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“As far as successful design for earthquakes is concerned, I think we have hit the top

with base isolation.”

Eric Elsesser
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Abstract

Dr. Sekhar K. Chakrabarti

Department of Civil Engineering
Master of Technology

A study for Seismic Isolation under long period waves of Near-Fault

earthquakes

by Shubham TRIVEDI

Friction Pendulum Systems have been the favorable technique for Seismic Isolation of
buildings in recent years. In spite of many advantageous characteristics of the friction
pendulum over elastomeric isolators some issues still exist with its performance as an
earthquake proof seismic isolation device. Long period waves of the near-fault earth-
quake ground motions have been identified in the past researches as one of the major
concern for seismic isolation systems. In this study, various existing isolation techniques
for near-fault earthquakes are critically discussed. In conclusion to this detailed review,
a new design is proposed that offers a more practically feasible solution to achieve seis-
mic isolation in near-fault and far-field earthquake zones. A detailed description of the
design of the isolator is presented and an analytical model of the problem is developed
for a multi-storey shear-type building frame. The differential equations of motion hence
formulated are solved using Newmark’s Beta method with constant average accelera-
tion. The system response against various near-fault and far-field earthquake ground
motions (obtained from PEER Ground Motion Database) is computed and compared
with the response of fixed base structural system and conventional Friction Pendulum
isolated building. The results obtained illustrate the reduction in response facilitated
by the proposed isolator as compared to a fixed base system. And in comparison to a
conventionally isolated structure, the proposed isolator does show lower base displace-
ment although other response quantities show only minor or no reduction under some

ground motions.
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Chapter 1

Introduction

ARTHQUAKES have been the most destructive natural force throughout human
history. Houses have been obliterated, towns have been burned away in fires
and cities have been completely disfigured. But as is the case with so many

other natural forces, the catastrophe associated with earthquakes can be evaded by
following the appropriate building practices. Flexible structures with effective energy
dissipation are more resilient against earthquake damage. The increasingly popular prac-
tice of Seismic isolation is another approach to building earthquake resistant structures
which has shown potential for better performance than the presently prevalent ductile
design approach. But the Near-Fault earthquakes have been a major cause for concern
with seismically isolated buildings. This thesis consists of a study dealing with some

possible improvement in the design of seismic isolators.

1.1 A brief about Seismic Isolation

Seismic Isolation (or Base Isolation) is a technique of building structures with high
degree of earthquake resistance by isolating or detaching the structure from the rigid
ground support. This detachment provides excellent flexibility in the event of an earth-
quake, so that the large sways of the building are concentrated only at the base and no
additional demands are imposed on other load carrying elements of the structure. The
basic philosophy behind this idea is, what is often referred to as, ”Period-Shifting.” The

fundamental period of a building is shifted by seismic isolation to a longer period range,
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away from the acceleration amplification frequency band of the earthquake response

spectra.

This basic approach has been implemented in various ways over the past hundred years
ranging from early attempts with plane low friction surfaces as sliding isolators to ball
type roller bearings. A historical sketch of this development is provided by Kelly [1986].
Since the recent advancements in the isolation technology, two main types of bearings
have emerged as most popular in practical implementation [Kani, 2008], namely elas-
tomeric and sliding isolator bearings. Elastomeric bearings provide isolation through a
low horizontal stiffness layer. These bearings also provide energy dissipation through a
lead core or through synthetic rubber components. Sliding isolation bearings isolate the
structure by providing a low friction surface for the base to slide on. This friction also

contributes to coulomb damping.

A full scale study illustrating the effectiveness of seismic isolation using elastomeric
isolators was presented by Moroni et al. [1998] and large number of buildings have
been built using this concept in earthquake prone countries [Naeim and Kelly, 1999a,
Chapter 1]. New Zealand was one of the first countries to begin with the implementation
of seismic isolation in buildings and since then there has been continuous adoption in
other countries, particularly Japan [Kani, 2008; Nakata, 2009]. And over the years,
the superior performance of isolated buildings [Zakoda, 2011] in earthquake events has

further reinforced this ideology.

Seismic Isolation is a particularly attractive strategy for earthquake protection of build-
ings because of the reduced transmitted accelerations in the building through the iso-
lated base. Therefore the non-structural component damage is greatly reduced and
this technique is extremely favorable for application in buildings with valuable instru-

ments/equipments [Myslimaj et al., 2003].

1.2 TImpact of Near-Fault Earthquakes

Seismic Isolation does accomplish advanced seismic protection; objectives but this tech-
nique still has some shortcomings. Presence of long period pulses in Near-Fault earth-

quakes have been identified as a major concern in the seismic design of flexible buildings
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[Alavi and Krawinkler, 2000; Hall et al., 1995]. Most far-field earthquakes are gener-
ally rich in low period range of the spectral acceleration; so building flexible structure
provides safety from the damaging effect of such earthquake events. A comparison of
the typical response spectrum of near fault and far-field earthquakes is shown in Figure
1.1. But this also means that these structures are not well suited to resist earthquakes
with significant long period components. These long period components have also been

associated with the soft sub soil conditions [Mendoza and Auvinet, 1988].
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Ficure 1.1: Comparison of Near-Fault and Far-Field Earthquakes

This susceptibility of flexible structures also applies to the otherwise superior seismic
isolation systems as the idea of period shift fails to deliver favorable effects. The funda-
mental period of the isolated structures, which is away from the dominant period of far
field earthquakes, fall dangerously close to the dominant period of near fault earthquakes
resulting resonating response of the isolated structure. Because of this reason, the use

seismic isolation systems is avoided near active fault zones.
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1.3 Scope of the Thesis

With the objective of achieving an effective seismic isolation system for adoption in

near-fault earthquake zones, the scope of the present study covers the following:

e Detailed review of the existing/proposed approaches of seismic isolation for near-faut

earthquakes.

e Proposition of a new innovative isolation system for better performance in near-fault

earthquakes.

e Evaluation of the response of the proposed isolation system based on the comparison
of the analysis results of the dynamic response of a multi-storey shear frame type
building structure with the proposed isolation system against the results of the
dynamic response analysis of the same structure with the conventional isolation

system.

