moving outward from the center of the device.

Figure 2.3: (a) Cross section view of a Bow C device, (b) aerial view of a Bow C device [Calvi
et al., 2016]

In the example shown in Figure 2.3, the friction coefficient µ1 would be lower than µ2,

which, in turn, would be lower than µ3. Under lateral loads applied on the BowTie device,

the friction between the low friction material and the stainless steel plate provides frictional
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resistance and energy dissipation, after activation of lateral motion. Because of the geometry

of the sliding surface, there is no restoring force.

The lateral force-displacement response of a BowTie device is shown in figure 2.4. In the

figure, the hysteretic response for an isolator using a three-band base plate is shown, where

the area of the slider corresponds to the area of the central ring. It is assumed that the

axial stress on the BowTie device is uniform over the area of the slider, there is no difference

between static and dynamic friction, and the value of the friction coefficient assigned to each

band is well defined and perfectly stable. In reality, the friction coefficient may vary as a

function of pressure, velocity, and surface temperature, which might cause the change of

stiffness. However, the hysteretic response of built BowTie devices would exhibit the same

phases.

As the lateral load applied on the system increases from zero (figure 2.4, step a), the

BowTie exhibits a perfectly rigid response until motion is activated (i.e.until the applied

lateral load equals the vertical load W multiplied by the friction coefficient µ1 in the central

ring of the plate). After this condition is reached, the top portion of the device begins

its motion with respect to the bottom plate. As shown in steps (c) and (d) in figure 2.4,

as the slider sits across the inner and middle bands, resistance comes from both the rings,

proportional to overlapping areas times appropriate friction coefficients. As the slider moves,

as shown in Figure 2.4 from step (c) to step (d), the slider transitions from sitting on ring 1

and 2 to sitting on ring 2 and 3. In between these phases, there may be a situation during

which the lateral strength is provided by all three rings.

During these phases the force-displacement response of the system is non-linear, to an ex-

tent determined by the number of rings, their dimensions and their frictional properties [Calvi

and Ruggiero, 2016].

If the lateral load is reduced and reversed (step e), the lateral displacement will remain

unchanged until the motion is activated in the reverse direction, which is reached once the

lateral load is equal (in magnitude) and opposite (in sign) with respect to the load responsible

for causing the current displaced configuration. During the unloading-reloading phase, prior
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Figure 2.4: Force-displacement response of a BowTie (BT) device and a BowC (BC) device:
(a) at rest; (b) pre-activation; (c) post-activation; (d) at maximum displacement; (e) lateral
load reversal; (f) at initial position

(adapted from [Calvi et al., 2016])
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to activation, the isolation device experiences a perfectly rigid response.

After the activation of the lateral motion in the reversed direction, the lateral load re-

quired to push the slider back to its initial position is progressively lower as shown in figure 2.4

(e). The force-displacement curve follows a trend which is symmetric to the loading branch,

with respect to the displacement-axis of the graph. Returning the slider to its initial posi-

tion comes from the application of a lateral load in the appropriate direction (step f) that is

non-negligible.

A closed-form procedure for calculating the actual response of a BowTie device was

derived by [Calvi and Ruggiero, 2016], who also showed that, for most applications, the

hysteresis of a BowTie can be approximated using piecewise-linear hysteretic models.

To improve the BowTie on the lack of re-centering properties, a system referred to as the

“BowC” device has been conceived by Calvi et al. [2016] and Calvi and Ruggiero [2016]. The

BowC combines a traditional FP and a BowTie, so to take advantage of the characteristics

of both systems.

The BowC isolation device is similar to a BowTie in essence, but like in the Friction

Pendulum, the sliding surfaces are characterized by a radius of curvature (Figure 2.5). Under

the application of lateral loads, after activating the lateral motion, the friction between

stainless steel plate surface and low friction material layer provides increasing non-stepped

frictional resistance and energy dissipation. Additional lateral strength is provided by the

presence of the curvature at the sliding surfaces. Hence, both lateral strength and lateral

stiffness of the device are a function of both the radius of curvature of the sliding surface

and the frictional properties selected.
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Figure 2.5: (a) Cross section view of a BowC device; (b) aerial view of a BowC device [Calvi
et al., 2016]

Depending on the radius of curvature selected for the sliding surface, it is possible to

“correct” the hysteresis loop shape of the BowTie, making it more or less self-centering and

more or less “dissipative”. It was suggested that the radius of curvature be calculated using

the following equation:

R =
2∆dW

Vd − µ1W
(2.1)

Where R is the radius of curvature of the surface, W is the seismic weight of the structure,

∆d is the design displacement, Vd is the corresponding shear force and µ1 is the initial (i.e.

the lowest) friction coefficient.

The force-displacement response of a BowC device is shown in figure 2.4. The qualitative

response is sketched for an isolator equipped with a three band base plate characterized by

a radius of curvature calculated according to Equation 2.1. As for the case of the BowTie

device described earlier, the area of the articulated slider corresponds to that of the central

ring. Again, it is assumed that the axial stress on the BowC device is uniform over the

area of the slider, that there is no stick slip, and that the value of the friction coefficient

characterizing each band is well defined and perfectly stable [Calvi et al., 2016].

A BowC device subjected to increasing lateral load exhibits a perfectly rigid response

until the applied load overcomes the activation load, i.e. the vertical load W multiplied by
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the friction coefficient µ1 (step (a) and (b), figure 2.4).

As the slider sits across the inner and the middle bands of the base plate (step c), the

lateral resistance is provided by both the overlapped rings (in proportion to the overlapping

area times the appropriate friction coefficient), as well by the “curvature component”, whose

stiffness corresponds to the weight of the structure divided by the radius of curvature of the

sliding plate (K = W/R). As a consequence, in this phase the lateral stiffness increases, as

a function of both the higher friction between slider and plate in the external rings and the

radius of curvature R. The transition from step (c) to step (d) can be described in a similar

way, so that the total lateral strength of the system can be generally expressed as:

V =
W

A
(A1µ1 + A2µ2 + A3µ3) +

W

R
∆ (2.2)

Where R is the radius of curvature of the sliding surface, ∆ is the displacement undergone,

A is the area of the slider, A1, A2 and A3 are the fractions of A overlapping ring 1, 2 and 3

and µ1, µ2 and µ3 are the corresponding friction coefficients.

Again the degree of non-linearity of the response over the course of these phases depends

on the number of rings, their dimensions and their frictional properties. If the lateral load

is reduced and reversed (step e), the lateral displacement will remain unchanged until the

motion is activated in the reversed direction. If the radius of curvature of the sliding surface

has been determined in line with Equation 2.1, this condition is reached once the lateral

load is equal (in magnitude) and opposite (in sign) with respect to the initial activation

load. After the activation of the lateral motion, the lateral load required to push the slider

back to its initial position is essentially constant as shown in figure 2.4 (e). Loading in the

opposite direction results in a symmetric force-displacement response. Returning the slider

to its initial position always implies the application of a lateral load equal in magnitude to

the initial activation load (step f) Calvi et al. [2016].

As for the case of the BowTie, Calvi and Ruggiero [2016] showed that, for most applica-

tions, the hysteresis loop of a BowC can be idealized using simpler piecewise-linear hysteretic
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models, as shown in figure 2.2 (b).

2.2.2 Numerical Modeling of VFS

In addition to describing the mechanics of VFS, Calvi and Ruggiero [2016] provided some

insight into the integration of these new devices into the larger problem of nonlinear structural

analysis. They suggested that, at least in the context of relatively simple non-linear dynamic

analysis, the base isolators should be modeled using a lumped plasticity approach. In this

case, the translational degree of freedom at the base of a structure is released and a single

translational spring with an appropriate-shaped hysteresis may be used.

Typically, the hysteretic model is calibrated using experimental results or analytical ap-

proaches. In the present case, the isolators hysteretic models are entirely based on the

mechanical considerations discussed in the previous sections, as no experimental evidence is

currently available.

Table 2.1 summarizes the properties of a variable friction sliding base isolator element

that must be specified during a NLTHA. The element is fully defined by a total of five

functions used to trace the backbone curves as well as the reloading and unloading curves,

as shown in Fig. 2.6.

Note that the curve identified as F2(x) in figure 2.6 should ideally be infinitely stiff,

given that it represents the element’s frictional response prior to activation. However, for

numerical reasons, it is idealized using a linear function with an assigned stiffness on the

order of 10000 times (or greater) than the post activation stiffness Kp. (Note also that the

slope of F2(x) is voluntarily exaggerated in the representation of figure 2.6).

The backbone curves are combined to give the final response according to:

Fr(x) =

max[min(F1(x), F2(x− xp)), F3(x)] if x ≥ 0

max[min(F4(x), F2(x− xp)), F5(x)] if x < 0

All of the backbone functions (F1(x), F3(x), F4(x) and F5(x)) may be either linear or
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Figure 2.6: Hysteretic response (idealized as linear piecewise) of a BowTie bearing (contin-
uous line) and of a BowC bearing (dashed line) [Calvi and Ruggiero, 2016]

nonlinear, depending upon the level of accuracy desired in the numerical analyses. Linear

functions are expressed as:

F1(x) = Fa +Kpx (2.3)

F2(x) = K(x− xp) (2.4)

F3(x) =

−Fa −Kpx for Bow Tie

−Fa for Bow C

F4(x) =

Fa −Kpx for Bow Tie

Fa for Bow C

F5(x) = −Fa +Kpx (2.5)
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Table 2.1: Summary of the properties of a variable friction sliding base isolator element

Name Symbol Computation

Seismic Weight W User-specified

Initial friction µL User-Specified

Design displacement xd Selected design demand

Design force Fd From design process (see chapter 3)

Post-activation stiffness Kp User-Specified (from design requirements)

Initial stiffness Kµ 10000Kp

Activation displacement xµ xµ = Fa
Kµ

Activation force Fa Wµlow

Where xp is a plastic displacement offset calculated at each converged stage of the analysis

as:

xp = x− xµ (2.6)

and Vact, K0, Kp are the activation shear, pre-activation stiffness , and post-elastic stiffness

respectively of the system.

In the context of a NLTHA, to minimize the occurrence of numerical errors, the instan-

taneous stiffness of the system can be evaluated, iteratively within each time step. This can

be done by employing an iterative procedure of the Newton-Raphson “family”.

It should be noted that Calvi and Ruggiero [2016] had only considered two kinds of

VFS with specific characteristics (i.e. the BowTie and the BowC). However, VFS can be

designed and theoretically built assigning arbitrary frictional properties and radius of cur-

vature. Equations 3.1.2 can be adapted and generalized simply by introducing a new design

parameter, β, which represents the ratio between re-centering and loading stiffness charac-
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terizing the response of the device (this new parameter will be further discussed in later

sections). Thus, equations 3.1.2, can be re-written for any arbitrary VFS as equation 3.1.2

where F1, F2, and F5 are the same as described earlier, but :

F3(x) =

{
−Fa − βKpx for all β systems

F4(x) =

{
Fa − βKpx for all β systems

2.3 Displacement Based Design of VFS

2.3.1 Displacement Based Design of Base Isolated Structures

Calvi et al. [2016] and Calvi and Ruggiero [2016] recommended that the design of VFS be

performed employing Direct Displacement Based Design (DDBD) criteria, as discussed in

general terms by Priestley et al. [2007c] . The basic procedure for “traditional” base isolated

structures is summarized in figure 2.7.

As shown in figure 2.7 (a), the structure is first idealized as a SDOF system. The equiv-

alent SDOF structure is then based on a model that takes into account both the isolation

system and the structure. For design purposes, the structure can be assumed to deform ac-

cording to its yield displacement. This assumption allows the estimation of the displacement

values at each floor level for all structural elements and consequently the yield displacement

of the equivalent model. The yield displacement shape of the structure alone can be found

using appropriate equations as suggested by [Priestley et al., 2007c] or by simply assuming a

linear deformed shape. This assumption is often adequate given that the structural response

is capacity protected and not expected to be critical. Therefore, the effective height (He) of

the structure alone can be calculated as:

He =

∑n
i=1(mi∆iHi)∑n
i=1(mi∆i)

(2.7)

Where m, ∆ and H are mass, displacement and height respectively and i indicates the
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floor level.

In conducting the conceptual design of the system, the displacement of the structure

alone (∆d,str) is assumed in the range of 80% of the calculated yield displacement. The

starting point of the design process is the selection of the design displacement of the isola-

tion system (∆d,iso) and therefore the selection of the displacement of the global structural

system (∆sys=∆d,str+∆d,iso). The second step, shown in figure 2.7 (b), consists of calculat-

ing the equivalent damping of the system. The equivalent viscous damping ξe,sys is used to

determine a spectral reduction factor, which is used to correct the displacement demand on

the structure. The equivalent viscous damping ratio of the system can be estimated combin-

ing the contributions of the structure and of the isolation system, assuming that the same

shear force is applied to both parts. For the structure, the equivalent viscous damping is

normally assumed as 5% or lower, given that an elastic response will be enforced. For the

isolation system, the equivalent damping is estimated as a function of the force-displacement

relationship that characterizes the system. Normal values range between ξe,iso of 0.2 and 0.3

(20%-30%). The system equivalent viscous damping (ξe,sys) can be computed as:

ξe,sys =
ξe,s∆d,str + ξe,iso∆d,iso

∆d,sys

(2.8)

The effective period Te,sys of the system can be obtained entering an appropriately cor-

rected design displacement spectrum, as shown in figure 2.7 (c). The effective period of the

structure is used to calculate the effective stiffness of the system (Ke,sys):

Ke,sys =
4π2me

T 2
e,sys

(2.9)

Where me represents the effective mass of the system, computed as:

He =

∑n
i=1(mi∆i)

∆d,sys

(2.10)

In which mi and ∆i are mass and displacement of each floor, including the ground floor
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above the isolation system, and ∆d,sys is the displacement of the equivalent isolated structure.

The effective stiffness of the system is used in combination with the design displacement

to obtain the design base shear, which is the lateral force that the system must be capable of

resisting (figure 2.7 (d)). The design base shear is computed multiplying equivalent stiffness

and design displacement:

Vd,sys = Ke,sys∆d,sys (2.11)

2.3.2 Displacement Based Design of VF Base Isolated Structures

The design steps summarized in the previous section represent a general design approach

that can be employed to design any arbitrary base isolated structures. While the general

approach is applicable to VFS without the need for any notable modifications, some impor-

tant questions need to be answered before the design of a VFS can be performed. These

questions are:

• How should the equivalent viscous damping (EVD) of a generic VFS be estimated?

• How should the demand reduction factor be calculated?

• How should the actual properties of the VFS be determined, once the seismic demand

on the system has been defined?

These three key aspects will be discussed in the following of this section.

Energy Dissipation Properties

Damping in real structures is typically represented by Equivalent Viscous Damping (EVD).

This approach is based upon Jacobsen’s energy equivalence between the energy dissipated

in a vibration cycle of the actual structure and an equivalent viscous system [Chopra, 2014].

Relying on this principle, Emilio Rosenbleuth [1964] introduced the concept of representing
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the response of a non-linear system analyzing the response of a linear system with equivalent

properties that is an effective period computed proportionally to a secant stiffness and an

equivalent viscous damping [Pennucci et al., 2011]. As discussed earlier, this approach has

been adopted and incorporated in the Direct Displacement Based Design (DDBD) frame-

work.

In light of the success that this idealization has had for many years when employed to

estimate the damping properties of a variety of structural systems (including base isolated

structures), Calvi et al. [2016] recommended that this approach should be extended to VFS.

Thus, EVD design equations for two types of VFS were derived and expressed as a

function of a design parameter, α, representing the ratio between the design shear and the

activation shear.

Note that the EVD can be directly estimated from the hysteretic response of the base

isolator, as the ratio between the area under the force-displacement curve (shown in figure

2.8 for FP, BowC and BowTie systems) and the area of the ellipse that crosses the axes in

correspondence of the force and displacement design values, using the following equation:

ξhys =
Ed

4πEso
=

Ahys
2πVmax∆max

(2.12)

The vertical arrows at a sample displaced position indicate that a BT requires a similar

shear force to increase or decrease the displacement, while BC and FP tend to move towards

the center at lower shear force values.

The EVD equations derived over the course of previous studies, are reported below for

the two systems considered thus far (the BowTie and the BowC, respectively):

ξeBT =
1 + α

πα
(2.13)

ξeBT =
3 + α

2πα
(2.14)
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Figure 2.8: Comparison between the hysteresis of a BowC (BC), a BowTie (BT) and a
Friction Pendulum (FP) device

It should be noted that, although only these two systems (with specific characteristics)

have been studied in the past, VFS with arbitrary radius of curvature and frictional properties

can be theoretically developed. Varying frictional properties and radius of curvature of a

device, has the effect of modifying the hysteretic response and specifically of altering the

magnitude of the re-centering stiffness with respect to the post activation stiffness of the

device (as shown in figure 2.8).

By means of the new design parameter β (introduced earlier as the ratio between the

re-centering stiffness and the post-activation stiffness), a general equation to estimate the

EVD of VFS can be derived. First, the area under the hysteretic curve can be written as:

Ah = 4Vµ∆d + (Vd − Vµ)∆d + (Vµ − Vd1)∆d (2.15)

Where:

Vd1 = Krec∆d + Vd (2.16)
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Figure 2.9: Hysteretic energy dissipated by a Variable Friction System

And the re-centering stiffness is given by:

Krec = βKtot (2.17)

The post-activation stiffness and the design shear can be expressed as:

Ktot =
Vd − Vµ

∆d

(2.18)

Where Vd=α Vµ

Combining all the equations, the area under the hysteretic curve can be rewritten as:

Ah = 4Vµ∆d + (αVµ − Vµ)∆d + (Vµ − β(
αVµ − Vµ

∆d

+ Vµ))∆d (2.19)
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Which can be simplified to:

Ah = Vµ∆d(α− αβ + β + 3) (2.20)

The EVD of a generic VFS can be therefore calculated as:

ξeq = Vµ∆d(
α− βα + β + 3

2πVd∆d

) (2.21)

And simplified to:

ξeq =
α− βα + β + 3

2πα
(2.22)

Displacement Reduction Factor

It is well known that increasing the damping of a structure has the beneficial effect of

reducing the overall demand on the system itself. This demand reduction is incorporated in

most design frameworks (including in the DDBD) by means of a reduction factor, η. Once

the equivalent properties of the system to be designed are estimated, the seismic demand

on the system is calculated assuming a damping ratio of 5%. This demand is subsequently

reduced (or amplified) through the reduction factor η, which is estimated as a function of

the EVD computed for the system under investigation.

This idea is outlined in Figure 2.10, where it is shown that the displacement demand on

a system with an estimated effective period equal to T, is first computed considering a 5%

damping ratio and successively reduced to account for the higher damping ratio available in

the system (deriving from the dissipated hysteretic energy).

Therefore, the damping reduction factor η, can be seen as the ratio between the displace-

ment experienced by an over-damped system (an equivalent system with damping ratio equal

to the estimated EVD) and the displacement experienced by a system with 5% damping.

ηξ =
∆ov

∆5%

(2.23)
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Figure 2.10: Spectral displacement reduction due to damping

The damping reduction factor is therefore smaller than 1.0 for damping ratios that are

larger than 5%, while it can be greater than 1.0 if the EVD is smaller than 5% (which could

be the case for a steel structure responding elastically or nearly elastically to an earthquake).

There are currently a number of design equations that are available to estimate the

demand reduction factor directly from the EVD. Examples of formulations presented in

literature, are the current and the previous EC8 [EC8, 1998] equations, which relate damping

to the spectral reduction factor as follows:

Previous EC8

ηξ =

√
7

2 + ξeq
(2.24)

Current EC8

ηξ =

√
10

5 + ξeq
(2.25)

Equation 2.24 was recommended in a previous edition of the EC8, while equation 2.25

represents the relationship between EVD and η that the EC8 currently recommends.

Clearly, if one wishes to use an existing EVD expression for design, it is important that
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they use it together with the damping reduction relationship that was characteristic of the

records used to develop the EVD expression itself. To this extent, note that Priestley

et al. [2007c] have been advocating the use of the old EC8 damping reduction expression

(Equation 2.24) for DDBD, even though it seems that the current EC8 damping reduction

expressions can better represent the effects of viscous damping on real ground motion spectra.

Their motivations for doing this stemmed from the observations that inelastic displacements

were best predicted when the previous EC8 damping reduction expression was used. For

this reason, Calvi et al. [2016] recommended to use equation 2.24 to estimate the demand

reduction factor for VFS isolated structures.

Properties of the Variable Friction System

In order to complete the desingn of a VFS, it is necessary to be able to select the physical

properties of the device (e.g. radius of curvature, number of rings, frictional properties etc.),

as a function of the selected design parameters (α, β, and ∆d) and of the outcome of the

DDBD procedure. These aspects are discussed in the following of this section.

A Curved VFS can be seen as a system made of a flat VFS and a frictionless pendu-

lum working in parallel. The hysteresis of a flat VFS is outlined in figure 2.11 (a), while

the hysteresis of a frictionless pendulum is shown in 2.11 (b). Combining these two force-

displacement responses, the hysteresis of a curved VFS, approximated using a simple piece-

wise linear response, is obtained (Figure 2.11(c)).

It can be seen that a curved VFS behaves as a rigid-elastic system under increasing or

decreasing lateral loads. The lateral motion begins when the applied shear overcomes the

activation shear Vµ. At this point, the lateral stiffness of the system, Ktot, is engaged. The

post activation stiffness is partly due to the increasing friction coefficients and partly due

to the radius of curvature of the sliding surface. The lateral force can be increased up to a

certain maximum value referred to as Vd (or Vmax).

As the lateral shear decreases, the system responds again rigidly until the re-centering

shear, Vd1 is overcome. At this stage, the bearing begins to move back toward the center of
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the sliding surface. The re-centering stiffness is a function of the frictional properties and

of the radius of curvature that characterize the device and its slope could assume positive,

neutral or negative sign.

It should be noted that a curved VFS converges to a traditional FP if the frictional

properties of the sliding surface are maintained constant (i.e. µ is single-valued).

Considering a curved VFS, the activation shear, Vµ, can be calculated as WµL that are the

weight born by the isolation system and the lowest friction coefficient (which characterizes

the central ring of the device). Vd and ∆d (or Vmax and ∆max) are the design values of lateral

shear and displacement. In this context, the post-activation stiffness of the system can be

expressed as:

Ktot =
Vd − Vµ

∆d

(2.26)

Given the re-centering shear Vd1, the re-centering stiffness can be expressed in an analogous

manner as:

Krec =
Vd1 − Vµ

∆d

(2.27)

The two key design parameters introduced earlier are the design-to-activation shear ratio α,

and the re-centering-to-post-activation stiffness ratio β, mathematically defined as follows:

α =
Vd
Vµ

(2.28)

β =
(Vd1 + Vµ)/∆d

(Vd − Vµ)/∆d

=
Vd1 + Vµ
Vd − Vµ

(2.29)

With reference to the frictionless pendulum, the lateral stiffness and the lateral shear at the

design displacement can be written as:

KR =
W

R
(2.30)
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VdR =
W

R
∆d (2.31)

Similarly, it is possible to derive the fundamental properties of the flat VFS:

Vdµ = Vµ +Kµ∆d = Vd −
W

R
∆d (2.32)

Kµ = Ktot −KR =
Vd − Vµ

∆d

− W

R
(2.33)

Since re-centering shear for flat VFS is −Vdµ it is possible, after substitutions, to write

re-centering shear for curved VFS as:

Vd1 = −Vdµ + VdR = −Vd + 2
W

R
∆d (2.34)

At this point, substituting Vd1 into the β equation (Eqn. 2.29) and solving for the radius

of curvature R:

R =
W∆d

(0.5β + 0.5)(Vd − Vµ)
(2.35)

Substituting R into the frictional stiffness equation, Kµ can be conveniently re-written as:

Kµ = Ktot − (0.5β + 0.5)Ktot (2.36)

Equations 2.35 and 2.36 are extremely important as they allow a designer to determine

all the geometrical and mechanical properties of the base isolation device right after selecting

the design displacement and the coefficient β, and after having determined the magnitude

of the design and the activation shear forces (this point will be discussed in more detail in

later sections).

More specifically, as discussed by Calvi and Ruggiero [2016], at this point the designer
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has two options:

• Select geometry of sliding surface (size of each ring) to calculate friction coefficient to

be assigned to each ring as:

µi = µL +
Kµ

W
x̄i (2.37)

Where x̄i is center point of ring i.

• Select friction coefficients to be assigned, and calculate radius of each ring.

r1 = r0 (2.38)

x̄i =
µi − µL

Kµ
W

(2.39)

ri = x̄i + (x̄i − ri−1) = 2x̄i − ri−1 (2.40)

They also suggested that the smallest center ring be the size of the bearing. They also

observed that the maximum number of rings needed to give an approximate linear response

is given by:

n ≥ 2∆D

Do

(2.41)

where n is the number of concentric rings to be used for design, ∆d is the design dis-

placement of the isolator, and Do is the diameter of the top plate of the isolator. They also

recommended to use identical diameter for the inner circle and the bearing (the size of the

bearing could be dictated by the vertical loads and by the resulting vertical pressure).
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Chapter 3

VERIFICATION OF THE DAMPING PROPERTIES OF
VARIABLE FRICTION SYSTEMS

As discussed in Chapter 2, the design process for VFS, at least at a preliminary level, is

overall well defined. Once the designer has selected the design parameters α and β, which

define the main characteristics of the desired base isolation device, the design of the optimal

VFS can be completed following the straightforward steps summarized earlier.

However, it should be evident from the discussion presented in the previous chapter,

that a number of relatively empirical parameters are employed within the design framework.

These parameters are the EVD of the base isolator and the associated displacement reduction

factor η, which is key in determining the displacement demand on the system.

As discussed, Calvi et al. [2016] and Calvi and Ruggiero [2016] have proposed to use a

classic Jacobsen approach to estimate the EVD of the VFS, and have therefore derived a

number of design equations to conveniently compute this parameter at the beginning of the

design process. Once the EVD has been calculated, it is recommended that the displacement

demand on the system be calculated as the demand on an equivalent system with a viscous

damping ratio of 5%, multiplied by a reduction factor computed using Equation 2.24, which

was provided in a previous edition of the EC8.

These propositions were based on the observation that the same approach has worked

successfully in the past for a number of structural systems, including structures base isolated

by means of Rubber Bearings and Friction Pendula. However, they have not yet been

validated for the newly proposed VFS.

Thus, the main objective of this chapter is to conduct a numerical study on the damping

properties of generic VFS, using the results of NLTH analysis to check the validity of the
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current design assumptions and, when necessary, to improve on the existing design equations.

This chapter is therefore organized into three subsections: first, the adopted procedure,

the ground motions, the numerical modeling assumptions, and the case study structures are

introduced; second, the results of a very large number (more than 500,000) of NLTH analysis

are processed and presented along with comparisons to existing design equations; third, the

reasons for discrepancy between the existing design equations and the results of the analyses

are examined, and a set of new of equations is calibrated to better estimate these parameters

for design purpose.