1.4 Organization of the Thesis

This thesis has been organized into the following chapters.

Chapter 1 gives a brief introduction of the problem by describing the seismic isolation

systems and the conflict with near-fault earthquakes.

Chapter 2 covers a detailed review of various design and isolation approaches for suit-

able performance in near-fault earthquakes.

Chapter 3 details the design of a new proposed seismic isolation system with formu-

lations of the analytical models for the proposed system.

Chapter 4 develops a solution strategy for the developed model equations for response

under selected earthquake ground motions.

Chapter 5 describes the computer implementation of the solution strategy using MAT-
LAB.
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Chapter 6 discusses the response results obtained from the analysis and compares
the new proposed isolator against the fixed base structure and the conventional

Friction Pendulum System (FPS).

Chapter 7 provides a conclusion to the thesis by summarizing the response results and

listing the limitations and the scope of future work of the study.



Chapter 2

Seismic Isolation Systems for

Near-Fault Earthquakes

INCE the identification of the issue of long period waves in the performance of seis-
mic isolation systems many studies have attempted to devise new improvements
into the seismic isolation technique. This chapter will provide a critical review

of such approaches before proposing a new isolation system for near fault earthquakes.

2.1 Existing approaches to Seismic Isolation

Many researchers have studied the effect of near-fault earthquakes on the various types
of isolation systems. These approaches can be broadly divided into two categories:

elastomeric and sliding-type isolators.

2.1.1 Elastomeric Isolators

The breakthrough in the rubber technology in early 80s was crucial to the success of elas-
tomeric isolators. This allowed the rubber with desirable properties to be used for seismic
isolation. Linear Rubber bearings (with linear force-deformation behavior,) High Damp-
ing Rubber bearings (with hardening properties at higher displacements,) Lead Rubber
bearings (with a lead core to provide hysteretic damping) and other hybrid isolation
bearings have been used in the past to provide seismic isolation in buildings[Naeim and

Kelly, 1999b, Chapter 3].
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Since elastomeric bearings are the most popular in terms of commercial use[Kani, 2008],
many researchers have studied their performance under near-fault earthquakes. Shen
et al. [2004] investigated the response of lead rubber bearings under near-fault earth-
quake motions and found the structural response be amplified for the cases where the
effective period of the isolated structure is close to the dominant pulse period of the
near fault earthquakes. Mazza and Vulcano [2012] emphasized the effect of considering
the vertical earthquake component in the response of an isolated buildings resting on
deformable high damping rubber bearings. The amplification in the response of the iso-
lated buildings may be countered by using supplemental viscous damping. Providakis
[2009] and Jangid [2007] studied the effect of using supplemental dampers in conjunction
with elastomeric bearings to improve response under near-fault ground motions. Using
additional damping results in isolation being relatively ineffective for moderate far-field
earthquakes and higher accelerations and forces being transferred into the structure,

although the base displacements are sufficiently controlled.

Use of costly additional viscous dampers and compromised seismic performance in mod-
erate earthquakes thus render the use of popular elastomeric isolators in near-fault earth-

quake prone region to be highly uneconomical and unsuitable.

2.1.2 Sliding-type Isolators

Sliding isolators are based on the simple concept of providing protection from earth-
quakes by completely detaching the building from ground by means of friction bearings.
Most practical implementations of sliding isolation systems, called Friction Pendulum
Systems (FPS,) use a curved surface in order to provide a restoring force. Mokha et al.
[1991] experimentally evaluated performance of FPS and established it to be effective in
protecting the building during strong earthquake shaking. Friction Pendulum Systems
are more durable, temperature-insensitive and torsion-resistant as compared to the elas-
tomeric bearings. Its high strength and stability also make it versatile for applications
in varied structural systems[Wang, 2002]. The presence of static friction also provides
sufficiently high initial stiffness to resist wind loads as well as provides energy dissipation

in the form of coulomb damping.



Chapter 2. Isolation Systems for Near-Fault Farthquakes 8

The capability to support large displacements without any instability issues makes the
pendulum bearings the preferred choice of isolation for near-fault earthquakes over elas-
tomeric bearings. Various approaches for seismic isolation using friction pendulum sys-
tem in near fault earthquakes have been attempted. Zayas and Low [2000] covered the
use of large FPS for isolation in few engineering projects in near fault zones. Near-fault
earthquakes impose unusually high drift and force demands for conventional ductile de-
sign. Use of FPS bearings with large periods (5 seconds) in such cases is possible to
ensure desired levels of safety. And the large displacement demands at the isolator level
can be met by having a large size of the pendulum bearing as has been done in San
Francisco Airport International Terminal, Benicia-Martinez Bridge and Hayward City

Hall [Zayas and Low, 2000].

Provision of supplemental damping with FPS isolators is another possible solution in
near fault earthquake zones. Providakis [2009] found that using damping reduced the
superstructure accelerations in near-fault motions but it failed to provide similar re-
ductions for far-field motions. Jangid [2005b] researched the response of FPS under
near-fault motions to find optimum values of friction coefficient associated with the slid-
ing surface. Kelly [1999] also concluded that the use of damping may not be the best

solution to effective seismic isolation under various earthquake hazard levels.

Since conventional Friction Pendulum Systems have a constant radius of curvature, and
hence a fixed isolation time period, they are susceptible to long period waves of near-
fault ground motions. However if this frequency of oscillation of the friction pendulum
can be varied, then the pendulum system may record better performance in long period
waves. This approach has been adopted by using variable curvature sliding surfaces in
pendulum oscillators. Pranesh and Sinha [2000] proposed a design of pendulum isolator
using an elliptical sliding surface to provide the fundamental frequency of the isolator
that continuously decreases with increasing isolator displacement resulting in softening
of the isolator response. Tsai et al. [2003] investigated the response of variable curvature
isolator under near-fault earthquakes and found these devices to be effective in reduc-
ing force and acceleration responses in the superstructure but ineffective in controlling
isolator base displacements. Sharma and Jangid [2012] investigated the performance
of variable curvature isolators using supplemental damping and found the results to be
similar with damping application in constant curvature FPS. Lu et al. [2004] suggested

using a sixth-order polynomial function to represent the sliding surface of a pendulum
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isolator. This design incorporated the softening and hardening of response with increas-
ing isolator displacement into the pendulum design. Lu et al. [2006] researched using a
curvature variation in the form of conical shape to provide varying isolation frequency.
A significant amount of research has been invested into studying the behavior of the
elliptical sliding isolators including study about torsional response [Murnal and Sinha,
2004; Soni et al., 2010] and investigations about double pendulum systems [Panchal
et al., 2010; Soni et al., 2011].