3.1 Estimating Damping Properties from Non-Linear Time History Analysis

The process employed to estimate the EVD provided by generic VFS and the associated

displacement reduction factor η is summarized in figure 3.1. The case study structures, con-

sisting of rigid (i.e. characterized by very large lateral stiffness) or flexible SDOF systems,

were first selected. These structures, were then isolated by means of VFS with various char-

acteristics. The case study systems were fully defined in terms of seismic weight, hysteretic

response, and viscous damping ratio (all this is described in more detail in section 3.1.3).

A ground motion was then selected as the input for the NLTH analysis, which was

conducted using a customized computer program written in MATLAB (see section 3.1.2)

and applied to the structure as shown in figure 3.1.

At the end of the analysis, the maximum displacement experienced by the SDOF system,

∆max, and corresponding lateral force, Vmax, were recorded. These parameters were used to

estimate the effective stiffness, Kef , of the system (the secant stiffness at peak displacement)

and the effective period of vibration, Tef (figure 3.1 (b)). The parameter α was also computed

as Vmax/Vµ.

At this point, a linear SDOF system with effective characteristics (Kef and Tef ) was

analyzed using the same input ground motion. The viscous damping ratio assigned to this

system was progressively increased, until the maximum displacement of the linear “effective”

system matched that of the non-linear system. This damping ratio was therefore recorded
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as the EVD of the case study system (figure 3.1 (c)).

The displacement reduction factor associated to a given value of EVD was computed

as the ratio between the ∆max experienced by the previously analyzed non-linear system

(or by the linear effective system with assigned damping ratio equal to the EVD) and the

displacement of the linear effective system with assigned viscous damping ratio of 5%.

This process was repeated for 50 different ground motions scaled at different magnitudes,

so to obtain a large dataset relating the EVD, η and α.

This process was employed for both rigid and flexible case study structures. However,

when flexible structures that are assigned non-zero viscous damping ratio are analyzed, the

EVD estimated at the end of the process includes the viscous damping of the system as well.

Because the objective at this stage was to isolate the EVD provided by the VFS alone, some

post processing of the results was required. More specifically, the EVD provided by the base

isolator alone was calculated rearranging Equation 2.8, proposed by Priestley et al. [2007c],

as:

ξiso =
ξeq∆max − ξstr∆str

∆iso

(3.1)

Where ξiso is the EVD of the VFS alone. In equation 3.1, ξeq represents the total EVD

computed from the NLTH analysis, ∆max is the maximum displacement experienced by the

SDOF system, ∆str is the peak displacement of the flexible structure with respect to the base

isolator (computed as Vmax/Ks, Ks being the stiffness of the structure), ξstr is the viscous

damping ratio assigned to the structure (either 2% or 5%), and ∆iso is the peak displacement

of the base isolator (computed as ∆max-∆str).

3.1.1 Ground Motions

A total of 50 real ground motions were selected as input for the numerical analyses con-

ducted in this study. The records were selected from the PEER- NGA West 2 database,

and the search criteria were set so that the outcome would consist of a set of accelerograms

compatible with the MCE spectrum for the San Francisco area (shown in figure 3.2 for
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spectral acceleration (a), and displacement (b)). When specified for a damping ratio of 5%,

this target spectrum has a maximum spectral acceleration at short period (SMS) of 1.5 g, a

maximum spectral acceleration at 1 second (SM1) of 0.871 g and a long period (TL) of 12

seconds.

In the selection process, a preliminary screening was performed to limit the search to

records pertaining to soil type C (i.e. “very dense soil and soft rock”) and whose nearest

rupture distance to the fault (Rrup) was from 0.56 km to 218 km . The wide distance range

aimed to include both near-fault and far-field events. The ground motions were appropriately

scaled so that the average acceleration and displacement spectra associated to the motions

matched the selected design spectra.

To this end, the displacement and acceleration spectra associated with each accelerogram,

along with the average spectra, are depicted in figure 3.2. It can be seen that the average

curves lie reasonably close to the target (design) spectra, while the individual curves, in

some instances, diverge from the average. The divergence between average and individual

spectra are even more remarkable at short periods, with reference to accelerations, and at

long periods, with reference to displacements. However, while in this context it is reasonable

to expect a somewhat substantial dispersion within the results of the numerical analyses,

the observed discrepancies between average and target curves are considered reasonable for

the purpose of this study.

The key characteristics of the 50 records selected are summarized in Table 3.1. It should

be noted that the scale factors listed are those required to have a match between the in-

dividual records and the target spectra. However, the magnitude of each ground motions

was scaled in the analyses to simulate more or less intense earthquakes, considering factors

ranging from 0.1 to 10 times the values listed in Table 3.1 for scale factors (at intervals of

0.1, so a total of 100 earthquake intensities were considered).
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Figure 3.2: Target and average (a) acceleration spectrum and (b) displacement spectrum
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Table 3.1: Table of selected ground motions

SN RSN Scale Factor Earthquake Name Year Magnitude Rrup Max PGA
(km) (g)

SN RSN Scale Factor Earthquake Name Year Magnitude Rrup (km) Max PGA(g)
1 9 10.43 ”Borrego” 1942 6.5 56.88 2.14
2 12 9.60 ”Kern County” 1952 7.36 117.75 1.65
3 15 4.85 ”Kern County” 1952 7.36 38.89 2.87
4 17 22.37 ”Southern Calif” 1952 6 73.41 3.08
5 20 3.31 ”Northern Calif-03” 1954 6.5 27.02 1.62
6 26 10.49 ”Hollister-01” 1961 5.6 19.56 2.99
7 28 12.28 ”Parkfield” 1966 6.19 17.64 2.50
8 31 5.93 ”Parkfield” 1966 6.19 12.90 4.69
9 36 4.78 ”Borrego Mtn” 1968 6.63 45.66 1.37
10 38 43.47 ”Borrego Mtn” 1968 6.63 199.84 1.40
11 40 19.09 ”Borrego Mtn” 1968 6.63 129.11 2.53
12 51 17.05 ”San Fernando” 1971 6.61 55.20 1.84
13 53 63.54 ”San Fernando” 1971 6.61 113.02 1.50
14 54 61.73 ”San Fernando” 1971 6.61 214.32 1.60
15 55 55.06 ”San Fernando” 1971 6.61 112.52 2.14
16 61 88.12 ”San Fernando” 1971 6.61 218.75 1.60
17 67 77.36 ”San Fernando” 1971 6.61 130.98 1.76
18 68 3.04 ”San Fernando” 1971 6.61 22.77 2.29
19 74 53.91 ”San Fernando” 1971 6.61 193.91 1.41
20 76 54.89 ”San Fernando” 1971 6.61 110.18 1.39
21 77 0.92 ”San Fernando” 1971 6.61 1.81 2.77
22 82 13.11 ”San Fernando” 1971 6.61 68.84 1.84
23 83 14.99 ”San Fernando” 1971 6.61 52.64 3.30
24 84 74.27 ”San Fernando” 1971 6.61 205.77 1.24
25 86 37.48 ”San Fernando” 1971 6.61 124.79 1.61
26 88 6.49 ”San Fernando” 1971 6.61 24.87 4.79
27 90 23.46 ”San Fernando” 1971 6.61 124.41 1.50
28 92 33.02 ”San Fernando” 1971 6.61 70.23 3.64
29 93 7.97 ”San Fernando” 1971 6.61 39.45 2.83
30 96 4.06 ”Managua Nicaragua-02” 1972 5.2 4.98 3.00
31 170 2.64 ”Imperial Valley-06” 1979 6.53 7.31 1.99
32 178 2.22 ”Imperial Valley-06” 1979 6.53 12.85 2.24
33 180 1.55 ”Imperial Valley-06” 1979 6.53 3.95 1.98
34 182 2.15 ”Imperial Valley-06” 1979 6.53 0.56 1.70
35 184 1.69 ”Imperial Valley-06” 1979 6.53 5.09 2.54
36 185 2.28 ”Imperial Valley-06” 1979 6.53 7.50 2.13
37 285 4.78 ”Irpinia Italy-01” 1980 6.9 8.18 2.09
38 316 2.44 ”Westmorland” 1981 5.9 16.66 1.88
39 838 5.30 ”Landers” 1992 7.28 34.86 1.87
40 1489 2.41 ”Chi-Chi Taiwan” 1999 7.62 3.76 1.75
41 1491 2.69 ”Chi-Chi Taiwan” 1999 7.62 7.64 1.37
42 1493 2.81 ”Chi-Chi Taiwan” 1999 7.62 5.95 2.09
43 1511 1.93 ”Chi-Chi Taiwan” 1999 7.62 2.74 2.25
44 4847 2.13 ”Chuetsu-oki Japan” 2007 6.8 11.94 1.69
45 6887 3.79 ”Darfield New Zealand” 2010 7 18.05 2.35
46 6906 0.96 ”Darfield New Zealand” 2010 7 1.22 1.44
47 6911 1.19 ”Darfield New Zealand” 2010 7 7.29 1.92
48 6960 3.01 ”Darfield New Zealand” 2010 7 13.64 2.41
49 6969 3.03 ”Darfield New Zealand” 2010 7 20.86 1.73
50 8161 1.76 ”El Mayor-Cucapah Mexico” 2010 7.2 11.26 1.88
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3.1.2 Numerical Modeling

The numerical simulations were conducted using a customized computer program coded in

MATLAB [MathWorks, 2012], originally written by Calvi and Ruggiero [2016] and adapted

to perform the tasks required in this study (discussed in the introduction of this chapter).

The program solves the incremental equation of motion using a linear acceleration Newmark-

Beta integration algorithm [Newmark and Rosenblueth, 1971] and can perform the analysis

of non-linear SDOF structures, characterized by arbitrary hysteretic response. The isolation

system was simulated using a non-linear translational spring characterized by an appropriate

relationship between lateral force and displacement (see figure 3.1 (a)), while the supported

structure was modeled using a linear spring. The hysteresis of the spring representing the

base isolation system, was defined as a function of the isolator selected (key parameters are α

and β). While the main aspects of the numerical modeling of VFS were discussed in section

2.2.2, the key equations employed to define the hysteretic response of each system within

each routine calculations, are reported below:

Fr(x) =

max[min(F1(x), F2(x− xp)), F3(x)] ifx ≥ 0

max[min(F4(x), F2(x− xp)), F5(x)] ifx < 0

Where xp is a plastic displacement offset calculated at each converged stage of the analysis

as:

xp = x− xµ (3.2)

and Vact, k0, kp are the activation shear, pre-activation stiffness, and post-elastic stiffness

respectively of the system.

Note that the program is modified to consider any arbitrary β value in the analysis, as

mentioned in section 2.2.2.

Three values of viscous damping ratio were considered and assigned to the case study

systems in this phase of the work: the rigid systems were assigned a damping ratio of 0%,
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while the flexible systems were assigned either 2% or 5%. Unfortunately, there is currently

no agreement as to how the viscous damping of a base isolated structure should be modeled

in the context of NLTH analyses [Pant et al., 2013; Petrini et al., 2008].

In this study, the damping constant “c” to be assigned to the various structures in

the numerical models was computed proportionally to the post-activation stiffness, rather

than to the initial stiffness (which can be very large for friction-type base isolators). This

modeling choice is in line with the recommendations of Pant et al. [2013] and was driven

by the desire to avoid the introduction of unrealistically high values of viscous damping in

the systems [Petrini et al., 2008], which would lead to un-conservative predictions of the

performance the structures [Ryan and Polanco, 2008].

Clearly, modeling the viscous damping of systems with assigned damping ratio of 0% is

not a concern as, in this case, the only source of damping in the numerical models comes

from the “hysteretic” component provided by the isolation system.

3.1.3 Case Study Structures

This section describes the case study structures utilized for the numerical study. The “design”

of the case studies was performed by first selecting three “target” structures, isolated by

means of traditional FP systems. The properties of these target FP systems were as follows:

• Lateral displacement capacity of 0.45 m

• Radii of curvature of 2.5 m, 3.1 m, and 3.7 m

• Medium friction coefficient (5.5%)

• Bearing diameter of 0.3 m (and consequently a sliding surface diameter of 1.2 m)

It was further assumed that the structures had a seismic weight of 6,000 kN and that this

was also the magnitude of the total vertical load.
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Figure 3.3: Force- displacement response of selected FP systems with their fundamental
property values

Three FP devices with the desired characteristics were therefore selected from a manu-

facturer’s catalog [Industriale, 2012], and all the fundamental design properties, namely the

design shear Vd, the activation shear Vµ, and the post-activation stiffness Kp, were calculated.

The hysteresis of the three “target” FP systems selected are summarized in figure 3.3.

At this point, a total of 24 VFS, characterized by β values ranging from -1.0 to 0.75 (at

0.25 intervals), were designed to “mimic” the response of the target FP systems described

above. The properties of the VFS were therefore assigned to guarantee that the backbone of

the hysteretic curve characterizing the force-displacement response of each VFS traced that

of the companion FP systems.

The outcome of the design of the VFS (performed in line with the discussion presented
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Figure 3.4: Force- response of VFS with equivalent backbones for FP with (a) R= 2.5 m (b)
R= 3.1 m (c) R= 3.7 m; plan view (d) of a VFS with 4 rings

in section 2.2.1), is summarized in figure 3.4 and in Table 3.2.

It is known that different structural systems, or structures made of different materials,

can rely on different amounts of viscous damping. For example, it is common practice to

assign a damping ratio of 5% to reinforced concrete structures, 2% to steel buildings, and

10% to masonry structures.

In this context, it was of interest to investigate whether the viscous viscous damping

specified for a base isolated structure affects the effective damping properties of the VFS

and, if yes, in what ways. At the same time, it was of interest to gage if the effective

damping properties of a VFS are influenced to any extent by the dynamic properties of the
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Table 3.2: Case study structure frictional properties based on varying FP radius

FP R= 2.5 m; µ= 5.5%

β 0.75 0.5 0.25 0.00 -0.25 -0.5 -0.75 -1.00

µ1(%) 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5

µ2(%) 6.6 7.8 8.9 10.0 11.1 12.3 13.4 14.5

µ3(%) 7.4 9.3 11.1 13.0 14.9 16.8 18.6 20.5

µ4(%) 8.1 10.8 13.4 16.0 18.6 21.3 23.9 26.5

R (m) 2.86 3.33 4.00 5.00 6.67 10.00 20.00 ∞

FP R= 3.1 m; µ=5.5%

β 0.75 0.5 0.25 0.00 -0.25 -0.5 -0.75 -1.00

µ1(%) 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5

µ2(%) 6.4 7.3 8.2 9.1 10.0 10.9 11.9 12.8

µ3(%) 7.0 8.5 10.0 11.5 13.1 14.6 16.1 17.6

µ4(%) 7.6 9.7 11.9 14.0 16.1 18.2 20.3 22.4

R (m) 3.54 4.13 4.96 6.20 8.27 12.40 24.80 ∞

FP R= 2.5 m; µ= 5.5%

β 0.75 0.5 0.25 0.00 -0.25 -0.5 -0.75 -1.00

µ1(%) 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5

µ2(%) 6.3 7.0 7.8 8.5 9.3 10.1 10.8 11.6

µ3(%) 6.8 8.0 9.3 10.6 11.8 13.1 14.4 15.6

µ4(%) 7.3 9.0 10.8 12.6 14.4 16.1 17.9 19.7

R (m) 4.23 4.93 5.92 7.40 9.87 14.80 29.60 ∞
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isolated structure.

To investigate these aspects in the NLTH analyses, a set of SDOF case study struc-

tures, with different characteristics were considered. It was assumed that these case study

structures had to be base isolated using the VFS described earlier. Each base isolator-super

structure assembly was modeled as a SDOF system, with an hysteretic response calibrated

treating the two elements as springs in series.

The structures to be isolated were either “rigid” or “flexible”, with a seismic weight of

6,000 kN, and had the following characteristics:

• Rigid Structure: a very high lateral stiffness was selected (e.g. 10,000 times the post

activation stiffness of the base isolator). A viscous damping ratio of 0% was assigned

to the structural assembly. In this case, the energy dissipation was therefore entirely

provided by the hysteretic response of the base isolator.

• Flexible Structures: three values of stiffness (35,455 kN/m, 17069 kN/m and 7,942

kN/m) and two values of damping ratio (2% and 5%) were considered. The idea was

to cover a range of periods of vibration that could be representative of structures of

different heights (e.g. 4 story, 8 story and 12 story), and to target the two damping

ratio most widely used in practice for traditional structural systems.

The fundamental properties of the case study structures are reported in Table 3.3.

In summary, a total of 189 (the 7 structures listed in Table 3.3 times the 9 base isolator

types described above, times the 3 radii of curvature selected) base isolated SDOF case study

structures were selected and analyzed via NLTH analyses.

3.2 Non-Linear Time History Analysis Results

The key results of the NLTH analysis conducted in this phase of the work are summarized

and presented in this chapter. Only the results of a few representative case study systems are
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Table 3.3: Summary of case study structures selected

Superstructure Storeys ξ Stiffness Time Period

(approx.) (%) (kN/m) (s)

Rigid 1 0 10000*W/R 0.03

Flexible 1 4 2 35455 0.825

5

Flexible 2 8 2 17069 1.189

5

Flexible 3 12 2 7942 1.743

5

included herein. Given that the main objective of the investigation discussed in this chapter

is to relate the main properties of VFS (i.e. α and β) to their damping characteristics and,

consequently, to appropriate values of displacement reduction factors, two types of graphs

will be presented for systems identified by different values of β: EVD vs α, and EVD vs η.

3.2.1 Examination of the Results

Rigid Structures with zero viscous damping ratio

The results pertaining to the “rigid” case study structures with assigned damping ratio of

0% are presented in this subsection. The results of each single analysis are first represented

by the couple α - ξeq. This outcome is outlined in Figure 3.5, for systems characterized by

three values of β, namely 1.0 (representing an FP) (a), 0 (representing a BowC) (b), and

-1.0 (representing a BowTie) (c) . It should be noted that the results are not separated as a

function of the radius of curvature of the target FP device, in light of the observation that

this parameter had virtually no effect on the damping properties of the various systems.

For the three selected β values (i.e. 1.0, 0 and -1.0), Figure 3.5 (d) includes the results

of all analyses, (obviously plotted separately for each β). The solid curves represent the
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average trends, while the dashed curves represent the average plus or minus the computed

standard deviation. Also, the average trends for all rigid systems analyzed, are reported in

Figure 3.5(d).

From Figure 3.5 it can be noted that the EVD of all systems is essentially identical for

low values of α (EVD for α = 1.5). It can also be noted that the EVD decreases with

increasing α. However, it can be observed that the EVD decreases more rapidly for systems

characterized by higher βs. For instance, the average EVD of a system with β = 1.0 (i.e. an

FP device), drops from roughly 40% to roughly 8% as α grows from 1.5 to 9.0. In contrast,

the average EVD of a system with β = -1.0 (i.e. a BowTie device) goes from about 40% to

roughly 27%, considering the same range of α values. It can be seen that the EVDs for all the

other systems considered, follow analogous trends. This first trends observed are consistent

with the expectations: smaller βs produce “fatter” hysteretic loops, which translates into a

greater amount of energy dissipated, with consequent larger EVD values. At the same time,

the qualitative relationship between EVD and α expressed by Equation 2.22 is confirmed by

the results of the analyses (note that increasing α values correlate to increasing earthquake

intensity).

While the results of Figure 3.5 confirm, to some extent, that VFS with smaller β values

have a higher energy dissipation capacity, and in turn higher EVD, it can be observed, in

the same Figure, that the scatter of the whole data set around the average curves is overall

quite large and that it increases as β decreases. The mean coefficient of variation (defined

the standard deviation divided by the mean), summarized in Figure 3.6 as a function of α,

is approximately 30%, 34%, and 43% for the systems with βs of 1.0, 0, and -1.0.

The mean coefficient of variation for all the systems analyzed is summarized in Table 3.4.

It can be seen that the trend shown in Figure 3.6 is confirmed. However, while the mean

COV tends to increase as β decreases, its value stays roughly constant and equal to 30% for

systems with positive β values. Even though the values reported in Table 3.4 are just the

mean COVs, they provide a good indication of the overall trend as the COV is not greatly

affected by the parameter α (i.e. it stays roughly constant throughout the whole α range).
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Figure 3.6: Scatter of COV vs. α for rigid SDOF

Figure 3.7 presents the results of the NLTH analyses performed on rigid case study

structures in terms of η - EVD. The results of each individual analysis are outlined in

Figure 3.7, for systems characterized by three values of β, namely 1.0 (representing an FP)

(a) , 0 (representing a BowC) (b) and -1.0 (representing a BowTie) (c). As discussed earlier,

the results are not separated as a function of the radius of curvature of the target FP device,

Table 3.4: Variation Data for EVD vs α for the rigid structure

Beta 1 Beta 0.75 Beta 0.5 Beta 0.25 Beta 0 Beta -0.25 Beta -0.5 Beta -0.75 Beta -1

µ 0.17 0.18 0.20 0.22 0.24 0.26 0.29 0.29 0.29

σ 0.05 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.13

COV 0.30 0.31 0.30 0.31 0.34 0.35 0.36 0.37 0.43
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in light of the observation that this parameter had no effect on the damping properties of

the various systems. The solid curves represent the average trends, while the dashed curves

represent the average plus or minus the computed standard deviation. Also, the average

trends pertaining to all β values, are reported in Figure 3.7 (d). It should be noted that, in

this case, the average COV is essentially constant and roughly equal to 22%.

For all systems, the most notable conclusion that can be drawn from Figure 3.7 is that the

value of the demand reduction factor η, decreases as the EVD increases. This is consistent

with the idea that higher energy dissipated corresponds to higher EVD and, in turn, in a

lower seismic demand on the system. It is also interesting to note that, when expressed

in terms of these two parameters, the results appear to be essentially independent of β, as

shown in Figure 3.7 (d).

Flexible Structures with non-zero viscous damping ratio

As introduced earlier, it was of interest to examine whether the viscous damping assigned

to the isolated system or its dynamic properties (i.e. its “elastic” period of vibration) had

any effect on the damping properties of the VFS. To shed some lights on these matters, this

section presents the NLTH analyses results pertaining to the “flexible” case study structures.

Although structures characterized by three different periods of vibration and two viscous

damping ratios were considered, only the results pertaining to the case study referred to as

“Flexible 1”, with specified damping ratio of 5%, are discussed in detail as they are considered

representative of all the studied systems.

Figure 3.8 shows the results of each single analysis, again represented by the couple α -

EVD. This outcome is outlined in Figure 3.8, for systems characterized by three values of

β, namely 1.0 (representing an FP) (a), 0 (representing a BowC) (b) and -1.0 (representing

a BowTie) (c). It should be noted that, for consistency with Figure 3.5, the EVD values

summarized in Figure 3.8 are only those provided by the VFS (computed using Equation 3.1)

and not those associated to the base isolator-structure assembly.

The solid curves in Figure 3.8 represent the average trends, while the dashed curves
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Figure 3.9: Scatter of COV vs. α for flexible 1 SDOF with 5% damping ratio

represent the average plus or minus the computed standard deviation. Also, the average

trends for all “Flexible 1” with 5% visocus damping systems, are reported in Figure 3.8(d).

It can be seen that the “flexibility” of the system or the presence of a non-zero viscous

damping do not really modify the outcome of the analyses. In fact, all the observations made

in the previous sections hold.

The results of Figure 3.8 confirm what discussed above that is VFS with smaller β values

seem to possess higher energy dissipation capacity, and in turn higher EVD. However, it is

again apparent that the scatter of the whole data set around the average curves is overall

quite large and that it increases as β decreases. The mean coefficient of variation (defined as

the standard deviation divided by the mean), summarized in Figure 3.9 as a function of α, is

approximately 28%, 32%, and 38% for the systems with βs of 1.0, 0, and -1.0, respectively.

For convenience, the mean coefficient of variation for “Flexible 1” systems with damping

ratio of 5% is summarized in Table 3.5. It can be seen that the trend shown in Figure 3.9,
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Table 3.5: Variation Data for EVD vs α for the selected flexible structure

Beta 1 Beta 0.75 Beta 0.5 Beta 0.25 Beta 0 Beta -0.25 Beta -0.5 Beta -0.75 Beta -1

µ 0.20 0.21 0.22 0.23 0.24 0.26 0.28 0.29 0.31

σ 0.06 0.06 0.07 0.07 0.08 0.09 0.10 0.11 0.12

COV 0.28 0.29 0.29 0.31 0.32 0.34 0.35 0.36 0.38

and observed earlier for rigid structures, is confirmed.

It is again instructive to look at the results of the NLTH analyses in terms of η-EVD. The

results of each individual analysis are outlined in Figure 3.10, for systems characterized by β

values of 1.0 (a) , 0 (b) and -1.0 (c). The solid curves represent the average trends, while the

dashed curves represent the average plus or minus the computed standard deviation. The

average trends pertaining to all β values, are reported in Figure 3.10. Analogously to what

observed for rigid structures, the average COV is essentially constant and roughly equal to

20%.

All other trends observed earlier are also confirmed: the value of the demand reduction

factor, η, decreases as the EVD increases and the results appear to be essentially independent

of β. To this end, Figure 3.10(d) shows that the average curves for all systems lie reasonably

close to an overall mean curve.

In addition to the observed results, Figure 3.11 is provided as evidence of the fact that

changing the “flexibility” of the isolated structure or modifying its viscous damping ratio do

not significantly affect the EVD provided by the VFS itself. More specifically, Figure 3.11(a)

summarizes the mean results (i.e. the mean EVD of the base isolator) pertaining to a system

with β = 1.0, isolating structures characterized by different periods of vibration; Figure 3.11

(b) outlines the same results but pertaining to a system with β = 1.0, isolating case studies

“Flexible 1” and “Rigid” with different elastic damping ratios.
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Based on the results of these sections, it is considered reasonable that, for design purposes,

the EVD provided by a VFS be calculated solely as a function of parameters such as α and

β, disregarding the dynamic properties of the structure to be isolated. On this account, for

the remainder of this chapter, the results pertaining to the different case study structures

analyzed will be combined.

Figure 3.11: Difference in EVD response across (a) for 2% damping assigned structures and
with varying flexibility (including rigid), and (b) Flexible 1 structures with different damping
(including rigid) structure

3.2.2 Comparison with existing design equations

In this chapter, the results of the NLTH analyses presented and discussed thus far, are

compared to the design equations outlined in Section 2.3.2 that are currently “in use” for

VFS.

As discussed, one of the design steps that are necessary to design a VFS consists of

estimating the EVD of the system. This is currently done using Equation 2.22, as soon as

the design parameters α and β have been selected.

The EVD values obtained from the NLTH analyses, separated for different β values (all

the values considered are shown, except for β = 0), are presented in Figure 3.12 versus

the estimates obtained using Equation 2.22. It can be seen that Equation 2.22 does a

reasonable job at capturing the trends and the qualitative relationship between EVD and



59

α for all cases. However, there is always some discrepancy (sometimes significant) between

the mean NLTH results and the curves recommended for use within the DDBD method for

VFS. It can be seen in Figure 3.12 that, for VFS with higher β, Equation 2.22 tends

to be closer to the mean NLTH analyses results, and to underestimate the EVD that the

system possesses. However, this trends reverses as the value of β decreases. The best overall

agreement between the design equation and the NLTH results can be observed for β = 0.5,

while the worst agreement occurs for systems with β = -1.0.