The use of multiple sliding surfaces in pendulum systems is another popular modification
to the conventional isolator design. Constantinou [2004] and Fenz and Constantinou
[2006] presented the design and operational principles of a pendulum isolator sliding
on two sliding concave surfaces. The flexibility in design facilitated by the possibility
of using different materials on different sliding surfaces of different radii of curvature is
considered to be the major advantage of this design. Malekzadeh and Taghikhany [2010]
compared the performance of double pendulum with single FPS and found the adaptive
properties associated with using dual sliding surfaces to be effective in providing reduced
earthquake response during earthquake shaking. Morgan and Mahin [2008] investigated
seismic isolation with triple pendulum bearings to obtain seismic protection for a range
of seismic hazard. The trilinear force-deformation behavior does provide protection
in strong earthquakes but it can be too stiff for moderate, more frequent earthquake
motions. The softening and hardening characteristics of triple pendulum bearings can
be effective against near-fault earthquakes but no conclusive research has been done this

area.

Panchal and Jangid [2008] suggested another approach to provide seismic isolation in
near fault zones by using varying friction coefficient for the sliding surface. The study
postulates that the use of increased friction with increasing slider displacements may
provide an opportunity for the slider to stick during motion, thus shifting the period of
vibration away from the dominant period of near fault earthquakes. This isolation strat-
egy resulted in better isolator displacements and base shears while keeping accelerations

in the superstructure to be almost same as compared the conventional FPS design.
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2.2 Proposition of a new advanced isolator design

The previous section reviewed various approaches for isolation against long period waves
of near fault earthquakes. However, these approaches appear to be ineffective due to the

following reasons:

Supplemental Damping increases the cost of the isolation system and only provides
partial solution by reducing isolator displacements. Higher base shears are ob-

served and the isolation is not as effective for moderate earthquakes.

Large Isolators are often uneconomical and their implementation is not suitable for

all types of building projects.

Variable Curvature Isolators do provide shift in the isolation period with increasing
isolator displacements but their implementation poses a practical problem. Hav-
ing a constant curvature in FPS means that the articulated slider and the sliding
surface have consistent contact, which facilitates smooth sliding and allows proper
transfer of superstructure gravity loads into the foundation. But with variable
curvature sliders, this contact is not the same. As shown in Figure 2.1, the artic-
ulated slider in a variable pendulum system has only a limited contact with the
bottom sliding surface, which may result in dangerous stress concentrations at the
sliding surface. This insufficient contact is due to the fact that the sliding surface
and the articulated slider have different curvatures (elliptical sliding surface.) The
articulated slider of the variable curvature oscillator also has a high propensity to
roll instead of slide (as with elliptical ball isolators [Butterworth, 2001; Jangid and
Londhe, 1998]) on the sliding surface which may lead to undesirable response of

pendulum system.

Articulated Slider

\/

Concave Sliding Surface Concave Sliding Surface

Articulated Slider

FIGURE 2.1: Comparison of the articulated slider of conventional (right) and variable
curvature (left) FPS
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Multiple Sliding Surface Isolators provide adaptive behavior with trilinear force-
displacement characteristics, but lack any conclusive study with regards to near
fault earthquake input motions. Besides, these bearings can be very costly to

implement, owing to their complicated design.

2.2.1 Variable Friction Isolator with concentric strips

As has been discussed previously there is a need for an isolation system that provides
safety in both moderate and strong earthquakes, does not amplify response to long
period pulses and is practically implementable in its design. The goal of providing
softening and hardening characteristics (as suggested by Kelly [1999]) is accomplished
by using concentric strips of materials with different tribological properties, as illustrated
by Figure 2.2. The central circular region-1 and the outermost circular strip (i.e. region-
3) have the same values (u1) of frictional coefficient; whereas, the middle circular strip
(i.e. region 2) has the value of frictional coefficient (u2) lower than p;. This allows a
very practical way to allow for variation of friction (as suggested by Panchal and Jangid
[2008]) along the sliding surface of the pendulum. Use of various materials in different
zones of the isolator will result in desirable frictional characteristics. Detailed modeling

and design of this proposed isolator will be discussed in the next chapter.

FIGURE 2.2: Variable friction isolator with concentric strips




Chapter 3

Friction Pendulum System with

variable friction profile

RICTION pendulum with a variable friction profile can provide significantly bet-
ter performance than the conventional FPS [Panchal and Jangid, 2008]. This
chapter will detail the design and other specifications of this newly proposed

sliding isolation system followed by analytical modeling for response evaluation.

3.1 Design of the Isolator

Most of the basic physical design of the new proposed pendulum isolator is common
with the widely used conventional FPS design [Mokha et al., 1991]. Figures 3.1, 3.2 and
3.3 illustrate the common components of the isolator. The Concave Sliding Surface is
the spherical bottom surface upon which the pendulum motion of the slider is supposed
to take place. The Articulated Slider having the same spherical contact surface profile
as of the concave sliding surface, is a small sliding piece that facilitates smooth motion
between the fixed bottom plate and the superstructure above. The bottom surface of
the slider is in continuous contact with the sliding surface as they both have the same
curvature while upper surface of the slider is in contact with a housing plate that contains
the slider within a segmental spherical depression. This arrangement between the upper
housing plate and the slider is made to ensure that the upper housing plate remains

horizontal even when the isolator has displaced by some amount, as adjusted by the

12
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Top Housing Plate Fixed Bottom Plate

Concave Sliding Surface Articulated Slider Variable Friction Strip

F1GURE 3.1: Orthographic view of the isolator

rotations of the articulated slider. The Variable Friction Strip is a concentric ring of a
sliding surface having different roughness than that of the adjacent concentric friction

strip.