The discrepancy between theoretical estimates and NLTH results is quantified numerically

in Figure 3.13. The “Error”, is simply defined as the difference between the EVD estimated

via Equation 2.22 and the corresponding value extracted from the NLTH analyses.

It can be seen that the Error is small (and on the conservative side) for systems with β

ranging from 0.5 to 1.0, and it tends to grow as the value of β decreases. As mentioned,

the largest error occurs for β = -1.0, for which the EVD appears to be overestimated, on

average, by 10%.

Overestimating the EVD may result in an excessively low design reduction factor, and

in turn, in designing the base isolation systems for excessively low seismic demands. This is

apparent, referring to the discussion presented in section 2.3.2, where it was discussed that

the EVD is estimated within the design process with the sole objective of calculating the

demand reduction factor η. Two design equations for the calculation of this parameter were

reported in section 2.3.2, where it was also suggested that Equation 2.24 should be favored

over Equation 2.25.

The reduction factors η, and the EVD values obtained from the NLTH analyses, are

presented in Figure 3.14 along with the estimates obtained using Equations 2.24 and 2.25.

The mean analyses results and the mean plus and minus one standard deviation are also

included in the graphs. It should be noted that, following the discussion presented in previous

chapters, the η - EVD results are no longer grouped as a function of the various parameters.

This is done on account of the apparent in-dependency of the relationship between these two

parameters with respect to any other variables considered in the parametric study conducted.
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Figure 3.12: EVD (from isolator) vs α results for all structures combined, for β=
1,0.75,0.5,0.25,-0.25,-0.5,-0.75,-1 (top to bottom)
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Figure 3.13: Error values from equation 2.22 and experimental data for different β systems

It can be seen in Figure 3.14 that both Equations 2.24 and 2.25 do a pretty good job

at capturing the average relationship between η and EVD. Obviously, some discrepancy

exists between the design equations and the results of the NLTH analyses. In particular, it

appears that the mean NLTH analyses results fall in between the two design curves, with

Equation 2.25 overall on the conservative side and Equation 2.24 slightly un-conservative.

The discrepancy between theoretical estimates and NLTH results is quantified numerically

in Figure 3.15. The “Error”, is defined as the difference between the η estimated via design

equations 2.24, and 2.25 and the corresponding value extracted from the NLTH analyses, for

different EVDs.

All the trends and the reasons for the discrepancies presented in this Chapter are further

discussed in section 3.3, where alternative design equations are developed and proposed.
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Figure 3.14: η vs EVD for all systems combined, compared to existing equations

Figure 3.15: Error values for η vs EVD calculated as difference between equation 2.24, 2.25
and average of experimental data for different β systems



63

3.3 Design Parameters Calibration

The previous chapter has emphasized that the EVD design equations recommended for use

within the DDBD process for VFS have merit, in that they provide some means of capturing

the relationship trends between the EVD, and the design parameters α and β.

However, it has also been shown that some discrepancies exist between the NLTH analysis

results and the outcome provided by the design equations. In particular, while the estimates

provided for systems characterized by positive β values may be acceptable from both a

qualitative and quantitative perspective, this is not necessarily the case for systems with low

βs.

Because the available design equations seemed to be more suitable for systems with higher

β, while losing accuracy as β decreases, it was believed that the best way to explain this

trend was to look closely at the dynamic response of all the systems analyzed, and to find

something that was fundamentally different in the response of systems with different βs.

A thorough post-processing of the results of the NLTH analyses showed something very

interesting: VFS characterized by positive βs tend to produce a quite symmetric response

(i.e. the recordedpositive peak displacements roughly correspond to the negative peak dis-

placements), while VFS with negative βs are prone to a non-symmetric response. This is

shown in Figure 3.16, in which the force-displacement response of systems with different

values of β (namely: 1.0, 0.25, -0.25 and -1.0) to one of the input ground motions is outlined.

With reference to the same figure, it can be further seen that the asymmetry is more pro-

nounced as the value of β decreases. While these are only the results of one of the analyses, it

should be noted that they are representative of the whole numerical campaign and that this

trend is observed, to different extents, for all input ground motions at all intensities. While

there are other aspects of the response of the different systems as a function of the design

parameter β that may be of interest, the focus of this chapter is exclusively on the damping

properties. However, the overall performance of VFS (considering all relevant aspects) will

be further discussed in Chapter 4.
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Figure 3.16: Force-displacement behavior of (a) Friction Pendulum ( β=1.0), (b) β =0.25,
(c) β=-0.25, and (d) β= -1.0; displacement history for these systems (e)
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Figure 3.17: Force-∆ response of un-symmetrical arbitrary VFS

The symmetry or asymmetry of the force-displacement response of a system is extremely

relevant with respect to the EVD that a system possesses, as current design equations were

derived relying on the assumption that all systems manifest a symmetrical hysteretic re-

sponse. However, as the results of the NLTH analyses have shown, the response of a VFS

may be highly non-symmetrical, particularly for decreasing values of β. Treating a non-

symmetrical hysteresis as symmetrical, leads to overestimating the area under the force-

displacement curve and, in turn, the available EVD (since the EVD is directly related to the

hysteretic area).

The general “idealized” hysteretic response of a VFS is outlined in Figure 3.17. It is shown

that the “positive” area (the area under the curve to the right of the vertical axis) may be

larger than the “negative” area (the area under the curve to the left of the vertical axis).

Clearly, the “negative” area could be greater than the “positive” area, but this eventuality

does not defeat the point of the discussion that follows.

With reference to Figure 3.17, the total area under the hysteretic curve, Ah, should be

computed as the sum of the two areas, as follows:

Ah = Ap + An (3.3)
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To express the “negative” area as a function of the “positive” area, a corrective parameter,

γ, is introduced so that:

Ah = Ap + An = Ap + γAp (3.4)

It was derived in section 2.3.2 , that the EVD term associated to Ap can be computed solely

as a function of the design parameters α and β as:

ξeq,p =
α− αβ + β + 3

4πα
(3.5)

Therefore, combining Equation 3.4 and Equation 3.5, the total EVD of the system can

be calculated as:

ξeq =
α− αβ + β + 3

4πα
+ γ

α− αβ + β + 3

4πα
(3.6)

The corrective coefficient γ is meant to quantify the asymmetry in the hysteretic response

and, in turn, to quantify the reduced EVD available. This coefficient was calibrated directly

from the results of the NLTH analyses, trying to maximize the reduction of the “Error”

inherent in Equation 2.22. In particular, the error is defined as the difference between the

EVD computed via Equation 2.22 and the mean EVD extracted from the NLTH analyses.

This can be expressed as:

Error(E) = EVDEqn.2.22 − EVDNLTH (3.7)

If it is assumed that the newly proposed Equation perfectly matches the mean results of

the NLTH analyses, the error can be rewritten as:

E =
α− αβ + β + 3

2πα
− (

α− αβ + β + 3

4πα
+ γ

α− αβ + β + 3

4πα
) (3.8)

Which can be rearranged to obtain:

γ = 1− E 4πα

α− αβ + β + 3
(3.9)
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Figure 3.18: Calibration of error for varying β value as a linear approximation

The mean Error E, obtained directly from the results of the NLTH analyses is presented

in Figure 3.18 as a function of the design parameter β.

It can be seen (Figure 3.18) that there is a roughly linear trend between the Error and

β. This allows for the calibration of a simple equation to relate the two parameters:

Error = −0.07β + 0.03 (3.10)

Which leads to an expression for the corrective parameter γ of the form:

γ = 1− (−0.07β + 0.03)
4πα

α− βα + β + 3
(3.11)

Combining Equation 3.10 and Equation 3.11, the following relationship can be found:

ξeq =
α− αβ + β + 3

4πα
+ (1− (−0.07β + 0.03)

α− αβ + β + 3

4πα
) (3.12)
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Which can be simplified to:

ξeq =
α− αβ + β + 3

2πα
+ (0.07β − 0.03) (3.13)

Equation 3.13 represents a general design equation to calculate the EVD of a generic

VFS. Its performance can be appreciated in Figure 3.19. As expected, the new equation

matches the mean results of the analyses well for all β values. In the future, it should be

tested for VFS with different characteristics and considering different sets of input ground

motions.

It was shown in section 2.3.2 that the relationship between the EVD and the reduction,

is overall well captured by both Equations 2.24 and 2.25. As such, there is no real need

for any substantial modifications of the available design equations. However, it was shown

that the mean NLTH analyses results fell in between the two design curves and that, as

a consequence, Equation 2.24 tends to provide slightly more conservative estimates than

Equation 2.25, despite Equation 2.25 is still recommended when using DDBD procedures.

In any case, in the attempt of minimizing the discrepancy between design equations and

the NLTH analyses results, a new equation is introduced, that better fits the results of the

current study:

ηξ =

√
9

5 + ξeq
(3.14)

It can be seen that Equation 3.14 represents a minor modification of the existing functions

and that the “structure” of all three equations reported in this study is identical. Moreover,

it should be noted that even though Equation 3.14 lies closer to the mean results of the

analyses, it hardly represents an improvement over the existing equations, which are still

considered satisfactory and possibly better, when employed with a different set of ground

motions.

The discrepancy between the three design equations and the results of the NLTH analyses
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Figure 3.19: EVD (from isolator) vs α results for all structures combined, for β=
1,0.75,0.5,0.25,-0.25,-0.5,-0.75,-1 (top to bottom) compared with results from equations 2.22
and 3.13
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Figure 3.20: η vs EVD for all systems combined, compared to existing and proposed equations

Figure 3.21: Error values for η vs EVD for equations 2.24, 2.25, and 3.13 for different β
systems
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are quantified mathematically by calculating an “Error” (defined earlier), which is shown

graphically in Figure 3.21.

3.4 Conclusions

This chapter has presented the results of an extensive numerical study aimed at investigat-

ing the damping properties of the recently proposed VFS. Of particular interest, were the

relationship between the design parameters α and β, the EVD that a device can rely on, and

the relationship between the EVD and the design demand reduction factor, η.

The results of the analyses have demonstrated that VFS may rely on high energy absorp-

tion and, in turn, on higher EVD coefficients. This is particularly true as the systems are hit

by stronger ground motions and are therefore characterized by high values of α. Decreasing

the value of the design parameter β has the effect of creating devices with fatter hysteretic

loops and high damping. However, it was discussed that decreasing β has also the effect of

causing a greater scatter in the results, and of enhancing the probability of non-symmetrical

response.

It was also shown that the EVD that a VFS possesses, is not affected by fundamental

characteristics of the isolated structures, such as their viscous damping ratio or their period

of vibration. It was observed that current design equations for VFS that relate the design

parameters α and β to the EVD of the device, are fairly accurate for systems with positive

βs but they lose in accuracy as the value of β decreases. This trend was attributed to the

non-symmetrical response that VFS, and particularly those characterize by low values of

β, tend to experience and by the fact that current deign equations were derived assuming

perfectly symmetrical response. For these reasons, a new general design equation capable of

accounting for the asymmetry in the response of a VFS was derived and proposed.

Finally, it was discussed how available design equations relating the EVD to the design

demand reduction factor do a reasonably good job at approximating the mean results of the

NLTH analyses, however a new equation was proposed that gives the best results.
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Chapter 4

PERFORMANCE OF VARIABLE FRICTION BASE
ISOLATED SDOF SYSTEMS

This chapter presents a numerical investigation on the performance of SDOF case study

structures isolated with VFS. The dual aim of this chapter is to provide some insight into the

dynamic behavior of these systems, providing some information on how to select the device

parameters to maximize the systems’ response, and to validate the design process presented

in the previous chapters. These objectives were achieved by conducting a large number of

NLTH analysis on a comprehensive set of case study structures. To this end, two sets of

structures were considered:

• Set A included all the case study structures described in Chapter 3.1.3;

• Set B consisted a new group of case studies, discussed in more detail in later sections.

The analyses were performed using the customized computer program described in sec-

tion 3.1.2, and the numerical models assembled as discussed earlier. The input ground

motions considered are those described in section 3.1.1 and summarized in Table 3.1, scaled

at different intensities.

The results of the analyses are presented and discussed in detail. Interesting aspects of

the behavior of VFS are emphasized and some preliminary conclusions on the advantages

and drawbacks of the various systems are drawn.

The Chapter is broken into two main subsections: first, the results of the analyses per-

taining to the case study structures of Set A are presented; second, the case study structures

pertaining to Set B are described and the results of the analyses discussed in detail.



73

4.1 NLTH Analysis Results: Set A

The case study structures of Set A have been extensively described in section 3.1.3. How-

ever, in section 3.1.3, the results of the NLTH analyses conducted on this set of structures

were mainly discussed from a damping properties standpoint. In this chapter, the results of

the numerical analyses are processed in terms of overall performance of the VFS analyzed.

Chapter 3 has outlined how 189 case study structures were tested numerically under a suite

of 50 spectrum compatible ground motions, scaled at a number of intensities (the scale fac-

tors were varied from 0.1 to 10, at 0.1 increments). This wide range of scale factors were

considered with the intent to study the response of the structures under relatively small to

very large earthquakes, and to examine the systems response in a variety of scenarios. How-

ever, this led to consider earthquakes characterized by unrealistically high or excessively low

peak ground accelerations (PGAs). For this reason, only selected ground motion intensities

(i.e. with realistic values of PGA) are studied closely herein (scale factors of 0.5, 1.0, 1.5 and

2.0 are considered).

Even though the base isolators were designed for a peak lateral displacement of 0.45 m

(see 3.1.3), it was assumed herein that their displacement capacity was in fact larger and

the analyses were not terminated if the isolators reached the design displacement. This was

done in the interest of studying the system performance under ground motions with large

magnitude (i.e. greater than the design earthquake magnitude).

4.1.1 Rigid SDOF Structures

Figure 4.1 shows the design level (i.e. EQ multiplier equal to 1.0, PGA = 0.591g) results,

pertaining to the Rigid case study structures, in terms of the four main parameters of interest.

The results are separated as a function of the radius of curvature characterizing the target

FP systems considered. It can be seen that lowering β has beneficial effects with respect to

lateral forces (figure 4.1(c)) and accelerations (d), but tends to produce systems with lower

re-centering capabilities (figure 4.1 (b)).
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Figure 4.1: Case study B structures results of NLTHA in terms of (a) maximum displace-
ments, (b) residual displacements, (c) maximum lateral forces, and (d) maximum accelera-
tions
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It should also be observed that the lower the value of β, the lower the displacement

demand on the system (Figure 4.1 (a)). It is interesting to point out that, pertaining to

parameters such as displacements, forces, and accelerations, the scatter of the results is

lower for systems with low β. However, this trend is reversed when considering residual

displacements.

The effects of using different radius of curvature R can also be observed. Basically, using

smaller radius (i.e. higher post activation stiffness) is beneficial with respect to parameters

such as maximum and residual displacements but tends to induce greater lateral forces and

accelerations in the system.

Important topics of discussion are the effect of the earthquake magnitude, and the per-

formance of the systems when hit by rare and frequent events (i.e. of higher and lower

magnitude with respect to the design earthquake). The effects of the earthquake intensity

on the structures are shown in Figure 4.2. As mentioned, four scale factors (0.5, 1, 1.5 and

2, corresponding to PGAs = 0.296g, 0.591g, 0.89g, and 1.18g, respectively) are considered.

Since the role played by the radius of curvature R appeared to be minor, this parameter is

eliminated by computing the average results, with respect to R.

For convenience, the peak displacements extracted from the analyses are normalized

with respect to a nominal displacement of 0.45 m. For a hypothetical frequent earthquake

(SF=0.5), all systems experienced similar maximum displacements, about 25% of the nominal

capacity (Figure 4.2 (a)). As the earthquake intensity increased, systems with different βs

manifested different responses. At scale factor of 2.0, the displacement demand on the FP

appears to be much higher (2.9 times the nominal capacity) compared to the demand on

a BowTie (1.75 times nominal capacity). Other devices have demands in between these

two bounds. It can also be seen that the demand on the FP increases more rapidly than

for a BowTie. The mean results, the standard deviation, and the coefficient of variation (

µ, σ, and COV respectively) have also been included in Table 4.1. With respect to peak

displacements, these parameters grow as the values of β decrease. This suggests that systems

with higher β are somewhat less reliable, at least with respect to this response parameter
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(the peak displacement). A similar trend is observed with respect to the peak lateral forces,

while the trend reverses if the residual displacement is taken as the response parameter of

interest.

Analogously to the peak displacements, the peak lateral forces have been normalized

with respect to the nominal strength of the system, 1200 kN (for FP R=3.1), and plotted

against the earthquake multipliers (Figure 4.2(b)). Again, it is seen that at small earthquake

intensity, all the systems experience analogous response, and that this trend changes at

larger earthquake intensity. It can also be seen that lower the value of β, lower is the lateral

force that the isolator attracts. Since forces and accelerations are closely related, analogous

conclusions can be drawn for both parameters.

The residual displacements have been normalized with respect to the corresponding max-

imum displacements, and plotted against earthquake intensity multipliers (Figure 4.2 (c)).

It can be seen that, at all intensity levels, the residual displacement is higher for systems

with low βs and vice versa.

However, the issue of the residual displacement is not as simple as measuring its magni-

tude following a seismic event and should be further examined.

To this end, consider a scenario in which an FP with the characteristics of the target

system (R = 3.1 m, µ = 5.5%) is used to protect a rigid 6,000 kN structure against a rare

event (e.g. EQ Multiplier = 1.5). In this context, the maximum displacement demand on the

system would be 0.84 m (1.87 times 0.45 m, the capacity of the reference device). Neglecting

the size of the slider, this performance could be achieved by employing an FP with a diameter

of 1.7 m. Alternatively, the FP system could be replaced by a less costly 1.7 diameter β=

-1.0 VFS, with identical backbone response. If this was the case, the maximum demand on

the VFS would be 0.55 m.

Based on the results reported in Figure 4.2 (d), the expected residual displacements for

the two systems would be 0.042 m and 0.42 m, respectively. It is evident that in case of an
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Table 4.1: Results obtained for case B structures for different earthquake intensities

Normalized Displacement ( ∆max/∆d)
EQ Multiplier 0.5 EQ Multiplier 1 EQ Multiplier1.5 EQ Multiplier 2

β µ σ COV µ σ COV µ σ COV µ σ COV
-1.00 0.25 0.12 0.48 0.72 0.25 0.35 1.23 0.40 0.33 1.75 0.54 0.31
-0.75 0.25 0.12 0.49 0.72 0.26 0.36 1.22 0.42 0.34 1.73 0.57 0.33
-0.50 0.25 0.12 0.50 0.73 0.28 0.38 1.26 0.44 0.35 1.8 0.58 0.33
-0.25 0.24 0.13 0.51 0.74 0.29 0.39 1.31 0.45 0.35 1.89 0.61 0.33
0.00 0.25 0.13 0.52 0.76 0.30 0.40 1.38 0.49 0.35 2.04 0.68 0.34
0.25 0.25 0.13 0.52 0.81 0.33 0.40 1.48 0.54 0.37 2.18 0.76 0.35
0.50 0.25 0.13 0.53 0.86 0.36 0.42 1.59 0.62 0.39 2.37 0.88 0.38
0.75 0.25 0.14 0.53 0.91 0.41 0.45 1.72 0.72 0.42 2.60 1.04 0.40
1.00 0.26 0.14 0.54 0.96 0.46 0.48 1.87 0.85 0.45 2.89 1.31 0.46

Normalized Maximum Force ( Vmax/Vd)
EQ Multiplier 0.5 EQ Multiplier 1 EQ Multiplier1.5 EQ Multiplier 2

β µ σ COV µ σ COV µ σ COV µ σ COV
-1.00 0.46 0.09 0.19 0.80 0.19 0.23 1.18 0.30 0.25 1.56 0.40 0.26
-0.75 0.45 0.09 0.20 0.80 0.19 0.24 1.17 0.31 0.26 1.54 0.42 0.27
-0.50 0.45 0.09 0.20 0.81 0.21 0.26 1.20 0.33 0.27 1.60 0.44 0.27
-0.25 0.45 0.09 0.20 0.82 0.22 0.26 1.24 0.34 0.27 1.66 0.46 0.28
0.00 0.45 0.09 0.21 0.83 0.23 0.27 1.29 0.37 0.29 1.77 0.51 0.29
0.25 0.45 0.10 0.21 0.87 0.25 0.28 1.36 0.41 0.30 1.88 0.57 0.31
0.50 0.46 0.10 0.21 0.90 0.28 0.30 1.44 0.47 0.33 2.02 0.67 0.33
0.75 0.46 0.10 0.22 0.94 0.31 0.33 1.54 0.55 0.35 2.19 0.79 0.36
1.00 0.46 0.10 0.22 0.98 0.35 0.35 1.65 0.63 0.38 2.40 0.98 0.41

Normalized Residual Displacement ( ∆res/∆d)
EQ Multiplier 0.5 EQ Multiplier 1 EQ Multiplier1.5 EQ Multiplier 2

β µ σ COV µ σ COV µ σ COV µ σ COV
-1.00 0.67 0.29 0.43 0.76 0.22 0.30 0.77 0.22 0.29 0.78 0.21 0.27
-0.75 0.59 0.28 0.48 0.57 0.29 0.52 0.57 0.28 0.50 0.57 0.28 0.50
-0.50 0.48 0.27 0.56 0.42 0.26 0.61 0.39 0.28 0.72 0.39 0.28 0.72
-0.25 0.36 0.26 0.72 0.35 0.23 0.67 0.30 0.23 0.77 0.28 0.22 0.80
0.00 0.29 0.24 0.84 0.25 0.20 0.81 0.18 0.17 0.94 0.18 0.17 0.98
0.25 0.26 0.22 0.86 0.17 0.13 0.79 0.14 0.17 1.21 0.13 0.14 1.13
0.50 0.25 0.21 0.84 0.12 0.14 1.18 0.10 0.11 1.07 0.07 0.08 1.16
0.75 0.23 0.20 0.88 0.10 0.11 1.07 0.07 0.09 1.26 0.05 0.06 1.11
1.00 0.20 0.18 0.91 0.08 0.08 1.02 0.05 0.05 1.05 0.04 0.05 1.18
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aftershock the FP could rely on its full displacement capacity. However, the β = -1.0 VFS

could also rely on nontrivial residual capacity, namely 0.43 m, which may be sufficient to

absorb the effects of potential aftershocks.

It is now assumed that the same two systems are hit by a more intense event. Considering

an EQ Multiplier equal to 2.0, the displacement demand on the FP would grow to 1.3 m

which is well beyond the maximum capacity of the device, designed for a more frequent event

(∆max = 0.85 m). In contrast, the demand on the β = -1.0 VFS would only correspond to

0.7 m, which could be easily absorbed by the device. The VFS would also be left with a 0.3

m displacement capacity following the event, which may be sufficient to protect the structure

against secondary events.

This example was presented with the intent of pointing out that the real issue that should

be addressed is being able to predict what residual displacement should be expected for the

various base isolation systems, rather than blindly trying to limit its value sacrificing the

overall performance in terms of other parameters.

To this end, it is interesting to note that the normalized residual displacement appears

to be somewhat independent of the earthquake intensity, particularly for EQ multipliers

greater or equal to 1.0 (Figure 4.2 (c)). The normalized residual displacement can then be

represented in a more convenient way solely as a function of β, as shown in Figure 4.3. This

kind of graphs could be used to link the design displacement to the residual displacement so

as to explicitly consider this important parameter over the course of the design phases.

This information, in combination with the knowledge of the demand imposed by potential

aftershocks and secondary events, would permit to establish whether a certain value of

residual displacement is acceptable. Designing for a target residual displacement in addition

to maximum displacement, force, and acceleration would consent a more rational design

and a more complete control over the response of the systems, ultimately leading to the

possibility of selecting the optimal device for the desired performance.



80

Figure 4.3: normalized residual displacement for EQ intensity =1

4.1.2 Flexible SDOF Structures

The response of the “flexible” case study structures (see section 3.1.3) under the design

earthquake (PGA of 0.591g) is examined in this section. Figure 4.4 shows the response of all

systems in terms of peak accelerations (representative of peak lateral forces as well), peak

displacements, and residual displacements. Figure 4.4 (a) shows the results pertaining to

case study “Flexible 3” with damping ratio of 5%, keeping the results separated as a function

of the radius of curvature of the “target” FP systems (2.5 m, 3.1 m, and 3.7 m).

Analogously to what observed for “Rigid” SDOF structures, a larger value of R (which

corresponds to a flatter device) makes for systems that attract lower accelerations and forces,

but higher peak and residual displacements. For instance, considering the FP system, the

displacement demand grows by approximately 15% going from a system with R =3.7 m to a

system with R = 2.5 m. However, considering the same two systems, the acceleration varies

only by about 0.05%. This suggests that R has a greater influence on displacements than on

forces and accelerations.
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Figure 4.4 (b) shows response of all structures in terms of the key parameters, separating

the results in terms of the superstructures flexibility. Only structures with a 5% damping

ratio are considered, since the trend is similar for structures with 2%. In this case, the variable

R is eliminated by averaging the results pertaining to the different R values. The structures’

flexibility does not appear to have a significant influence on peak displacements. Overall, case

study “Flexible 3” experiences the highest displacements across all β values, while “Flexible

1” experiences the lowest displacements. This trend is somewhat different with respect to

residual displacements. More specifically, “Flexible 3” structures are characterized by the

highest residual displacements at positive β values, while “Flexible 1” have higher residual

displacements at negative β values. This may suggest that, in these respects, softer structures

work better with VFS with negative β, and vice versa. This trends appear reversed, if

accelerations are considered.

The effects of assigning different viscous damping ratios to the case study structures can

be examined closely from Figure 4.5. As expected, the overall seismic demand is lower on the

structures with higher damping ratio. With reference to case study “Flexible 3”, it can be

seen in Figure 4.5 that increasing the damping ratio by 3% reduces the acceleration demand

by approximately 5%, and the peak displacement by about 8%. The residual displacement

is reduced by approximately 15%.

Analogously to what done for “Rigid” SDOF structures, the effect of varying earthquake

intensity was studied for flexible structures and summarized in Figure 4.6. The results

are separated as a function of the assigned viscous damping ratio. The results have been

normalized as discussed earlier for “Rigid” systems.

It can be seen that, in general, the normalized lateral force and the normalized dis-

placement follow analogous trends that is they steadily increase with increasing earthquake

intensity. The demands tend to grow as the value of β grows. Similar results were seen

earlier for the “Rigid” SDOF systems, but the demands appear to be lower this time. As

expected, the seismic demand decreases if the damping ratio is increased, while the demand

increases if the earthquake intensity is increased.
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It can further be noted that, at small earthquake intensities, the normalized residual

displacement values for all β systems, are approximately the same, and is very low for 5%

damped systems, while tends to spread out as damping is lower (figure 4.6 (a) and (b)). This

may be attributed to the fact that VFS tends not to activate at small earthquake intensities,

particularly if the systems possess high damping. As the earthquake intensity increases, the

systems see an increase in the normalized residual displacement values (highest for β= -1

systems). As the intensity increases further, the data tends to stabilize at similar values for

both the 2% and 5% damped systems. This implies that, for high intensity earthquakes, the

beneficial effects that come from possessing higher viscous damping vanish, as the hysteretic

damping term becomes predominant.