3.1.1 Material Specifications

The isolator bearings are generally made of steel to support the huge gravity loads from
the superstructure while all the sliding interfaces are coated or polished appropriately
to provide smooth sliding. The sliding concave surface is made of stainless steel and the
concentric middle strip used to provide a different frictional surface is made of a low
friction material (many commercial alternatives including OILES Techmet and Maurer
MSM [Beutler et al., 2011] are available; but this thesis will confine the discussion to
the popularly available Teflon or PTFE.) The articulated slider has the lower sliding
surface made of PTFE and the upper part that rotates inside the spherical cavity of the

FIGURE 3.2: A 3-Dimensional view of a section of the isolator
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housing plate is provided with low friction material which is same as the material inside

the spherical cavity of the housing plate.

The PTFE bearing and steel sliding surface have friction coefficient in the range of 0.05
to 0.15 while PTFE on PTFE has friction coefficient of 0.04 [Elert, 1998; Taylor and
Stanton, 2010]. This means that the use of PTFE in the concentric friction strip provides

a region of low friction as desired for the softening of the response.

FIGURE 3.3: An isometric view of a section through the isolator

3.2 Analytical Modeling

The response of the proposed isolator bearing will be evaluated subjected to recorded
earthquake ground motions from near-fault and far-field regions for comparison of per-

formance of the new system against the conventional isolators.

3.2.1 Building Model

The building model represents the model of the superstructure or the building above the
isolator level. The model used for this study is illustrated by Figure 3.4. The various

important features of this structural model are discussed in the following;:
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FI1GURE 3.4: N-Storey shear building model

Multi-Storey: The building is considered to be consisting of multiple stories to appro-
priately model the flexibility of the structure. The modeling is illustrated for a

general N-storey building.

Elastic Columns: The building columns are modeled as linear elastic. This assump-
tion is made based on the premise that the seismic isolation reduces the forces
in the superstructure to such low values that they remain in elastic range dur-
ing earthquake excitation and do not enter the non-linear elastic range [Jangid,
2005a]. Besides, many studies in seismic isolation have also used a rigid superstruc-
ture model assuming that all displacements are concentrated at the isolator level
and the superstructure movements are negligible [Barghian and Shahabi, 2007;

Kulkarni and Jangid, 2002].

Shear Building: The building frame considered is shear building type, implying that
the floor diaphragms are perfectly rigid and have only unidirectional displacements.

One degree-of-freedom is considered for each floor.
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Structural Damping: Mass and Stiffness proportional Rayleigh Damping is consid-
ered and the damping coefficients are determined based on assumed values of

damping for the first two modes of vibration of the superstructure.

The governing equations for the considered shear building model can be obtained for

response in unidirectional earthquake excitations by Newton’s method as:

M) { X} + [C1{ X} + (K] (X} = = () {1} (%, + &) (3.1)

where [M] is the mass matrix, size N x N, of the shear building given by,

M; 0
0 M,

My—1 O

[K] is the stiffness matrix, size N x N, given by,

K, —Ki
-Ki K1+ K

Ky_o+ Ky —Kn-1
—Kn-1 Ky-1+ Kn]|

{X}, {X } and {X } are the displacement, velocity and acceleration vectors respectively,
each of size NV x 1, which are determined with reference to the isolator displacement, Xp.
{I} is the influence vector of size N x 1 and carries the values of unity for the current

problem. X} and Xg are the base and ground accelerations respectively.

[C] is the damping matrix of size N x N which is proportional to the mass and stiffness

matrices and is given by:

Q
!

a[M] +b[K] (3.4)
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where a and b are the proportionality constants and can be obtained by using assumed

damping for the first two modes [Wilson, 2004], as given below:

1
1=~ w a
G =21 ! (3.5)
G2 o wal |b

where wy and wy are the modal frequencies of the first two modes obtained from the

modal analysis; (1 and (5 are the assumed damping ratios for first two modes.

3.2.2 Isolator Model

The previous section defined the model for the superstructure and this section will
continue with the modeling of the behavior at the isolator level. Some important as-

sumptions regarding this model are as following;:

Rigid Steel Surfaces: All the steel sliding interfaces are assumed as rigid. No material

deformation takes place either in the articulated slider or the sliding interface.

Overturning: The sliding surfaces of the isolator are assumed to be always in contact

and no overturning is assumed to take place.

Vertical Acceleration: Mazza and Vulcano [2008, 2009] studied the effects of con-
sidering vertical earthquake acceleration component in the response analysis of
isolation systems and concluded that the consideration does not have any signif-
icant effect on the response of isolation system. Therefore, this study will not

consider the vertical acceleration effects.

Friction Coefficient: The friction coefficient of an interface is a function of relative
sliding velocity between the interfaces, the contact pressure and the temperature
[Nadein et al., 2007]. Constantinou et al. [2007] found that the variation of friction
with temperature and pressure for the PTFE bearing to be insignificant. The fric-
tion coefficient does vary with sliding velocity [Dolce et al., 2005] but this variation
can be neglected for the study of seismic isolation (as has been done by [Fakhouri
and Igarashi, 2012; Lu and Yang, 1997; Mostaghel and Khodaverdian, 1987; Su
et al., 1989; Yang et al., 1990].) The friction coefficient only slightly reduces with

sliding velocity, and hence consideration of its maximum value is considered to be
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safe for the purposes of estimating isolator displacements and other related pa-
rameters. Fan et al. [1990] also found that the use of sliding velocity dependent
friction has only negligible effects on the response of the isolation system. Hence

this variation has not not been considered in this study.

Small Isolator displacements: The displacements at the isolator level have been as-
sumed to be small enough so that the angular displacement of the articulated slider
from the central starting location can be approximated by small angle approxima-
tion. This is particularly true due to the large radius of curvature of the sliding

surface upon which the isolator slides.

FIGURE 3.5: Forces acting on the sliding interface

The governing equation for the base level where the isolator is located can also be
determined based on Newton’s Laws. The motion of the pendulum isolator can be
considered in stages: the Sticking Phase, where the ground motion has not reached
strong enough levels to overcome the limiting static frictional force at the base of the
isolator; and the Sliding Phase, where the articulated slider and the concave sliding
surface exhibit relative motion. The approach taken here follows the basic physical

operational principle of pendulum motion as described by Al-Hussaini et al. [1994].

The equation for the sliding phase is given as:

MbXb + Frestoring - KNXN - CNXN = _Mng (36)
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where M), is the base mass, X; is the displacement of the base and Fiesioring is the
restoring force provide by the friction and the curved geometry of the sliding surface.

The Fyestoring can be determined from the force diagram illustrated by the Figure 3.5.

Fr‘estom’ng = Fycost) + W tan0 (37)

where 6 is the angular displacement of the articulated slider, F is the dynamic friction
force at the sliding interface and W is the total gravity force of the building on the
isolators. Since the isolator displacements are small in comparison to the large radius of

curvature of the sliding surface, the trigonometric terms can be approximated as follows,

Xp

Frestoring = Fs +W R

(3.8)

where R is the radius of curvature of the sliding surface. The dynamic friction force Fj
is constant in magnitude during sliding, and can be determined based on the coulomb

friction principle with its direction being opposite to the direction of sliding.

F, = sgn(Xp) pW (3.9)

During the sticking phase, the base mass moves with the ground and the internal friction

force mobilized at the sliding interface can be given as:

Fy = —MyX, + KxnXy + CyXy (3.10)

which is subject to the limiting maximum value of,

F

Slimit

= uW (3.11)

During the sticking phase, the displacement remains static while acceleration and veloc-

ity are zero.

X, = constant; Xp=0; X, =0; (3.12)
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The equations 3.1 and 3.6 define the behavior of the system during sliding phase and
equations 3.1 and 3.12 determine the system while in sticking phase. The system starts
in sticking at the beginning of the time history and transits to the sliding phase when
the frictional force at the base (determined by equation 3.10) exceeds the limiting value

(determined by equation 3.11.)
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Solution Strategy

HE system model defined in the previous chapter will be solved for evaluating
the response under selected input ground motions. The general governing

equations for a N-storey building model will be solved in general form.

4.1 Solution Strategy

Although the superstructure is modeled as linear elastic, the overall governing equations
of the system are essentially nonlinear due to the presence of the friction force. Due
to this nonlinearity, the system equations can not be solved by the conventional modal
superposition method. Hence the current system of nonlinear differential equations has

to be solved numerically using step-by-step integration procedure.

4.1.1 Newmark-3 Procedure

Newmrak- integration scheme with Constant Average Acceleration is used in this study.
Between any two consecutive time steps, the acceleration is assumed to be constant (as
average between the two time steps considered) and the other quantities are calculated
accordingly. Based on this principle, the acceleration and velocity for the next time step
can be given in terms of the quantities determined for the previous step and the dis-

placement for the next time step. The expressions for this, considering displacement(u,)

21
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velocity (%) and acceleration(ii) between two time steps n and n+1 have been determined

by Hewett [2010] and can be given as:

4
Upt1] = —5 (Upt1 — Up — AtUy,) — Uy, 4.1a
+1 (At)2( +1 ) ( )
2

These relations are applied to the equilibrium equation at (n + 1)th time step. So the
two equilibrium equations at time step n and n 4 1 can be solved for the displacements
at the respective time steps which in turn can be used to determine other accelerations

and displacements from the equations 4.1a and 4.1b

4.1.2 Application to the given system

The approach described in the previous section will be used to solve for the equations
formulated in section 3.2. This section will discuss the solution steps for the Sticking

Phase and the Sliding Phase separately.

4.1.2.1 Sticking Phase

For the sticking phase, the isolator is static and X, is determined from equation 3.12 to

be equal to zero. So the governing equation 3.1 reduces to,

M { X} + 10 { X} + K] {X} = = [M]{1} &, (4.2)

which is the general equation for the dynamic response of a multi storey shear frame

and can be solved by using linear analysis.
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4.1.2.2 Sliding Phase

For the sliding phase, the system consists of N + 1 degrees of freedom as represented by
equations 3.1 and 3.6. The equations 4.1a and 4.1b are used for {X} and Xp.

4

(X} = w({X}nH —{ X}, — AH{X},) — {X}, (4.3a)
Xt = (5, + (XD ss — (X - At{X),) (13b)
an+1 = (gt)g(an%»l - an - Atan) - an (443‘)
Xppg1 = Xom + é(anH — Xp, — AtXy,,) (4.4b)

These are substituted into the governing system equations (i.e. equations 3.1 and 3.6)

at (n + 1) time step and the resulting equations are:

(X} +O{X} KXY = = M (R + K

(4.5a)

. W
My Xy, + Fs + —Xp

7 Kb — KN XN, — CnXN,,, = —MX

gn+1

(4.5b)

The substitution and subsequent simplification yields a system of equation in terms of

{Xn+1} and Xb

n+1

4Mb w 2CN
((At)2 + R> Xppiy — (At + KN> XNpi1 = Fx, (4.6b)
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where Fyxy and F, are given as,

Fixy = = [M]{I}X,, ., +[M] { ( Ai)g ({X Yo+ {1}X, + AH{ X}, + At{I}an) +{X}, + {I}an}
O X + 00 (4.72)
Fx, = _Mngn+1 + M, { (A4t)2 (an + Atan> +an} —Cn {thNn —f-XNn} — Fy

(4.7b)

Thus the equations 4.6a and 4.6b represent the system of N 4+ 1 equations which will be
solved for displacement response of the N 4 1 degrees of freedom of the system at the

(n 4 1)*" time step.

The friction force Fj is the term that causes nonlinearity in the system. It is constant

in magnitude but it’s direction is determined based on the Xj, values (equation 3.9.)

4.1.2.3 Transition between phases

The transition between the sliding and sticking phases is determined based on the fric-
tional force at the base. In the sticking phase, the friction force is determined based on
equation 3.10 for each time step. Once this friction exceeds the limiting value determined

by equation 3.11, the system transits to the sliding phase.