4.2 NLTH Analysis of Case Study Structures: Set B

As introduced, in addition to the case study structures presented in section 3.1.3, NLTH

analyses are carried out in this phase of the work considering a new set of SDOF case

study structures (Set B), whose design and fundamental properties are discussed below. The

main objective of this chapter it to validate the design process for VFS, discussed in earlier

chapters, while providing further insight into the dynamic behavior of VFS.

4.2.1 Case Study Structures (Set B)

The case study structures pertaining to set B were designed following the DDBD step by

step procedure described in section 2.3.2. The newly proposed equation for calculating the

EVD (Equation 3.13) was integrated in the design framework, while Equation 3.14 was used

to estimate the design demand reduction factor η. All structures were designed under the

following assumptions:

• The structures to be isolated are considered rigid, and characterized by a 0% damping

ratio
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• A constant vertical load of 6000 kN is applied on the isolators, and all load is taken by

one isolator

• The bearing diameter is taken as 0.3 m for all systems

• The target displacement is taken as 0.3 m at the isolation layer

• The seismic input is represented by a linear displacement spectrum that is specified

for 5% damping, that has a displacement of 1.45 m at period of 6 seconds (consistent

with the spectrum shown earlier in Figure 3.2)

• The design-to-activation shear ratio (the coefficient α) for all devices is equal to 3

(which is a reasonable value for FP systems that are currently produced)

• The loading-to-re-centering stiffness of the devices (the coefficient β) is varied between

-1.0 and 1.0 at intervals of 0.25.

Based on the outlined assumptions, 9 different base isolators were designed. The isolators

have different hysteresis, but are expected to meet the same maximum displacement at the

isolation layer. The design outcome is summarize in Tables 4.2 and 4.3, while the force-

displacement curves associated with the various systems are shown in Figure 4.7. It can

be seen that given a certain displacement demand, devices with lower β are characterized

by greater equivalent damping, lower design and activation shear forces and larger radius of

curvature. The implications of these aspects will be discussed later, with the results of the

numerical analyses.

From a practical standpoint, to accommodate the displacement demand and taking into

account the size of the bearing, the FP system (β = 1.0) was made of a single sliding surface

with a diameter of 0.9 m. For the VFS, the design requirements listed in Table 4.2 can
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Table 4.2: Structural design properties from DDBD (Set B)

β ξeq η ∆ at 6s Teff Keff Vd Vµ µ1 Kp Kµ R

(m) (s) (kN/m) (kN) (kN) (%) (kN/m) (kN/m) (m)

1 25.22% 0.51 0.74 2.45 4029.33 1208.80 402.93 6.7 2686.22 0.00 2.23

0.75 26.12% 0.50 0.72 2.49 3900.01 1170.00 390.00 6.5 2600.01 325.00 2.64

0.5 27.03% 0.49 0.71 2.53 3778.74 1133.62 377.87 6.3 2519.16 629.79 3.18

0.25 27.93% 0.48 0.70 2.57 3664.78 1099.43 366.48 6.1 2443.18 916.19 3.93

0 28.83% 0.48 0.69 2.61 3557.49 1067.25 355.75 5.9 2371.66 1185.83 5.06

-0.25 29.73% 0.47 0.68 2.64 3456.31 1036.89 345.63 5.8 2304.20 1440.13 6.94

-0.5 30.64% 0.46 0.67 2.68 3360.72 1008.22 336.07 5.6 2240.48 1680.36 10.71

-0.75 31.54% 0.46 0.66 2.72 3270.28 981.08 327.03 5.5 2180.18 1907.66 22.02

-1 32.44% 0.45 0.65 2.75 3184.57 955.37 318.46 5.3 2123.05 2123.05 ∞

Table 4.3: Example design of set B structures

β 0.75 0.5 0.25 0.00 -0.25 -0.5 -0.75 -1.00

µ1 6.5% 6.3% 6.1% 5.9% 5.8% 5.6% 5.5% 5.3%

µ2 8.1% 9.4% 10.7% 11.9% 13.0% 14.0% 15.0% 15.9%

be met by arranging a series of sliding surfaces with 2 rings and diameters equal to 0.3 m

and 0.9 m, respectively. In this geometric configuration, each ring needs to be assigned the

friction coefficient values listed in Table 4.3. The constant radius of curvature to be assigned

to the various systems is reported in the last column of Table 4.2.

It should be noted that constructibility or other practical considerations may limit the

freedom in selecting a specific value of friction coefficient or radius of curvature. With this in

mind, it was nonetheless assumed that systems characterized by the exact values that came

out of the design process can in fact be realized, and were considered for the analyses.
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Figure 4.7: Force- displacement response of case study structure (left) and typical VFS
isolator (right)

Note that the friction coefficient for the FP was found to be 6.7% across the sliding

surface and a radius of curvature of 2.23 m (see Table 4.2), which is smaller than the radius

of curvature of all the systems with smaller β values. It can be seen in Figure 4.7 that the

VFS systems have an increasingly larger hysteresis for decreasing β value.

4.2.2 NLTH Analyses Results : Set B

The case study structures part of Set B were tested numerically, under the selected suite of

ground motions, scaled to match the intensity of the design spectrum. The key results of the

NLTHAs are summarized in Figure 4.8. Four parameters of interest are compared: maximum

displacement, residual displacement, maximum lateral force and maximum acceleration, As

a result of the application of 50 distinct ground motions, a range of outputs are obtained for

each case study system. The bar graphs show the average value over all 50 time histories,

while the error bars show the maximum and minimum values.

The first observation that can be made is that, on average, the maximum displacement

experienced by the isolators is reasonably close to the design displacement (i.e. 0.3 m),
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suggesting that the design method outlined in section 2.2.2 represents a reasonable design

approach. It can be seen in Figure 4.8(a) that the average maximum displacement reached

by the system characterized by β = -1.0 is about 5% higher than the target displacement

while the FP system (β = 1.0) undergoes a displacement of 0.28 m, which is about 7%

lower than the target value. These discrepancies are considered reasonable on account of

the uncertainties related to the input, represented by 50 ground motions that impose very

different demands on the systems and mimic the target spectrum only on average.

It is interesting to notice that even though the maximum displacement reached by the

various systems is uniform on average, there seems to be a greater spread of results as the

value of β turns from negative to positive. For instance, while the maximum displacement

achieved by a system with β = -1.0 ranges from 0.13 m to 0.53 m, an FP system (β = 1.0)

spans displacements from 0.07 to 0.67 m.

It is evident from Figure 4.8 (b) that the systems residual displacement tends to decrease

as the value of β turns from negative to positive, with the system characterized by β = -1.0

being the worst and the FP being the best performing system. This suggests that systems

with a low value of β may have problems in case of strong aftershocks as their displacement

capacity may be significantly reduced at the end of the main event. The scatter of the

results also tends to be greater for systems with negative β. Further discussion on the

systems performance in terms of residual displacement will be provided below.

Figures 4.8 (c) and (d) show that lateral forces and accelerations attracted by the systems

grow with the magnitude of β. As expected, lowering β provides better protection in terms of

these two parameters. As β decreases, the average demand as well as the scatter of the results

tend to decrease. For instance, the maximum lateral force on a flat VFS is 980 kN while

an FP system is subjected to 1,400 kN. In this context, a hypothetical structure protected

by means of an FP system would need to be 40% stronger than what would be necessary

in the case of a flat VFS. The lateral accelerations follow an analogous trend (Forces and

accelerations are closely related via the mass of the system), which means that a flat VFS

could be more effective at protecting non-structural elements and contents.
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Overall, the results outlined in Figure 4.8 confirm that VFS may have the potential

to outperform single-valued friction systems designed for the same target displacement with

respect to certain response parameters, and that increasing the energy absorption capabilities

of the devices (by lowering the value of β), has beneficial effects as it limits the forces and

the accelerations transferred to the superstructure.

The price for this enhanced protection is paid in terms of residual displacement, which,

as already discussed, tends to be greater for systems with low β values. This may jeopardize

the response of the systems in case of severe aftershocks. However, suitable solutions may be

found adopting systems with intermediate values of β. For instance, for the case analyzed, a

system with β= 0 may provide adequate protection of the isolated structure while simulta-

neously limiting the residual displacement to acceptable values, leaving room to absorb the

effects of potential secondary events (see the discussion presented in Section 4.1).

In addition to the issue of the residual displacement, there is another important aspect

of the response of VFS that has been already pointed out, but needs to be further em-

phasized, that is the tendency of systems characterized by low values of β to experience a

non-symmetric response. This can be seen in Figure 3.16, which shows the force-displacement

response of some of the systems analyzed to one of the ground motions. While the systems

with positive β undergo analogous maximum and minimum displacements, completing a

large number of vibration cycles, the systems with negative β, and particularly the system

with β = -1.0, tend to drift mainly toward the positive side of the graph. However, despite

its non-symmetric response, the system with β = -0.25 behaves substantially better than its

β= -1.0 counterpart as, while the latter gradually drifts away from the zero position, the

former ultimately returns to the center, limiting the residual displacement to 0.06 m.

Furthermore, likewise its positive β counterparts, the system with β = -0.25 undergoes

a large number of vibration cycles. In contrast, the system with β = -1.0 essentially stops

vibrating after completing a few cycles. The reason for this undesirable response lies in the

fact that the lower the value of β, the greater is the lateral force that needs to be generated

in order to initiate the reversed motion of the system.
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4.3 Conclusions

This section has studied response of rigid and flexible SDOF structures that use VFS char-

acterized by a wide range of values. Based on the results of the analyses, a number of

conclusions can be drawn about the performance of VFS as a function of a number of pa-

rameters.

For example, it was shown that decreasing the value of the design parameter β may have

beneficial effects and reduce the seismic demand on the system in terms of peak displacement,

acceleration, and lateral force. However, it was also shown that decreasing the value of β

tends to produce systems characterized by higher residual displacement, at the end of an

earthquake. Particularly critical in this regard are systems with β = -1.0, for which the

residual displacement is on average around 80% of the maximum displacement reached.

Although this may represent a significant drawback, pertaining to certain situations, it

has been discussed that systems with poor re-centering capabilities may still be employed to

achieve high overall seismic performance.

Analogously, increasing the radius of curvature of the sliding surface contributes to bring-

ing down the overall demands on the structures, while decreasing the re-centering capacity.

However, the observed changes are not significant across the three realistic values of R con-

sidered.

Effects of the flexibility and of the damping values of the superstructures on the isolators

performance were also examined. As expected, increasing the viscous damping ratio assigned

to the structure decreases the overall demand on the structure-isolator assembly, without

really affecting the performance of the isolator in any way. Analogously, the performance of

the base isolators is not affected by the dynamic properties of the supported structure (while

the performance of the overall system is obviously influenced by this parameter).
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Chapter 5

PERFORMANCE OF VARIABLE FRICTION BASE
ISOLATED MDOF SYSTEMS

Chapter 3 and 4 have studied some important aspects of the behavior of VFS, providing

insight into their damping properties and seismic performance for SDOF structures. How-

ever, only SDOF case study structures have been considered thus far. While studying this

type of systems is very useful in that a number of key aspects of the response of the base iso-

lation devices can be isolated and studied, there are some key parameters that are neglected,

and their effects are inevitably missed. For instance, real structures are characterized by

a number of degrees of freedom that may be high or low, but certainly greater than one.

Transitioning from SDOF to MDOF (Multiple-Degree of Freedom) structures clearly adds

some complications to the problem in terms of design, modeling, analysis, and interpretation

of the results. However, it also contributes to providing a more realistic expectation of the

performance of the base isolation systems, and in particular, of the newly proposed VFS.

While a thorough investigation on the response of “real structures” base isolated via VFS is

beyond the scope of the present study, some preliminary steps are made in this sense in this

chapter.

To this end 3 MDOF case study structures are designed, modeled and analyzed in the

following section. While the numerical models of the structures were kept very simple, and

the number of analyses conducted was somewhat limited, the results presented in this chapter

provide some preliminary understanding of the implications of employing VFS to base isolate

MDOF systems, particularly with respect to the effects of the higher modes of vibration.
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5.1 Case Study Structures

This section describes the case study structures utilized for the numerical study. The first

step of the process, consisted in designing three “target” MDOF structures, base isolated by

means of traditional FP systems. The design of these structures was performed using the

DDBD process, as described in 2.3. Structures with 4, 8, and 12 stories were considered.

The fundamental properties of the structures and the design parameters were as follows:

• The mass of each floor was 880 tonnes (this was computed assuming buildings with

a symmetrical 30 x 30 m plan). The mass was assumed to be the same for all floors

(including the roof)

• A 0.2% design drift ratio was selected for all structures (the low value was selected to

guarantee that all systems would respond elastically to the design earthquake)

• A viscous damping ratio of 5% was assumed for all structures

• The design displacement spectrum specified was represented by the curve reported in

Figure 5.1

The fundamental design properties selected for the FP systems were as follows:

• The design displacement of all isolators was 0.45 m

• The design parameter α was taken as 3.0

• The target pressure on each bearing was 70 MPa

• As a consequence of the target pressure, the bearing radii were: 0.15 m (for the 4 story

structure), 0.175 m (for the 8 story structure) and 0.2 m (for the 12 story structure)

• A total of 13 bearings were used to isolate each case study structure.
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Figure 5.1: Acceleration (a) and displacement (b) spectra for 30 selected ground motions
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Figure 5.2: Force-displacement response of selected FP systems with fundamental property
values

The step by step design process for base isolated structures described in section 2.3.2,

combined with the design parameters listed above, led to the design of FP devices with

characteristics summarized in Figure 5.2 (with R = 4.3 m and µ = 0.055), and to the case

study structures with the floor stiffness values listed in Table 5.1. Note, that the case study

buildings were modeled as “shear-type” systems: the masses, allowed exclusively to translate

in the x-direction, were lumped at each floor, and were connected through linear springs (with

stiffness calibrated to represent all the elements contributing to resisting the applied lateral

loads at a given level).