During the sliding phase, the friction force value is determined from equation 3.9 and
is constant in magnitude but its sign changes with change in the direction of velocity.
Therefore at each time step, the friction force value is determined using the sliding
direction obtained from previous time step and the direction is reversed in case there is
a change of sliding velocity direction. The system transitions from the sliding phase to
sticking phase if the sliding velocity of the isolator drops down to zero. Hence, at the
end of each time step, the sliding velocity is checked and the system transits to sticking

phase from the next step if the value is found to be zero.
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4.2 Solution steps for Variable Friction isolator and con-

ventional FPS with constant friction

The general solution approach described above can be applied to both, the conventional
constant friction model and the proposed isolator with variable friction. The friction
coefficient (p) is used at each time step in the calculation of the friction force (Fjs) in
equation 4.7b obtained using equation 3.9. For the conventional FPS; this value of u is
constant for all the displacement values whereas for the variable friction isolator, these
values are determined at beginning of each time step based on the isolator displacement
values. The friction coefficient variation for the proposed isolator as defined by the
concentric friction strips in Section 2.2.1 and used in this study, is illustrated in Figure

4.1.

The conventional FPS is considered with p of 0.08, whereas for the proposed variable
friction isolator, the values are considered as: pu; = 0.1, pg = 0.05 for Xp; = 0.04m and

Xp1 = 0.06m respectively.

i

M2

Friction Coefficient

Xb1 sz
Isolator Displacement

FIGURE 4.1: Friction profile of the considered isolator
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Computer Implementation

HE solution strategy detailed in the previous section is computationally im-
plemented to find the response results using MATLAB (© [MATLAB, 2010]
numerical computing environment. This chapter will detail the implementa-

tion steps.

5.1 Step-by-step MATLAB algorithm

5.1.1 For the proposed isolator

Initial calculations, at the beginning of the analysis:

1. Read the input ground motion data (X,)

2. Read the building data ([M], [K])

3. Find modal frequencies and mode shapes from the eigenvalue analysis. (eig(M~'K))
4. Find the corresponding a and b values from equation 3.5

5. Determine [C] from equation 3.4

6. Initialize the solution quantities with zero values

7. Start in Sticking Phase

Calculations at each time step, from 0 to the end of the ground motion time-history:

26
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1. In Sticking Phase:

(a) X3, X}, and and X, values set from equation 3.12
(b) Determine {X} from equation 4.6a
(¢) Determine {X} and {X} from equations 4.3a and 4.3b

(d) Determine Fy from equatioon 3.10 and check against limiting value from

equation 3.11

i. If limiting value is exceeded, move to Sliding phase

ii. If limiting value not exceeded, continue with Sticking phase
2. In Sliding Phase:

(a) Find Fs based on the current X} value from equation 3.9
(b) Find {X} and X} from equations 4.6a and 4.6b

(¢) Determine {X} and {X} from equations 4.3a and 4.3b; X, and X, from

equations 4.4a and 4.4b
(d) Check X, value for sliding or non sliding condition in next step

i. If value is zero, move to Sticking phase

ii. If value is non zero, continue with the Sliding phase

5.1.2 For the conventional FPS

Initial calculations, at the beginning of the analysis:

1. Read the input ground motion data (X,)

2. Read the building data ([M], [K])

3. Find modal frequencies and mode shapes from the eigenvalue analysis. (eig(M 1K))
4. Find the corresponding a and b values from equation 3.5

5. Determine [C] from equation 3.4

6. Determine Fs from the equation 3.9

7. Initialize the solution quantities with zero values
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8. Start in Sticking Phase

Calculations at each time step, from 0 to the end of the ground motion time-history:

1. In Sticking Phase:

(a) Xp, X, and and X, values set from equation 3.12
(b) Determine {X} from equation 4.6a
(¢) Determine {X} and {X} from equations 4.3a and 4.3b

(d) Determine Fs from equation 3.10 and check against limiting value from equa-

tion 3.11

i. If limiting value is exceeded, move to Sliding phase

ii. If limiting value not exceeded, continue with Sticking phase
2. In Sliding Phase:

(a) Find {X} and X} by from equations 4.6a and 4.6b

(b) Determine {X} and {X} from equations 4.3a and 4.3b; X, and X, from

equations 4.4a and 4.4b
(c) Check X, value for sliding or non sliding condition in next step

i. If value is zero, move to Sticking phase

ii. If value is non zero, continue with the Sliding phase



Chapter 6

Results and Discussions

ESPONSE of the proposed system of seismic isolation will be discussed in this
chapter. Various near-fault and far-field ground motions will be used as
input for the system. And the response results obtained will be discussed

and compared with the response results obtained using conventional structures without

isolation.

6.1 Earthquake Ground motions

The ground motions used in this study are obtained from the PEER Ground Motion
Database [PEER, 2010].

The near-fault ground motions used in this study are listed in Table 6.1. These records
were identified with pulse-like characteristics in a study by Baker [2007] and were sub-
sequently incorporated in the PEER database. The original unscaled acceleration time
history of the these records is shown in Figure 6.1. The acceleration response spectra of
these selected ground motions together with their average spectrum for 5% damping is

also given in Figure 6.2.

The far-field ground motions used to evaluate the proposed seismic isolation system are
listed in Table 6.2 and their original unscaled acceleration time history is given in Figure
6.3. And their acceleration response spectra along with the average spectrum for 5%

damping is given in Figure 6.4.

29
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TABLE 6.1: Near-Fault Earthquake Ground Motions

S. No. Event Recording Station Year Magnitude Pulse Period (s)
1 Chi-Chi, Taiwan CHY006 1999 7.62 2.6
2 Erzican, Turkey Erzican 1992 6.69 2.7
3 Kobe, Japan Takatori 1995 6.90 1.6
4 Loma Prieta Alameda Naval Hanger 1989 6.93 2
5 Northridge-01 Newhall Fire Station 1994 6.69 2.2
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FIGURE 6.1: Acceleration time history of the near-fault records




Chapter 6. Results and Discussions 31

0.2 \
Chi-Chi, Taiwan
''''' Erzican, Turkey
0.18 ~ — — — Kobe, Japan

----- Loma Prieta
Northridge-01

o
[N
)

(=}
[
H

o
=
N

0.08}

Spectral Acceleration (g)
o
=

0.06

0.04

0.02

Natural Period (s)

FIGURE 6.2: Acceleration response spectra of the near-fault earthquake records

TABLE 6.2: Far-Field Earthquake Ground Motions

S. No. Event Recording Station Year Magnitude
1 Hector Mine Hector 1999 7.13
2 Imperial Valley-06 El Centro Array #1 1979 6.53
3 Loma Prieta Berkeley LBL 1989 6.93
4 Northridge-01 Canyon Country - W Lost Cany 1994 6.69

6.2 System Characteristics

6.2.1 Superstructure

The general building model developed in Section 3.2 will be used to study the earthquake
response of a three-storey and a five-storey building model. The fundamental properties
associated with the models of these superstructures that are used for analysis in this

study are detailed in this section.

The superstructure models considered here are out of those adopted by Calié et al.

[2003] and Alhan and Srmeli [2011] in their study of seismically isolated buildings. These
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FIGURE 6.3: Acceleration time history of the far-field records

models sufficiently illustrate the application of the isolation system to a flexible super-

structure.

The mass and storey stiffness values of the considered models are expressed in Table
6.3. These values are used to find the modal properties of the associated models using

eigenvalue analysis as described by the equation 6.1 [Castellani, 1966; Craig, 1981].

(MK —wiI] ¢; =0 (6.1)

w? is obtained as the eigenvalue and ¢; is obtained as the eigenvector of the matrix

M~'K. The values of the angular frequencies (w;) thus obtained are used to determine

the Rayleigh damping constants, a and b, from equation 3.5. The damping characteris-

tics of the superstructure are determined based on Rayleigh damping, which is the most
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FIGURE 6.4: Acceleration response spectra of the far-field earthquake records

commonly used approach used for viscous damping in building models [Puthanpurayil
et al., 2000]. The damping ratios ({; and (2) for the first two modes are assumed as
5%, which is commonly adopted value for damping in shear frame analysis of buildings
[Fakhouri and Igarashi, 2012]. The values of a and b thus obtained are used to deter-
mine the damping matrix C' of the system (equation 3.4). The damping ratios for the

remaining modes can then be determined from the following equation [Luco, 2008]:

G=1 (a n bwi) (6.2)

2&),‘

This analysis is thus used to obtain the modal characteristics of the 3-storey and 5-storey

frames as listed in Tables 6.4 and 6.5.

6.2.2 Seismic Isolator

The base mass (M;) in either model is taken to be the same as the mass of the lowest
storey of the building. The radius of curvature (R) of the concave sliding surface is an

important characteristic from the point of view of seismic isolation as it determines the
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TABLE 6.3: Building Properties

3-Storey 5-Storey
Floor Mass(10% kg)  Stiffness(MN/m) Mass(10% kg)  Stiffness(MN/m)
1 100 100 100 100
2 150 150 150 150
3 200 200 200 200
4 250 250
5 300 300

TABLE 6.4: 3-Storey Building

Mode Angular Frequency (rad/s) Time Period (s) Damping Ratio

1 13.636 0.460 0.050
2 31.912 0.196 0.050
3 45.960 0.136 0.060

TABLE 6.5: 5-Storey Building

Mode Angular Frequency (rad/s) Time Period (s) Damping Ratio

1 11.060 0.568 0.050
2 25.711 0.244 0.050
3 39.133 0.160 0.063
4 49.814 0.126 0.075
b} 57.040 0.110 0.084

fundamental period of the isolation system [Al-Hussaini et al., 1994] as given by the

following:

R
Ty =2m4 | — (6.3)

g
For the purpose of this study, R is taken as 2 meters which corresponds to an effective
isolation period, Tj, of 2.83 seconds. This sufficiently depicts the common isolation

systems that have their fundamental period in the long period range of the near-fault

earthquakes [Sharbatdar et al., 2011].
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6.3 Response Quantities Considered

The important quantities of the building response that are evaluated in this study can

be described as follows:

Base Displacement: The displacement at the base is an important response quan-
tity from the point of view of the design of any seismically isolated building as
it is required to determine the isolation gaps for the base floor level. Lower base
displacement values ensure that no unusually high gaps are required to be main-

tained.

Story Drift: The story drifts are an indication of the elastic forces developed in the
corresponding columns. High drifts between storeys induce large force demands

so the drifts need to be kept to a minimum.

Top Floor Acceleration: The accelerations transmitted to the structure through the
isolation system are evident from the top floor acceleration response and are an
important indicator of the isolation effect of the seismic isolation system. For an

effective seismic isolation, the top floor accelerations should be kept at a minimum.

6.4 Response to Near-Fault and Far-Field Earthquakes

The response of the 3-storey and 5-storey building models described in the previous
section will be evaluated in this section under both far-field and near-fault earthquakes.
The response is calculated by solving for the formulations developed in Section 3.2 using

the solution strategy described by Chapter 4.

The following subsections will describe the response of the isolation system under the

considered earthquakes in comparison to the fixed base and conventional isolation model.

6.4.1 Comparison with a Fixed Base Structure

The adoption of an isolation system to a fixed base structure greatly reduces its response
in earthquake events. The time history response plots of the isolated system and the fixed

base structure under all the considered far-field and near-fault earthquakes are presented
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in Appendix A. Based on these figures, the peak response quantities for the 3-storey
and 5-storey building models have been enumerated in Tables 6.6 and 6.7 respectively.
The average of these quantities for near-fault and far-field earthquake groups are also

expressed in Table 6.8.

These results comprehensively illustrate the reduction in response obtained by using
seismic isolation in both, 3-storey and 5-storey structural models. The reduction in top
storey drifts and top storey accelerations are of the order of 0.3 to 0.5. The reduction
values show that the isolation system is effective in reducing response in near-fault
earthquakes as well as far-field earthquakes although the base displacements are found
to be larger for near-fault cases. The isolation system is more effective for response

reduction in 3-storey building model as compared to the 5-storey building model.