At this point, a total of 12 VFS, characterized by β values ranging from -1.0 to 0.5

(at 0.5 intervals), were designed to mimic the response of the target FP systems described



97

Table 5.1: MDOF structures: stiffness properties

Story Stiffness of each story (kN/m)

1 2 3 4 5 6 7 8 9 10 11 12

4 902089 680932 456864 229887

8 1787383 1573796 1357399 1138192 916174 691346 463707 233259

12 2655114 2448786 2239743 2027968 1813513 1596326 1376424 1153807 928475 700428 469667 236191

Table 5.2: MDOF structures frictional properties

β 0.5 0 -0.5 -1
µ1 5.50% 5.50% 5.50% 5.50%
µ2 6.74% 7.97% 9.21% 10.44%
µ3 7.46% 9.42% 11.39% 13.35%
µ4 8.26% 11.02% 13.78% 16.55%
R 5.73 8.60 17.20 ∞

above (analogously to what done in section 4.1 for SDOF case study structures). Thus, the

properties of the VFS were computed to guarantee that the backbone of the hysteretic curve

characterizing the force-displacement response of each VFS traced that of the FP system

companions shown in Figure 5.3 for (a) 4, (b) 8, and (c) 12 story designed structures. For

all VFS, the properties of the isolated structures are those discussed pertaining to the FP

systems. The outcome of the design of the VFS (performed in line with the discussion

presented in section 2.3.2), is summarized in Figure 5.3 and in Table 5.2. Note that only

friction design for a 4 story structure is included, since it is similar to design of 8 and 12

story structures.
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5.2 Numerical Modeling

In order to conduct numerical testing of the base isolated structures described in the previous

section, a customized computer program, coded in MATLAB [MathWorks, 2012] by Calvi

and Ruggiero [2016] and adapted for this project, was employed. This program can compute

the non-linear dynamic response of base isolated structures to base excitations by solving

the incremental equation of motion using a linear acceleration Newmark-Beta integration

algorithm [Newmark and Rosenblueth, 1971]. The program is ideal to perform the analy-

sis of non-linear multiple degree of freedom “shear-type” structures, such as that idealized

in Figure 5.4. The isolation system is simulated using a non-linear translational spring

characterized by the appropriate relationship between lateral force and displacement. The

hysteresis of this spring is defined as a function of the isolator selected, as discussed in chap-

ter 2.2.2. The structure is idealized through a series of masses connected by translational

springs that can be assigned linear or non-linear (elasto-plastic, with or without hardening)

hysteretic behavior. In this context, the masses are lumped at the floor levels and are allowed

to translate exclusively in the x-direction.

The damping matrix is obtained as a function of the tangent stiffness, assigning a low

damping ratio to modes 1 and (n - 1), where n is the number of stories. This modeling

choice is in line with the recommendations of Pant et al. [2013] and was driven by the fact

that a traditional Rayleigh’s model tends to produce unrealistically high damping of lower

frequencies [Petrini et al., 2008] leading to overly optimistic predictions of the performance

of base isolated structures [Ryan and Polanco, 2008].

The numerical simulations were run using a set of 30 real ground motions as input,

scaled to match the design earthquake. The characteristics of all records were listed earlier

in section 3.1.1, Table 3.1. the response spectra associated with each individual ground

motion are shown in Figure 5.1, above. Note that only the first 30 ground motions from

table 3.1 were considered for this study, and hence the spectral displacement was 1.43 m at

6 seconds.
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5.3 NLTH Analysis Results

5.3.1 Verification of the MATLAB Code

To check the reliability of the customized program at simulating the response of MDOF base

isolated structures, the 4-story case study structure, isolated via FP system, was modeled

using the software RUAUMOKO 2-D and subjected to the set of input ground motions se-

lected for the analyses. The same case study structure was analyzed through the customized

program, and the outcomes of the two programs were collected and compared. The results

of the analyses, expressed in terms of story shears and lateral displacements, are shown in

Figure 5.5.

Comparisons of time history results for a selected ground motion (RSN 74) are also

provided in Figure 5.6.

It can be seen that the results obtained from the two programs lie reasonably close, par-

ticularly with respect to lateral floor displacements (figure 5.6 (a)) compared to accelerations

(b). However, despite the attempt of maintaining identical assumptions and similar mod-

eling approaches across the two programs, minor discrepancies exist. These may be partly

attributed to slightly different damping models used within the two programs, partly to the

slightly different solving algorithms and partly to the somewhat different ways the base iso-

lator response is simulated (figure 5.7). Obviously, the observed differences may be due to

other issues, perhaps more relevant that those just pointed out, and this should be further

investigated in the future.

However, the overall performance of the customized MATLAB program was deemed

acceptable, particularly given the preliminary nature of the numerical study proposed in

this chapter, and it was decided to go ahead with the analyses of all case study structures.

5.3.2 Discussion of the NLTH Analysis Resuts

As discussed with reference to SDOF systems, the key outcome parameters of interest are

the maximum displacements, the peak accelerations, the inter-story shears and drifts and
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Figure 5.5: Story shear (a) and displacement (b) comparison from Ruaumoko and Matlab
results
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Figure 5.6: Displacement (a) and acceleration (b) time history for story 1 of a 4 story
structure
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Figure 5.8: Response of a 4 story structure in terms of (a) acceleration, (b) maximum
displacement, and (c) story shear

the residual displacements at the isolation layer. The NLTH analyses results pertaining to

these parameters, are shown in Figure 5.8 , for the 4-story case study structure and all the

base isolators considered.

Different conclusions can be drawn, with respect to different performance parameters.

For instance, it can be seen in Figure 5.8 (a) that the peak floor accelerations (PFA) are

higher at the ground level for all the devices considered. The PFAs drop in value at the first

floor, and then increase, somewhat linearly, moving to the upper stories. It is interesting to

note that, somewhat unexpectedly, the PFAs are lower for systems with higher β and vice

versa. For instance, in a system with β = -1.0, the PFAs grow roughly by a factor of 1.5 with
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respect to a system with β = 1.0. The higher than expected PFAs recorded can be attributed

to the effects of the higher modes, which are clearly more pronounced for systems with low

βs. This can be seen in Figure 5.8 (c), with reference to the inter-story shear profiles. While

the systems with positive βs experience analogous response, and shear diagrams that are

compatible (to different extents) with a linear distribution of lateral forces, the system with

negative βs are characterized by shear force diagrams which clearly show the contribution

of the higher modes of vibration. To this end, particularly critical is the system with β

= -1.0, which experiences the highest shear forces. It should be noted that this observed

trend is consistent with the mechanics of the different isolation devices. It was shown earlier

(section 3.16), that a VFS with β = -1.0 tends to complete a low number of vibration cycles,

responding to a seismic event, for the most part, in a locked position. When the base isolator

locks, the base isolated structure no longer benefits of the presence of the device and feels

the effects of the earthquake in full.

The benefit of lowering the value of β can be seen with reference to the displacement

profiles shown in Figure 5.8 (b). While the displacements profile grows roughly linearly

along the height of the structures, following analogous trends with respect to their base

displacement, it can be seen that lowering the value of β has the beneficial effect of lowering

the displacement demand at the isolation layer. However, it is interesting to notice that the

lowest demand in this sense is on the systems with β = -0.5 and not on the VFS with β of

-1.0, as one might expect.

Figure 5.9 (a) and (b) summarize the key results pertaining to the 8 and the 12 story

structures. The trends are similar to those observed for the 4-story structure analyzed above.

As reasonable to expect, the effects of the higher modes appear to be more pronounced as

the case study structures grow in height. To this end, the performance of systems with β=

-1.0 is further compromised, with the structures not only attracting high accelerations and

inter-story shears, but also high displacements both along the height of the structure and at

the isolation layer.

All the other systems, appear to provide analogous performance, doing slightly better or
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Figure 5.9: Response of (a) 8 and (b) 12 story structures in terms of acceleration, maximum
displacement, and story shear
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slightly worse, depending on the parameters of interest.

To fully characterize the performance of VFS employed to protect MDOF structures, it

is necessary to look closely at the seismic demand on the isolators. To this end, important

parameters include peak acceleration (at the ground level), peak base shear, peak displace-

ment and residual displacements. These results are shown in Figure 5.10 for all systems

analyzed. It can be seen that the ground level accelerations tend to decrease with increasing

βs, with peak values dropping from roughly 1.0 g, for the 12 story system with β = -1.0,

to about 0.84 g, for the same structure with β = 1.0. Neglecting the VFS with β = -1.0,

which provides the poorest performance with respect to all parameters, it can be seen that

the base shear attracted by the various systems increases with β. The same trend can be

observed with respect to peak displacements, while the residual displacements follow the

opposite trend. However, it can be seen that the three systems with β= 0, β = 0.5 and β=

1.0, can all rely on good re-centering properties as analogous (low) values of peak residual

displacements were recorded at the end of the analyses.

5.4 Conclusions

While the results presented in this chapter are of very preliminary nature, a number of

interesting observations can be made. First, the results presented herein have pointed out

a number of issues pertaining to flat VFS (β = -1.0) that were not evident following the

analysis of SDOF case studies. In contrast, it emerged that VFS with intermediate values of

β may bring some advantages, at least pertaining to certain performance parameters such

as peak lateral displacements.

While there is not a single VFS that has performed consistently better than the others,

one may cautiously conclude that a system with β = 0 may represent the optimal base

isolation solution for the structures analyzed, as it behaves consistently well, with respect to

all the parameters considered.

Overall, it is believed that the results discussed in this chapter are encouraging, partic-

ularly considering that the case study structures were designed considering a base isolation
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system made of a series of FP, and not targeting the optimal VFS characteristics.
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Chapter 6

CONCLUSIONS AND FUTURE WORK

A new family of friction bearings, referred to as Variable Friction Systems, have recently

been introduced as earthquake protection devices potentially capable of achieving high per-

formance. It is believed that the extra degree of freedom, introduced in the form of a sliding

surface characterized by variable friction properties, allows the designer to obtain high-

performing base isolators. This thesis has presented an extensive discussion on VFS, going

over the mechanics, the numerical modeling and the design processes currently available for

these systems. In this context, this research work has attempted to make some contribu-

tions towards a better understanding of the seismic behavior and performance of these new

systems, in the hope of furthering their development and practical implementation.

A number of tasks have been undertaken over the course of this project: first, the damping

properties of VFS have been studied and characterized; second, the performance of these new

devices has been studied through an extensive numerical campaign, conducted on SDOF case

study structures; third, a preliminary investigation on the effectiveness of VFS at protecting

MDOF structures has been carried out.

In the process, design equations to calculate the effective damping pertaining to VFS

with different characteristics, as well as equations to calculate design demand reductions,

have been validated and/or developed.

One important outcome of this project is that a generalized design approach for VFS

characterized by arbitrary combinations of radius of curvature and frictional properties, is

now available. To this end, the results of more than 500,000 nonlinear time history analyses,

conducted with a customized computer program, have been used to provide evidence of the

reliability of Direct Displacement Based Design approach (DDBD) proposed.
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The performance of different VFS (classified as a function of the parameterβ, the ratio

between the re-centering stiffness and the post-activation stiffness) has also been extensively

investigated. Studies on SDOF case study structures of various characteristics showed that,

in general, lowering the value of β tends to produce devices capable of higher performance

with respect to parameters such as maximum displacement, maximum forces, and maximum

accelerations. However, lowering the value of β tends to reduce the re-centering properties

of the systems. To this end, the re-centering properties of the systems remain high for all

positive values of β and acceptable for negative values of β greater than -0.5. Particularly

critical in this regard are systems with β = -1.0, for which the residual displacement is on

average around 80% of the maximum displacement reached.

Having base isolators with good re-centering properties is of relevance mainly with respect

to contingent aftershocks, which may induce further motion before the system has been

forcedly returned to its original position. This issue should be explicitly taken into account

during the design phases, and informed decisions should be made not only with respect to

the peak response of the systems, but incorporating the residual displacement, along with

aftershock induced demands, into a rational design framework. In fact, it has been discussed

that systems with poor re-centering capabilities may still be employed to achieve high overall

seismic performance. In general, different base isolation devices may have benefits and

drawbacks, depending on specific situations and particular needs. It should also be noted

that even though not addressed in this work, there may be practical constraints that may

limit the freedom to select certain values of friction coefficients or radii of curvature.

Preliminary analyses performed on MDOF case study structures have pointed out a

number of interesting aspects of the behavior of VFS that could not be observed while

studying SDOF systems. For instance, it was shown in Chapter 5 that flat VFS (β = -1.0),

when used in combination with MDOF structures, do not perform as well as expected and

that they may not be ideal solutions after all. However, the results of Chapter 5 have also

shown that VFS with intermediate values of β bring a number of advantages pertaining to

certain performance parameters, such as peak lateral displacements, and that may indeed
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offer enhanced seismic protection in certain situations. For example, while none of the VFS

studied performed consistently better than the others, it seems that the highest overall

performance of the MDOF structures studied may be theoretically achieved using a VFS

with β = 0. This system, appeared to behave consistently well, with respect to all the

parameters considered.

Although the variable friction concept is still preliminary and requires further practical

development, the potential capability to improve the seismic performance of structures with

relatively minor effort, and the encouraging results of this study, suggest that VFS may be

a viable and effective alternative to more “traditional” methods of isolation.

Further research including numerical simulations and laboratory experiments is obviously

required, to verify the behavior of the devices under more complex conditions (e.g. velocity

and pressure dependency, bi-directional loading). Future research projects could also look

into the possibility of extending the variable friction idea to multiple curvature base isolators,

such as double and triple pendula.
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