6.4.2 Comparison with a conventional FPS isolated structure

The response of the proposed isolation system is also evaluated by comparing with
conventional FPS having a constant friction profile. The time history response plots of
the proposed isolation system and a system with conventional FPS isolator under all
the considered far-field and near-fault earthquakes are presented in Appendix A. Based
on these figures, the peak response quantities for the 3-storey and 5-storey building
models have been enumerated in Tables 6.9 and 6.10 respectively. The average of these

quantities for near-fault and far-field earthquake groups are also expressed in Table 6.11.

The average values of the response quantities show that the proposed isolation system is
more effective in application to 3-storey building model than a 5-storey building model.
The proposed system performs better than the conventional FPS in terms of the base
displacement but it may result in slightly enhanced values for top storey accelerations

and storey drifts.

6.4.3 Force-Deformation diagrams of the Isolator

The force-deformation characteristics of the proposed isolation system are also presented
in the Appendix section A.4. The force-deformation diagrams sufficiently illustrate the
engagement of the friction coefficient drop in the profile of the proposed variable friction

isolator. The reduction in force is clearly evident from the figures as the force values
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drop when the displacement exceeds the point where the friction values drop. The force
being transmitted through the isolator is a function of the friction coefficient at the
sliding interface, so a drop in force values results directly from the fact that the slider

has entered into the low friction zone.

These response features though are not demonstrated by some ground motions where
the base displacement is not large enough and their force-deformation diagram is similar
to that of a conventional friction pendulum system. The weak ground motions which do
not incite the isolator to displace into the low friction zone of the isolator do not exhibit
the force drop facilitated by the lower friction values. Hence the variable friction isolator
behaves like a conventional isolator for weak ground motions and engages the variations

in the friction profile to act as a variable friction isolator for stronger ground motions.



Chapter 7

Summary and Conclusions

HE performance and the related issues of seismic isolation systems under long
period waves of near fault earthquakes has been studied. In a conclusion to
this detailed review of the existing isolation systems, a new innovative design

of seismic isolation was proposed. This proposed design was analytically modeled for a
general multi-storey shear building type structure and a solution scheme was developed
for time history response under various earthquake ground motions. The response of
the proposed system was evaluated under various near-fault and far-field earthquakes
(the data for which was available in the public domain through PEER Ground Motion
Database.) and compared with the responses of fixed base and conventional FPS system.
This chapter will give a brief summary of the study based on the results that were

obtained in the previous Chapter 5 and also describe the limitations of this study.

7.1 Conclusions

The following conclusions are made regarding the performance of the proposed base

isolation system:

> The proposed isolator system produces response reduction to 0.3 - 0.5 times that of

the conventional fixed base system; for both far-field and near-fault earthquakes.

> The isolator displacements of the proposed system are found to be greater under

near-fault earthquakes as compared to that under far-field earthquakes.

44
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> The proposed isolator is more effective in reducing the response of the less flexible of
the two considered building models (i.e. the 3-storey building model) compared

to the corresponding fixed base system.

> The proposed isolation system gives reduced base displacements as compared to those
for the conventional FPS isolator while resulting in higher accelerations and storey

drifts in some cases of earthquakes.

> The proposed isolator gives better performance for the less flexible of the two con-
sidered building models (i.e. the 3-storey building model) in comparison to the

conventional FPS isolator.

> The hysteresis diagram of the proposed isolator illustrates the reduction in the force
being transmitted due to the engagement of the variable friction profile for stronger

ground motions.

7.2 Scope of Future Work

The research done in this study can be extended in future to cover the following aspects:

> The profile of frictional variation adopted can be extended to include more concentric
strips of variable friction coefficients to study the possible further improvements

in the performance of the structure.

> The assumption of the point contact between the articulated slider and the concave

sliding surface can be extended to include a finite contact area.

> Other (than shear building model) superstructure models can be studied to take into

account the realistic features of the superstructure.
> Further studies can include possible non-linear behavior of the superstructure.
> Other possible ground acceleration components can be considered.

> An experimental verification study can be undertaken to validate and verify the

performance of the currently proposed isolation system.



Appendix A

Response Plots

This appendix includes the plots of all the response quantities for all the considered

earthquakes that were discussed in Chapter 5.

A.1 Response Comparison with Fixed base model
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FIGURE A.1: Top storey acceleration (3-storey building) under far-field Hector Mine
earthquake
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FIGURE A.23: Top storey acceleration (5-storey building) under far-field Northridge-01
earthquake
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FIGURE A.31: Top storey acceleration (5-storey building) under near-fault Loma Prieta
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FIGURE A.33: Top storey acceleration (5-storey building) under near-fault Northridge-
01 earthquake
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A.2 Base Displacement of the Isolator
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FIGURE A.36: Isolator Displacement (3-storey building) under far-field Imperial Valley
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FIGURE A.37: Isolator Displacement (3-storey building) under far-field Loma Prieta
earthquake
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FIGURE A.43: Isolator Displacement (3-storey building) under near-fault Northridge-
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earthquake

0.03 T W T T T T T

0.021 ]

0.01p b

_001 - . |

-0.02 1

Base Displacement (m)

-0.03 b

-0.041 b

-0.05 : b

~0.06 I I I I I I I
0 5 10 15 20 25 30 35 40

Time ()

FIGURE A.45: Isolator Displacement (5-storey building) under far-field Imperial Valley
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A.3 Comparison with conventional FPS isolator
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FIGURE A.53: Top storey acceleration (3-storey building) under far-field Hector Mine
earthquake
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FIGURE A.55: Isolator Displacement (3-storey building) under far-field Hector Mine
earthquake
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FIGURE A.62: Top storey acceleration (3-storey building) under far-field Northridge-01
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FIGURE A.63: Total Storey Drift (3-storey building) under far-field Northridge-01
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FIGURE A.64: Isolator Displacement (3-storey building) under far-field Northridge-01
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FIGURE A.68: Top storey acceleration (3-storey building) under near-fault Erzican
earthquake
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